Commonwealth Edison Company
1400 Opus Place
Downers Grove, 1L 60518

August 25, 1995

Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

Attn:  Document Control Desk

Subject: Additicnal Information Pertaining to the to Application for Amendment to
Facility Operating Licenses.

Byron Nuclear Power Station, Units 1 and 2

NPF-37/66; NRC Docket Nos, 50-454/455

Braidwood Nuclear Power Station, Units | and 2

Reference: 1) D. Saccomando leder to the Nuclear Regulatory Commission dated
February 13, 1995, transmitting Proposed Technical Specification
Amendment Regarding Increase in the IPC Criteria

2) D. Saccomando letter to the Nuclear Regulatory Commission dated
April 3, 1995, transmitting the Proposed ieak Rate Test Program

3) Denise M. Saccomando letter to Nuclear Regulatory Commission dated
sune 20,1995, ransmitting Preliminary Leak Rate Test Results for
Indications Restricted from Burst

4) Harold D. Pontious, Jr. letter to the Nuclear Regulatory Commission
dated July 7, 1995, transmitting a revised proposed Technical
Specification Amendment Regarding Increase in the Alternate Plugging
Criteria

5) D. Saccomando letter to the Nuclear Regulatory Commission dated July
21, 1995, transmitting the Leak Rate Test Report

Reference | transmitted Commonwealth Edison Company's (ComEd's) proposal to amend
Appendix A, Technical Specifications of Facility Operating Licenses NPF-37, NPF-66, NPF-
72 and NPF-77. The proposed amendment request addresses Technical Specification changes
necessary to increase the Interim Plugging Criteria (IPC) value for Braidwood and Byron
Station Unit 1 Steam Generators from 1.0 volt to 3.0 volts. This was subsequently

superceded via Reference 4.
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NRC Document Control Desk - August 25, 1995

Subsequent to that submittal, ComEd and the Nuclear Regulatory Commission (NRC) met on
February 23, 1995, to discuss the submittal. During that meeting ComEd presented a model
which addressed leakage from indications restrictea from burst (IRBs). After discussions,
ComEd pursued the development of an alternate leak rate medel along with a test program to
support the alternate leak rate model.

Testing was conducted on the original 9 specimen test matrix proposed by ComEd in the
April 3, 1995 submittal (Reference 2). A report of the testing completed by mid June was
submitted to the NRC on June 20, 1995. As the final test results (as reported on July 21,
1995, Reference §5) were undergoing review, inconsistencies in the data were observed.
Investigation indicated that some specimens were mispositioned in the test rig in a manner
that the cracks were not exposed to the maximum tube to tube support plate gap. ComEd then
proceeded to consider supplemental testing, to compensate for this mispositioning.

During the original test program, specimens 1-1, 1-2, and 2-1 (all 7/8" diameter tubing) had
significantly undersized gaps. Specimens 1-7 and 2-7 (3/4" diameter tubing) had close to the
target 25 mil gap allowance. In order to assure testing was conducted in a conservative
manner, similar specimens test 11-1, 11-2, 11-7 12-1 and 12-7 were added to the test
program. Testing was then conducted at the target 25 mil gap for these specimens.

The following identifies misposition specimens and their correlated supplemental specimens.

Original specimens Supplemental specimens
1-1 11-1
1-2 11-2
1-7 11-7
2-1 12-1
2-7 12-7

Because of the limited number of cracks available for this supplemental test program, ComEd
chose 10 test specimens which conservatively replicated original test condition specifically :

- | specimen with a single 0.809" (specimen 11-7) long crack, which exceeds the
original throughwall length crack criteria, and

- | specimen with 2, approximately 0.5" throughwall cracks 90" apart (specimen 12-1).
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As indicated by the testing results, ComEd chose to use the multiple cracked specimen to
redefine the bounding leak rate for indications restricted from burst (IRBs) as 6.0 gpm.

ComEd believes that their specimen selection is indeed conservative, It is important to note
that the largest indications seen at Byron and Braidwood (approximately 10 volts) were found
to contain short cracks of 0.20" to 0.27" in length, centered within the tube support plates.
Cracks tested in the IRB leak rate program had lengths of 1 to 3 times the length of the
actual service induced cracks. Additionally, the Byron and Braidwood pulled tubes had eddy
current bobbin voltages of at least 3 times the ComEd proposed voltage repair criteria.

Based on this information, ComEd concludes that the proposed bounding IRB leak rate of 6.0
gpm is co.servative and provides defense in depth.

Additional actions to be implemented as part of the 3 volt IPC including locked TSPs and
steam generator internal inspections minimizes the risk of outside diameter stress corrosion
cracking (ODSCC) leading to tube rupture during main steam line break, and thereby
enhances safety.

Attached are the final results of the leak rate test program along with the results of the test
loop orifice calibrations.

The historical perspective and the program development of the IRB Leak Rate Test Program
was previously submitted via Reference 5, Attachment 1. Included in the attached report is
the final leak rate test report which consists or:

Secuon 1.0 Overall Test Conclusions

Section 2.0 Test Data and Reduction Methods
Section 3.0 Data Evaluation Methods

Section 4.0 Test Evaluations

Section 5.0 Trend Analyses

Section 6.0 Leak Rate Uncertainty Assessment
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To the best of my knowledge and belief, the statements contained in this document are true

and correct. In some respects these statements are not based on my personal knowledge, but
on information furnished by other ComEd employees, contractor employees, and/or
consultants. Such information has been reviewed in accordance with company practice, and |
believe it to be reliable.

Sincerely,

@m x /'70[ e

Denise M. Saccomando
Nuclear Licensing Administrator

cCl

D. Lynch, Senior Project Manager-NRR

R. Assa, Braidwood Project Manager-NRR
G. Dick, Byron Project Manager-NRR

S. Ray, Senior Resident Inspector-Braidwood
H. Peterson, Senior Resident Inspector-Byron
Office of Nuclear Safety-IDNS
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Indications Restricted from Burst (IRBs)
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IRB Summary Leak Test Report
Table of Contents

1.0 Overall Test Conclusions

2.0 Test Dats and Reduction Methods
» Test operation
» Data reduction

3.0 Data Evaluation Methods

+ EPRI adjustment procedure

« Averaging of test data and exclusions for hysteresis effects
« Sources of uncertainty and methods of analysis

4.0 Test Evaluaticns

+ Summary evaluation

« Leak rate vs AP plots

Test results, adjustments, adjusted values, averaged and deleted data points
* Dimensional measurements

» Test plan

5.0 Trend Analyses

« Leak rate dependence on crack length, crack opening area, offset area, etc.

« Comparisons of be to TSP interaction predicted by Belgian crack opening diameter versus
pressure measurements with interaction inferred from leak tests

Comparisun of total crack length at beginning and end of test including bladder pressurization to
freespan bursi pressure

Flow area and crack offset considerations for influence on IRB leak rates

Considerations of multiple throughwall cracks on leak rate

6.0 Leak Rate Uncertainty Assessment
* Uncertainty assessment
* Uncertainty on bounding leak rate
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Test Matrix for Indications Restricted from Burst (IRBs) - As Tested
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Corr /Fatg
58403

Corr /Fatg.
8161B

Comr /Fatg.
2008A

Coer /Fatg.
gi6IC

0515°
0360

Corr /Fatg
2008D

0.5807

H is hot test at operating temperatures, C is 2 room temperature test

Test sequences include pressurizing with a bladder typically to the free span burst pressure. Test 4-1 includes incremental increases |
i bladder pressure beyond that equivalent to a free span burst. Tests 2-42-10, 11-1, 11-2, 12-1 and 12-7 inciude bladder
pressurizations below and at the free span burst pressure. Bladder press. is performed to open the crack beyond that obtained
within the pressure capability of the facility.

Leak tests in small leak test ficility prior to bladder pressurization and large facility after pressurization. All other tests in large
leak test facility.

Specimen has two throughwall cracks 90° apart.
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Nomenclature

steam line break

tube support plate

TW - throughwall

APC - alternate repair (plugging) ciiteria

-
Sk

RT « room temperature

HT - hot (high) temperature

Tp - primary side temperature

ps - secondary side pressure

AP - primary to secondary pressure differential
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1.0 Overall Test Conclusions
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IRB Leak Test Results

Overall Conclusions

SLB leak rates including maximum TSP displacement at any tube location in a SLB event are
bounded by < 6.0 gpm.

* The bounding <6.0 gpm is based on enveloping the following test results:

- Test 1-6, 3/4" tubing, initial 0.74" TW crack with a flow pressurization offset leak rate of 5.5
gpm and lower bladder pressurized leak rate of 5.0 gpm..

- Test 11-1, 7/8" tubing, initial 0.71" TW crack with an offset leak rate of 5.0 gpm with both
flow and bladder pressurization.

- Test 11-2, 7/8" tubing, initial 0.63" TW crack with an offset leak rate of 5.3 gpm with both
flow and bladder pressurization.

- Test 12-1, 7/8" tubing, two initial TW cracks of 0.515" and 0.360" with a bladder pressurized
offset leak rate of 5.7 gpm and lower flow pressurized leak rate of 3.2 gpm.

* This bounding value envelopes all leak rates for flow and bladder pressurizations for TW cracks
contained within the TSP and crack lengths well in excess of that conservatively expected for
implementation of the tube expansion based APC.

+ The test results show negligible differences in leak rates between 3/4" and 7/8" diameter tubing
for large cracks with crack openings limited by the TSP.

Leak rate tests of & 3/4" tubing, 0.809" TW crack in Test 11-7 with a resulting offset leak
rate of 6.2 gpm for both flow and bladder pressurization demonstrate additional margins in
the very unlikely event of a throughwall indication exceeding the TSP thickness of 0.75".

« A 0.809" TW length is larger than would be expected in field service for any repair limit.

+ Since this TW crack length exceeds realistic expectations, the resulting leak rate need not be
considered for the bounding IRB leak rate.

+ Application of the APC excludes cracks that extend beyond the TSP.

Summary of Bounding Leak Rate Meusurement Uncertainty Assessment.

* The contributors to the leak rate uncertainty for the measured leak rate of 5.5 gpm for a single
throughwall crack are:
Leak rate measurement uncertainty on test average leak rate: %3.1%
- AP measurement uncertainty on leak rate: -10%
- lLeak rate adjustment uncertainty: negligible
- Test loop orifice test measurement on leak rate: 0.1% (RT calibration)
* The combined effect of the AP measurement uncertainty and the loop calibration uncertainty is a
factor of (0.9)41.001) or 0.90 for a net uncertainty of -10%.
« It can be concluded that the net uncertainty on the bounding leak rate of 6.0 gpm is
~7%/-13%. The actual uncertainties are found as follows:
- The maximum uncertainty is obtained as [(0.9){1.001)<1.031)-1}-100 or -7%, with a 95%
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confidence bound of -5%.
- The minimum uncertainty is obtained as [(0.9)-(1.001)-(0.969)-1}-100 or -13%.

It can be concluded that the net uncertainty on the bounding leak rate of 6.0 gpm is acceptably
small and an uncertainty adjustment to the bounding value is not necessary. Furthermore, if an
uncertainty adjustment was to be applied, the bounding leak rate would be reduced.

Indications :» about 0.55" throughwall interact with the TSP for crack to TSP gaps of about
25 mils prior to reaching AP, , and show no significant increases in leakage above the TSP

offset leak rate at APy , even after bladder pressurization to the free span burst pressure at
the offset condition.

« Indications > about 0.5" throughwall interact with the TSP for smaller crack to TSP gaps typical
of radial clearances of about 12 mils or typical of packed crevices.

« Decreasing the crack to TSP gap below the upper tolerance value of 25 mils reduces the crack
length that interacts with the TSP prior to SLB conditions or reduces the AP for TSP interaction
for a constant crack size.

For throughwall indications < about 0.55", which can be expected to bound indications at
Braidwood-1 and Byron-1 following implementation of a 3.0 volt repair limit, the crack
openings do not interact with the TSP and the resulting leak rates 7 ce tydical of free span
leak rates.

Leak Rate Dependence on TSP Displacement.

« SLB leak rates following bladder pressurization to the free span burst pressure are independent
(within about 10%) of TSP displacement within the limits of the maximum displacements with
tube expansion.

- Test exceptions occur only for specimens with two TW cracks 180" apart

+ SLB leak rates for flow pressurization ir creased with TSP displacement (offset test condition) by
10% to 30% for only 4 of ‘ne 10 tests for which this difference could be evaluated. The test
increases (4 (ests) in leak rates between zero offset and offset conditions are attributable to the
leakage being limited by the geometric flow area (confirmed for 3 of the 4 tests by estimates of
the effective crack area and geometric flow area based on the test dimensional measurements) in
the zero offset tests, such that an increase in leakage is expected for the offset condition.

» Bases for conclusion: Leak rates for [IRBs are primarily dependent on the effective throughwall
crack area (area not in approximate contact with the TSP hole ID) in comparison with the
geometric flow area (area between opened crack edge and TSP hole ID). Crack opening areas
that are less than the geometrical flow area would be expected to resuit in leak rates that are
approximately independent of limited TSP displacements. A reduction in turning losses with
TSP displacement, aithough expected to be small for small displacements, could also contribute
to the leak rate increase in the offset condition.

Based on crack length measurements currently availabie, there has been no significant (within
about 0.05" for most specimens, maximum 0.097") crack length extension as a result of flow
or bladder pressurization to the free span burst pressure.

sapcaprivriaey. | 20 Augas 25 1998
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An appropriate SLB leak rate methodology with tube expansion is free span analysis with an
upper limit of 6.0 gpm applied to any Monte Carlo sample leak rate that exceeds 6.0 gpm.
Thus, the analyses performed for Byron-1 and Braidwood-1, which explicitly consider IRB
leak rates and do not employ a bound on the leak rate obtained from the leak rate to volts
correlation, are conservative.

The bounding IRB leak rate, as obtained for single crack and multiple cracks, does not have
to be adjusted for potential multiple throughwall indications. This conclusion is based on test
resulis for two throughwall cracks, the high likelihoed of finding a single dominant
throughwall indication and the very low likelihood that two throughwall indications would be
within 0.10" of the TSP edge.

Leak Rate Dependence on Crack Length, Crack Opening Area, Offset Area, etc.

+ SLB leak rates for ?Bs are primarily a function of the throughwall crack length and effective
crack opening area.

» SLB leak rates do not increase linearly with the crack opening area, as would be expected for
free span cracks, since the larger openings interact with the TSP hole ID to retard leakage flow
from the largest crack widths near the center of the crack.

+ SLB leak rates for offset tests do not correlate with the throughwall crack length outside the TSP.

« The increase in leakage from cracks offset outside the TSP relative to the total crack within the
TSP is a function of the crack opening area outside the TSP prior to but not after reaching the
free span burst pressure of the indication.

Fiow Area and Crack Offset Considerations for Influence on IRB Leak Rates.

* The principal factors influencing IRB leak rates are:

- The TSP limits the crack opening area for throughwall indications greater than about 0.55".

- The effective crack opening area is further reduced for long cracks (clearly from test results at
> 0.6", which might conceptually burst in free span) by tube to TCP gap closure for some
length (expect < (0.25" based on test results) along the length of the crack.

- IRB leak rates are primarily dependent on the effective crack opening area with a modest
(<30%) effect of limited TSP displacements on leakage.

Upon contact of the crack opening with the TSP, leak ratec have a modest or no increase in
leakage with increased pressurization &nd tend toward smaller increases in leakage with
throughwall cracks outside the TSP compared to the crack within the TSP,
- Bases for conclusions
0 Leak rates for offset and zero offset tests following bladder pressurization (constant
effective crack area) are very similar and, in some cases, lower for offset than zero offset
conditions. For bladder pressurization tests, there is an increased likelihood for the leakage
to be limited by the effective crack area rather than the geometric flow area and there is no
correlation between the change in leak rate (offset minus zero offset) and the exposed
throughwall crack area. The exception for Test 4-1 is attributable to multiple TW cracks
180° apart exposed by the TSP displacement and by diametral increases in the tube
diameter.

0 Leak rates correlate reasonably well with throughwall crack length and with crack opening

wpcepriuremrap | 2h-Aggrt 25 190



area.

o For flow pressurized tests with the offset test run after (and at higher pressures) the zero
offset test, the increase in leakage for the offset condition is less than that expected for the
increase in the total crack area. The less than expected increase is attributable to blockage
of the flow area near the center of the crack by the TSP which reduces the total crack area
to an effective crack area for leakage considerations.

An IPC of 3.0 volts with tube expansion is more conservative than a 1.0 volt IPC without tube

expansion.

+ Tube burst is essentially eliminated with an insignificant tube burst probability (<10"°) for tube
expansion with "locked” TSPs

» The niaximum SLB leak rate, irrespective of the likelihood of occurrence of the iarge bounding
indications, is limited to < 6.0 gpm
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IRB Leak Test Results

Key Conclusions

Test 1-6

This test of a 0.74" throughwall crack in 3/4" diameter tubing represents the highest leak

measurement for a singie corrosion crack within bounds of the TSP. Throughwall lengths of this

magnitude would not be expected even for the full APC repair limit with tube expansion of 10 to

15 volts

- A repair limit of only 3.0 volts has been requested by ComEd for implementation of tube
expansion at Braidwood-1 and Byron-1

The SLLB leak rate for a single throughwall corrosion crack prior to or after bladder

pressurization is bounded by 5.5 gpm including the maximum potential 0.10" TSP offset

TSP constraint reduces the maximum SLB leak rate by more than a factor of three compared to

free span conditions

For this indication, the leakage results indicate that TSP interaction occurred at about 2000 psi

AP

Test 12-1

This test of a 7/8" diameter tube with two intermediate length TW cracks, initial 0.515" TW
main crack (0.585" TW after offset flow pressurization test) resulted in a SLB ieak rate for flow
pressurization of 3.2 gpm at 2560 psid with the crack 0.105" TW outside of the TSP.

- The two TW cracks for this specimen are typical of what might be expected following
implementation of tube expansion based, full APC repeir limits - 2 dominant TW crack with a
second, less significant TW indication.

For this indication, there was no crack to TSP interaction (crack behaved as a free span

indication) for flow pressurization up to 2680 psi. Crack to TSP interaction is indicated

following bladder pressurization to the free span burst pressure.

Bladder pressurization to 3310 psi increased the leak rate to 4.2 gpm and pressurization to the

free span burst pressure of about 4850 psi further increased the leak rate to 5.7 gpm. The IRB

bounding leak rate is based on this result, rounded up to 6.0 gpm. There was no significant
difference in zero offset and offset leak rates following bladder pressurization.

- Both cracks, spaced 90" apart, contributed to the leak rate.

Throughwall Corrosion Crack Lengths > About 0.55" . Tests 1-6, 1.7, 2.7, 11-7 (3/4"): 1-1, 1-
2, 111, 11-2, (7/8")

Indications with throughwall crack lengths greater than about 0.55" result in crack faces upening
to interact with the TSP prior to reaching SLB conditions of 2560 psi AP and result in leak rates
less than free span indications

SLB leak rates resulting from flow pressurization to AP, are about 4.1, 4.1, 5.5 and 6.2 gpm
for initial start of test throughwall crack lengths of 0.577", 0.60", 0.74" and 0.81", respectively,
in 3/4" tubing.

SLB leak rates resulting from flow pressurization to APy, are abcut 3.2, 3.7, 5.3 and 5.0 gpm
for initial start of test throughwall crack lengths of 0.620", 0.620", 0.63" and 0.71" respectively,
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in 7/8" tubing.

Throughwall Crack Lengths < About 0.55" . Tests 2-10, 12.7 (3/4"), 2-1, 2-4, 12-1 (7/8")

Indications with throughwall crack lengths less than about 0.55" have jeak rates typical of free
span indications and show no significant interaction with the TSP at flow pressurization SLB
conditions and large (0.025") crack to TSP clearance. Indications between 0.50" and 0.55"
length can interact with the TSP at smaller crack to TSP clearances.

SLB leak rates resulting from flow pressurization to AP, are about 0.37, 1.7, 1.7, 3.9 and 3.2
gpm for initial throughwall crack lengths of 0.29", 0.425", 0.515", 0.375" (longer of 2 cracks
separated by a ligament) and 0.515" (longer of 2 cracks separated by 90°), respectively.

Contribution From Elastic Crack Opening

Free span "ladder pressurization of specimens previously plastically opened at higher APs
increased the crack diameter indicating that elastic Geformation adds about 0.003" to 0.005" to
the crack diameter and contributes to crack interaction with the TSP. Based on plastic plus
elastic crack diameter increases, it can be concluded that the following tests had crack w TSP
interaction typical of the target 0.025" crack to TSP gap: 1-6, 1-7, 2-7, 2-8, 11-1, 11-2 and 11-7.
Tests 1-1, 1-2 and 2-1 had crack to TSP interaction typical of smaller gaps in the range of about
0.012" to 0.016". Tests 2-4, 2-10, 12-1 and 12-7 did not indicate crack to TSP interaction under
flow pressurization conditions and the flow pressurization leak rates are independent of the gap
although tests 2-4, 12-1 and 12-7 had gaps typical of the target gap.

Effects of Bladder Pressurization on Leak Rates

SLB leak rates following bladder pressurization at the TSP offset condition are not significantly
different from leak rates obtained by flow pressurization to 2560 psi for throughwall crack
lengths > about 0.55 inch which result in interaction with the TSP prior to reaching SLB
conditions

For crack lengths < about 0.55", which do not interact with the TSP prior to reaching SLB

conditions, bladder pressurization to the free span burst pressure increases the leak rates above

that obtained by flow pressurization but the 'eak rates for single cracks remain less than those
obtained with > 0.55" crack lengths

Leak rates following bladder pressurization to the free span burst pressure are independent

(within 1G%) of TSP displacements within the limits tested.

- Estimated changes in effective crack area and geometric flow area after bladder pressurization
help 10 explain why there is less of a trend for increased leakage after pressurization than
before pressurization. After hladder pressurization, the effective crack area tends to be
reduced by the flattening of the crack opening near the center of the crack in contact with the
TSP while the geometric flow area is less affected and there is an increased likelihood that
effective crack areas rather than geometric flow areas limit the leakage.

Bladder pressurizations above the free span burst pressure Go not result in significant increases in

the leak rate compared to that obtained following the free span burst pressurization.
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Laser Cut Specimens

+ Laser cut specimens are not an acceptable substitute for corrosion cracks for leak testing
- Laser cut specimens result in a factor of 3 increase in free span leak rates as indicated by
comparing Tests 2-8 and 2-7 results
- The large widths at the tips of the laser slot result in non-representative leak rates for offset
test conditions.
* The trends and effects of crack to TSP interaction can be demonstrated by laser slots although
the leak rates are too high to be representative of corrosion cracks.

Accuracy of In-Process Dimensional Measurements
+ Destructive examination of the one specimen examined to date (Test 1-2) shows initial and final

throughwall crack length measurements in good agreement with the values obtained by the
measurement techniques used in the test program.




Test

Specimen

Initial Lengths

Summary of SLB Leak Rates"’ (2560 psid) and Crack Length Data ;

J

|

Total

™

Flow Pressurization Tests

Offset Test Zero Offset Tests |
2560 psi 2560 psi
T™W O.r";,et Leak W Leak
Length Length Rn: Length R.::

24

78A4C218

Bladder

Pressurization Tests

24 7/84C218 0.600 0.290 0.330 0.000 0.37 NM. 0.37
2-10 3/42051B 0.551 0425 0425 0.000 1.70 NM. 1.70
2-1 T8 8161A 0.640 0515 0.504 0.134 1.65 0.230 093
2-7 3/4 2051E 0.660 0577 0.636 0.088 4.10 0515 NR.®
2-8 3/4IRB-LC2 0553 0.550 0558 0.104 6.10 0.525 2.30 i
1-1 7/8.8161G 0.626 0.620 0.5%s 0.147 3.70 0454 2.30 I
I 1-2 7/88161E 0.645 0.620 0.666 0.145 3.20 0574 NR.
I 1-7 3/42051A 0.600 0.600 0.602 0.091 4.10 0.530 3.20
16 3/4 2008E 0.760 0.740 0.724 0.070 550 0619 340
! 4-1 7/84B214 0.670 0.240 - - NM® - NM®
l 1-1v 7/8.5B403 0.710 0.600 0.620 0.150 5.00 0.620 4.00
0.110 0.129 0.129
11-2 7/88161B 0.729 0.630 0.720 0.173 5.30 0.657 NR.
11-7 3/4 2008A 0813 0.809 0811 0.102 6.20 0.809 6.20
12-1% 7/88161C 0.607 0518 0.585 0.105 3.20 NM. 3.20
0.465 0.360 NM, NM.
3/4,2008D 0.590 0.375
0.256

2-10

3/4,2051B

2-1

TR B161A

2-7

3/42051E

2-8

3/4 IRB-L62

1-1

188161G

1-2

78 B161E

1-7

3/4,2051A

0.600

0.600

0613

0.100

33

0613

32
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Offset Test

Summary of SLB Leak Rates"’ (2560 psid) and Crack Length Data

Zero Offset Tests |

Initial Lengths Offset | 2560 psi 2560 psi
Test | Specimen Lthh T™W Leak Lthh Leak
ength
Total T™W eng Length Rate £ Rate
Hm D N
1-6 3/4,2008E 0.760 0.740 0.726 0.070 5.0 0.726 48
4-1 7/84B214 0.670 0.240 0.606 0.099 4.2 0.606 3
| 11-1° 1 7/8,5B403 0.710 0.600 0.754 0.154 50 0.754 5.0
; 0.110
1 11-2 78 8161B 0.729 0.729 0.707 0.150 33 0.707 49
| 117 3/4, 2008 A 0813 0.809 0811 0.100 6.2 0811 5.7
1219 7/88161C 0.607 0518 0.630 0.151 57 0.629 5.7
0.465 0.360 0411 0411
12-7% | 3/4,2008D 0.590 0.375 0.726 0.100 33 0.726 3.2
0.256
Notes:

(6)

shapcepnurtereny | I-Auges: 25 1994

(1) Approximate leak rates at 2560 psid based on linear extrapolation of log leak rate vs AP
plots.

(2) NR. - Estimate not reliable due to low pressure tested in zero offset condition or absence of
crack to TSP interaction at lower pessures

(3) N.M. - not measured. Test not performed.

(4) Specimen has two throughwall cracks 90° apart

(5) Specimen has two paralle] throughwall cracks separated by a circumferential ligament 0.012" |
at the crack tips

Specimen has two aligned axial cracks separated by a ligament



2.0 Test Data and Reduction Methods
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Test and Data Reduction Methods

Test Methods
* Primary pressure and temperature measured at specimen
« Secondary temperature and pressure measured in autoclave
» Leak rate measured as condensed volume versus time
» General test operation
- Primary :nd secondary pressures set up at approximately equa! values at above the target
pressure, water supply tank set up at desired hot or cold conditions
- Secondary pressure "instantaneously” vented to atmospheric pressure
- Approximate steady state conditions obtained in order of about 10 to 40 seconds dependent on
the leak rate
o0 The water volume in the secondary system must also be flushed by leakage volume prior to
recording data
- Adequate leak rate sample volume obtained and test terminated
» Variations over test period
- Primary pressure tends to decrease as water volume in supply tank decreases
- Secondary pressure tends to increase, higher with larger leak rates, as a result of steam
pressure on the secondary side - function of condensation rate
- The crack pressure drop (AP) is highest early in the test and tends to drop toward a more
steady state value
0 Thus, some hysteresis exists in each test wherein the plasuc opening at the higher AP tends
to result in higher leak rates at the lower AP at which the leak rate is measured. This adds
conservatism to the measured leak rates
- Primary temperature also tends to change over the test period. The water in the storage tank
has some axial gradient and makeup water for large leak rates also tends to affect the
temperature. An intermediate autoclave is used to reduce the temperature variations but some
remain in the tests
0 Due to these variations, the primary temperature cannot be tightly controlled for a given
test. Between tests, temperatures may vary from about 605° to about 645°, which is
consistent with test plan goals.

Test Data Reduction

* Test data is averaged over a time period after approximate steady state conditions are reached.
The time period selected is as necessary to obtain an adequate leak rate volume and varies
between tests.

* Averages for leak rate, primary pressure and temperature, secondary pressure and temperature
and AP are reported

« The maximum AP for the test is also reported

* The standard deviation on the average leak rate over the analysis period is reported as the leak
rate uncertainty

Crack Length and Crack Opening Area Measurements

* Crack ID and OD dimensions following sample preparation are measured using dye penetrant
with a silastic mold for the ID length

* Crack lengths following testing are measured with a toolmaker's microscope. Throughwall
lengths and widths are measured using light penetration through the crack opening. Throughwall
lengths < | mu wide may not be detected by this technique.
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Tube to TSP Gap Considerations in Leak Test Program

Test Objective for Leak Test
» Establish diametral gap at 25 mils based on specimen diameter prior to leak testing
» Locate tube within TSP so that free to move or in contact with TSP at 180° from crack

Tube to TSP Fixture (Figure 1) Implemented for Test Sequences Numbered 1 to 4

* Tube end held in a clamshell about 1" above TSP

« Far tube end plugged and unconstrained about 4" below clamshell (~2.5" in clamshell)

« TSP attached to clamshell with two flat bars with slots/attachment screws that permit TSP to be
moved axially to locate TSP relative to the crack

* TSP hole centerline nominally aligned with centerline of clamshell

Review of TSP Fixture for Tests Sequences Numbered 1 to 4
« Generally expect tube to TSP gap at radial rather than diametral gap
« For tube diameters less than nominal a shim was included in clamshell to tightly hold the tube.

- Assembly could resuit in misalignment of tube in TSP relative to nominally centered as
indicated by resulting increases in crack diameters after pressurizing the specimen

- 3/4" tubes tested were generally less than nominal diameter and crack to TSP gap above
nominal

« Tube is very stiff at TSP elevation due to short distance below the clamshell such that lateral

movement of tube relative to the TSP ID by hydraulic forces (impingement of leakage on TSP)

is very unlikely and movement of tube by crack opening is also expected to be minimal

- Stiffness of tube is demonstrated by bladder expansion results. The increase in tube diameter
across the crack centerline was | mil or less except for 1 ~pecimen with a 4 mil increase.

Application of TSP Fixture for Test Sequences Numbered 11 and 12

* For test sequences numbered 11 and 12, the crack to TSP gap was forced to the maximum
0.025" gap adjacent to the crack by alignment of the test fixture (Figure 1). This was verified by
requiring that a thin (0.0005") plastic strip inserted between :he tube and the TSP at a location
180° from the crack be tight after test fixture assembly (the plastic shim was removed prior to
the test). Thus, these tests have the desired 25 mil crack to TSP gap.

Evaluation of Elastic Component of Gap Closure

* To assess the magnitude of elastic deformation of the crack, a free span bladder pressurization to
approximately 80% of predicted freespan burst pressure was performed for two specimens. The
results of this evaluation showed that there is an elastic diameter increase of 0.003"- 0.005".
This elastic deformation is in addition to the prior piastic deformation and indicates that the
elastic crack opening increases the measured plastic opening.

Conclusions
* For specimens shown to interact with the TSP during flow testing, the measured plastic crack
diameter increase, increased by about 3 mils for the elastic contribution to crack opening, is a
good measure of the crack to TSP gap
- If crack opening could laterally displace the tube significantly, the diameters after bladder
expansion should have increased but they did not show increases above a mil
+ Estimated crack to TSP gaps based on the crack diameter increase are shown in the attached
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table

Tests 1-6, 2-4, 2-8, 2-10 and 4-1 have been clearly performed to satisfactory gap requirements
Tests 1-7 and 2-7 had close to desired gap and are within the target 25 mil gap when allowance
for the expected elastic expansion of about 3 mils is added to the measured plastic diameter
increase. These test results are considered representative of that expected for the target gap.
Tests 1-1, 1-2 and 2-1 (all 7/8" diameter tests) had significantly undersized gaps

Tests 11-1, 11-2, 11-7, 12-1 and 12-7 have achieved acceptable gaps by aligning the tube
opposite to the primary crack against the [D of the TSP hole.
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Summary of Crack Diameter Increases/Implied Gap

Test Initial Diameter Crack AD after Comment
(in.) Offset Flow Test
(in.)
Leak Tests With Variable Crack to TSP Gap

1-6, 3/4" 0.745 0.027 Gap requirement satisfied

1-7, 3/4" 0.747 0.020 Gap requirement satisfactory -
supplemental tests show that
elastic deformation could have
effectively closed the crack to
TSP gap.

1-1, 7/8" 0875 0.009 Test results typical of small gap.

1-2, 7/8" 0874 0.013 Test results typical of small gap.

2-1, 78" 0874 0.010 Test results typical of small gap.

2-4, 7/8" 0.875 0.003 Gap large enough to prevent tube

No TSP Interaction | to TSP interaction

2-7, 3/4" 0.747 0.022 Gap requirement satisfactory as
noted for Test 1-7.

2-8, 3/4" 0.744 0.030 Gap requirement satisfied
Larger AD on opening clamshell
indicates elastic springback

2-10, 3/4" 0.748 0.001 Gap large enough to prevent tube

No TSP Interaction | to TSP interaction
4-1, 7/8" 0876 0.025 Gap requirement satisfied
Leak Tests With Fixed 0.025" Crack to TSP Gap
11-1, 78" 0874 0.021 Tests show crack to TSP int.

11-2, 7/8"

0874

0.016

TSP interaction demonstrated with
plastic plus elastic AD about
0.023" based on supplemental
tests to estimate elastic AD.

11-7, 3/4"

TSP interactior. demonstrated with

plastic plus elastic AD about
0.023" based on supplemental
tests to estimate elastic AD.

12-1, 78"

No TSP interaction.

12-7, 3/4"
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Figure 1 Test Fixture Assembly
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Figure 2 Typics! Installation of Test Sample in Autoclave
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3.0 Data Evaluation Methods
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Pata Evaluation Methods

Need for Data Normalization
+ Leak rates are desired at SLB conditions of 615°F and 15 psi secondary pressure which cannot
be tightly controlled in the tests
+ Primary temperature influences *he saturation pressure which is the effective secondary pressure
when flashing to steam occurs (all cases near SLB conditions)for the primary water , the water
density and the material properties
- Adjustments for flashing are typically the largest adjustments required to the test data.
Saturation pressure increases significantly with temperature and many test results have
temperatures and pressures higher than the reference conditions of 615°F and 15 psi
» The EPRI leak rate adjustment procedure given in EPRI report NP-6480-L, Volume 1, Revision
1, Appendix B is applied for the data normalization/adjustments

EPRI Leak Rate Adjustment Procedure

+ The adjustment procedure includes three terms - the hydraulic factor (y) for the effective
pressure airferential which is a flashing adjustment, the temperature factor () which adjusts for
density and material properties and the mechanical factor () which adjusts for crack opening
between two different APs. The mechanical factor is not applied in this assessment and is not
further discussed herein.

* Hydraulic factor

‘e | (p-Cp,)Ap
P, Cop.VAp,)

where p is the primary pressure, p, is the saturation pressure at the primary temperature, Ap is
the primary to secondary pressure differential, C, is a pressure coefficient to adjust for a non-

isentropic process, subscript o represents the leak test condition and no subscript represents the
target (reference) conditions.

- CRACKFLO analyses in NP-7480-L indicate a range of .72 to .88 for C, to improve
agreement on ratios of leak rates between the adjustment procedure and the CRACKFLO
results. Sensitivity analyses were run on Test 1-6 for a range from .75 to .85 with no
significant differences in the adjusted leak rates for the higher pressure tests and a valve of .80
was selected for the analyses of this report. Higher values tend to decrease the adjusted leak
rates for the test conditions. A higher value than 0.80 may be appropriate for the larger crack
sizes in the Sequence | tests and the higher test pressure differentials.

- The use of C, is most significant for tests in which the primary pressure is ciose to the
saturation pressure at the primary temperature. In this case, the adjustment can become
unrealistically large without including C,. The need for this term occurs primariiy for
pressures less than ab v ' 2200 psi and temperatures above about 620°F.
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Data Evaluation Methods

EPR! Leak Rate Adjustment Procedure
» Temperature Factor

. Eo, | P,

Eo, N o

p

where E is Young's modulus and o, is the flow stress.
« The hydraulic and temperature factors are applied to the test data to obtain leak rates at standard
or reference conditions prior to further evaluation of the data.
» Evaluation of cold to hot adjustment factor
- F »om temperature tc operating temperature adjustments are applied to all room temperature
test results in this report. The adjusted data vary in a narrow range above and below the hot
temperature test results. The cold to hot adjustment factor is not further evaluated in this
report. A more detailed study including sensitivity results will be included in the EPRI test

report.

Evaluation of Test Data
* Hysteresis effects

- Some test points are obtained at a lower AP than a prior data point which introduces a
hysteresis effect. This results in plastic opening of the crack such that the leak rate for the
subsequent, lower pressure test is typically overestimated. For this analysis, data points more
than about 40 psi lower than a prior test are excluded on the basis of hysteresis from the data
plots and evaluation. The selection of 40 psi is a judgement that this change in AP and the
resulting small increase in leak rate would not significantly influence the interpretation of the
data and the resulting conclusions.

- Data points following blacder pressurization are not deleted for hysteresis effects since this
step is specifically applied to maximize the crack opening and the bladder pressures
substantially exceed the leak rate test pressures.

* Averaging of Data Poin.s

- Data points in the same test condition (offset, etc.) that are within about 40 psi of each other
are generally averaged prior to plotting and evaluation. This process reduces non-physical
fluctuations in the test data and tends to simplify interpretation of plotted data.

* All test data averaged or Geleted for hysteresis effects are identified in the data sheets provided
herein for each test.
* Use of average or maximum AP in evaluating leak rate data

- The test data reduction methods develop the average leak rate over time and the average AP
over the same time period. The average AP is lower than the maximum value (also reported)
and use of the average value introduces hysterisis effects since the plastic crack opening is
determined by the maximum AP.

- Test sequences numbered | to 4 were evaluated using the average AP while test sequences 11
and 12 were evaluated using the maximum AP. Based on the evaluation of the early tests
(sequence numbers 1 to 4), it was found that a more consistent interpretation of the test results
could be obtained using the maximum pressure value since it more accurately reflected the
start and end points of test sequences such as zero offset and offset test sequences. This was
particularly significant for evaluation of Test 12-7 since the differences between maximum and
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average pressures were larger than typically found.

- Since the limiting Test 1-6 of test sequence numbers 1 to 4 was evaluated by both average
and maximum AP methods, the change of data evaluation methods between the test series
does not influence the conclusions of this report.

+ Terminology used in data analyses.

- Crack opening area or crack area: the area of the TW crack as measured by light penetration
through the crack after important test sequences such as offset tests, bladder pressurization,
etc.

- Effective crack area: the measured crack area reduced by the crack area associated with the
crack length in contact with the ID of the hole as estimated from diameter measurements. It
is assumed, based on diameter measurements, that the crack length within a radial distance of
about 1 mil of the TSP hole ID does not contribute to leakage and the leakage flow must pas
through the effective crack area. The | mil distance accounts for minor elastic springback of
the crack flanks at low pressure.

- Geometric flow area: for cracks within the TSP, the area between the opened or bulged crack
and the TSP hole ID define a geometrical limit on the area that leakage must pass through.
This area is determined as the integrated area between the bulged crack (using cruck diameter
measurements along the crack) and the hole ID and includes the area on both sides of the
crack opening.

- Limiting flow area: the smaller of the effective crack area and the geometric flow area. If
the effective crack area is smaller than the geometric flow area, the leakage is limited by the
crack area and moving the crack outside the TSP (offset tests) would not be expected to
significantly increase the leak rate. If the geometric area is limiting, moving the crack outside
the TSP in the offset tests increases the flow area to closer to the effective area and the offset
test would be expected to result in an increase in leak rate. These relations apply as long as
the maximum crack diameter does not move outside the TSP which is the case in all tests and
can be expected in all cases of limited TSP displacements (maximum tested is 0.15")

Trend Analyses

* The trends for the leak rates as a function of measured parameters such as throughwall crack
length, crack opening area, offset length, etc. are also evaluated and documented in this report.
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Leak Rate Uncertainty Considerations

Potential Sources of Uncertainty in the Leak Rates
+ Leak rate fluctuations during the test period

- This uncertainty is deve'oped for each leak rate measurement as the standard deviation of the
leak rate about the average value reported for the test.

* Maximum AP in test occurs prior to averaging data for reporting leak rates

- This effect is evaluated for the bounding leak rate (Test 1-6) by adjusting the leak rates to the
maximum AP in the test and comparing the resulting value at the SLB pressure differential of
2560 psi with the value obtained for the reference analysis based on averaging the test data
over a time interval.

« EPRI leak rate adjustment procedure

- This uncertainty has been reduced by applying the C, factor in the hydraulic factor of the
adjustment procedure to maximize the leak rates. This is evaluated by comparing leak rates
for different values of C; for the bounding leak rates test (Test 1-6)

» Test loop calibrations
All instruments used in the tests have updated calibrations and the important primary pressure
and temperature are measured at the test specimen. Thus the uncertainty for loop calibrations
is negligible.

- To further evaluate the test loop accuracy, room temperature leak tests were performed for
three orifices of different diameters and the leak rates compared with measurements inade at
an orifice calibration laboratory. This comparison is used to define the test loop measurement
uncertainty. For additional information, hot test loop measurements were performed for the
three orifices and these results are compared with analytical calculations.

An Uncertainty Assessment for the Above Considerations is Included in This Report, Section
6.
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4.0 Test Evaluations
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Test 11-1: Summary of Test Results and Evaluation

Test Sequence

» Order of tests: zero offset, offset 0.15", bladder pressurization to 3670 psi, offset 0.15" and zero
offset. All tests are hot tests.
- No intermediate pressurization step was included since the SLB AP is approximately 70% of
the predicted specimen burst pressure
- The crack to TSP gap was established at 0.026" by forcing the tube to contact the TSP hole
ID at 180° from the crack.
* There is no basis to question the adequacy of the data - leak test results show consistent
trends, without large data scatter.

Summary of Test Results

* The start of test crack is a total of 0.710" long, composed principally (two additional short
ligaments near top of crack opened during initial testing) of two axially aligned segments
separated by an uncorroded ligament. The ligament is located at 0.60" from the end of the
crack usec to establish the offset condition. The crack length is throughwall except for the
ligament.

- TW crack was intermittently visible with back light over the fuli length of the OD but too
tight to quantify width (<0.001").

- The ligament at 0.60" from the end of the crack was broken after bladder pressurization to
3670 psid. The ligament broke to become 2 loose piece (0.046" long in axial crack direction
by 0.023" wide and approximately the wall thickness deep) that was removed from the crack
following the bladder pressurization offset flow test.

- This specimen initially had three other part-TW cracks that were TIG welded pricr to
fatiguing the main crack to the desired length. There is no evidence that the welding
affected the flow testing of the principal crack. Leakage behavior was consistent with that
expected based on throughwall crack length. The welded cracks did not open during testing.

- The tube was not tight in the TSP after the final bladder pressurization.

* Crack interaction with the TSP occurs at approximately 2150 psid based on the shallow slope
of the leak rate curve of the flow pressurized zero offset test.

- Following the zero offset test, the TW length was about 0.749" (total OD length of 0.752")
with the three ligaments remaining intact, the maximum TW crack width was 0.018" and the
crack diameter increase was about 0.018",

* The leak rate at the SLB pressure differential in the flow pressurized offset condition is
bounded by 5.0 gpm.

- Flow pressurization to about 2560 psi increased the TW length to about 0.749" (total length
of 0.755") with the large ligament remaining intact and the two small ligaments broken, the
maximum TW crac) . ‘ning was 0.024" and the plastic crack diameter increase was about
0.021",

- The TW length outside the TSP was 0.15" for this offset test with a maximum crack opening
width of about 0.018"
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- The leak rate for the offset test was about | gpm higher than the zero offset test.

» Leak rates for the zero offset and offset condition following bladder pressurization to the free
span burst pressure of about 3670 psi were approximately equal to that found for the offset
flow pressurization test at SLB conditions.

- The bladder pressurization and offset flow test slightly increased the TW length to about
0.754" (total length of 0.757"), the maximum TW crack opening was 0.027" and the plastic
crack diameter increase was about 0.023".

Overall Conclusions

« This test of a 7/8" diameter tube, initial 0.70" TW crack (0.749" TW after offset flow
pressurization test) resulted in a SLB leak raie at 2560 psid of 5.0 gpm for flow and bladder
pressunutmn with the crack 0.15" TW outside of the TSP.

This leak rate and the Test 11-2 results in 7/8" tubing are very similar to the bounding leak
rate of 5.5 gpm found in 3/4" tubing for Test 1-6 which had a 0.724" TW crack following
the offset flow pressurization test.

- This result indicates comparable leak rates for similar throughwall cracks in both 3/4" and
7/8" diameter tubing and supports use of the 5.5 gpm bounding IRB leak rate for both tubing
sizes.

« For this indication, the leakage results iudicate the TSP interaction occurred at about 2150 psi.

« Under flow pressurization conditions, there was about a | gpm difference ir leak rate between
the zero offset and offset test conditions. Following bladder pressurization, the zero offset leak
rate was the same as the offset leak rate.
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Test 11 -1
indicstions Restricted From Burst l.eak Rate Tests
{Normaiized to Tp= 815°F and ps = 15 psia Conditions - based on test leak rate at Ap ... )

19

Test Sequence

i Wihin TSP, HT

i Offeel 0.15", HT

=« O - -Offest 0.15", HT, 370

Leak Rate (gpm)

- @ — Wihin TSP, KT, 370

1600 1800 2609 2200 2400 2600 2800

ChNorm_11 - 1Dpmax TEST11-1.XLS 8/8/95



Test 11 -1
Indications Restricted From Burst Leak Rate Tests
{Normailized to Tp= 815°F and ps = 15 psia Conditions - based on test leak rate at Ap..,}

Test Sequence

—~—Within TSP HT

i Offaet 015", HT

=« O - -Offest 0.15°, HT, 3870

Leak Rate (gpm)

== O - -Wihin TSP, NT, 3670

1600 1800 2000 2200 2400 2600 2800

Ap (psi)

ChNorm 11-1 TEST11-1.XLS 8/8/95



Test 11 -1
indications Restricted From Burst Leak Rate Tests

(Test leak rate at Ap ... , without adjustment to reference SLB conditions)

10

Test Sequence

Leak Rate (gpm)

— NN TSP, HT

i Offest 0 15" H7

«« O - -Offest 0157, HT, 3670

- < — Wihin TSP, HT, 2870

1600

ChRaw 11-1Dpmax

APwes (P8i)

2400

2600

2800

TEST11-1.XLS 8/8/95



Test 11 -1
indications Restricted From Burst Leak Rats Tests
(as-measured, without adjustment to reference conditions)

: Test Sequence
o-o“'-- #‘ﬁ*’“

e ——@— Wihin TSP, HT
——'4

i~ Offest 0. 15" HT

=« O - -Offsst 0157, HT, 3870

Leak Rate \gpm)

- 4§ — Wihin TSP, HT, 3870

—_—

1600 1800 2000 2200 2400 2600 2800
APerg (P1)

ChRaw 11-1 TEST11-1.XLS 8/8/95



Test 11-1 (5B403)

0.03

0.025

0.02

0.015 |

0.01 |

Change of Diameter

0.005

-0.005

Distance Along Crack

Ch11-1(5B403) IRBATDIA XLS8/15/95



o B

After Bladder Pressurization to 3670 psid and Subsequent
Lesk Tests

Test 11-1 (Sample 5B403)
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Test11-1
Summary of Leak Test and Analysis Resuits (Based on Average Test Ap)
Specimen 5B403, Tube Diameter = 0.875", Gap = 0.026"

Evaluated Test Averages Adjusted Test Averages Evaiuation for Plots I
Avwrnge S
Test Subiest Max. Potoery | Pucostery |  8pum y J— Lok Rste B Y Lesk Adjusted for | Aversge
Sequence No. APulps) | pug tpuig) i Rate (RT) Uncertainty temp. & Pressare(fy) | Losk Rate Comments
(gpm) (gpen} (gpm) (gpm)
1A 1 1957 218 Poul 1979 &9 19 0.36 100 0.8 140 340
winaTse | 2 | 0% | na 269 1 fae 164 013 108 108 398 | e
3 | ue 151 M2 2199 611 10 019 100 o 301 i Aversgeof 3 & 4
4 | ne | pnw | M0 % 826 141 oM 100 | o9 128 5 B
5 | 2 | ua m | an 621 168 016 100 09 138 182 Average of 5 &6
- 2157 211 38 9 622 1N 015 1.0 0% 126
¥ nic 1 | ne | 25w m me 613 [F) 047 1| [T 418 - | Delee - Hymeresic
Offses 0157 2 | b | mwm %7 | e 543 o 028 1o 104 [T ) Aversgeof 2 & 1
3 | _wm | »a 0 u | e n 03! 100 087 a2 AR
4 | o 2637 % 031 612 43 049 102 098 an 437 i e
s 218 703 3is 2% 618 513 039 1.00 o8 438 438 1
s 256% m 1 248 61 .01 0.53 1.9 094 4% 476
H-IF 1 nmn 2353 e 129 22 508 034 T 088 45 ™ Aversgeof | &2
£ xpandec 2 2159 »n 98 e 843 4 03 104 100 an S < oL
3670 pui 1 | wm 2644 20 nM 617 sis 0125 100 o7 [T 453 AR S o
Offset 015 - 2546 7764 m 2441 ) st 931 102 09 492 e
1116 1 | 2 | uw m 1980 612 445 818 1.00 on 162 362 i
Expended | 2 | a2 | W m0 2057 [ o 101 o8 o
3670 psi ) 1% 1% m 2061 o 47 006 0% oet 1% | 3% Aversgeof 2.3 & 4
wihiaTSP | ¢ | nn 2369 e 2081 611 4 0s 100 on 9
s . 2495 %4 201 20 ass an__ | m oss an an S
- 2531 2679 321 2358 616 523 0.38 100 087 457 [ as |

TESTIL-§.0LS 111 Tuble IS €21 PM
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Test 11-1 Summary of Test Dimensional Measurement Results
Specimen SB403, Tube Dia. = 0.875", Gap =0 026"

Test Temp Total Total TW Total TW | Expesed | Exposed | Max Dia. | Min Dia
Condition | Apgle Crack Length Area TW Length | TW Area (in) (in.)
Bladder | o be Offset Length | (Max Wiéth)|  (in) (Nax. (in2)
""'” ",)" (in) (in.) (in) Width)
(ps1 {in) (1]
None NA Pre-test 90 0.710 0.71™ NA 1 NA NA 0.876 0873
5] 0872
None 00 Hot 0.752 0.749 00811 NA NA 0893 0874
Step A (018} 0873
None 015 Hot 0.755 0.749 001178 0.15 000134 0 896 0874
Step C (624) (0.017)
3670 015 NA 0.755 0.749 001395 NA NA 0.897 0878
Step E {0.026) 0873
3670 0.15 Hot 0757 0.7544 0.01439 0.254 0.00168 0.898 0877
Step F {0.027) (0.019) 0874
3670 00 Hot 0.757 0.754 001459 NA NA 0 896 0876
Step G (0.027) 0873
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Test 11-1 Summary of Test Dimensional Measurement Resuits
wmwn&-m,m-&m

Notes: [1] Diameters given are approximately the values at the two edges of the TSP. Diameters greater than the initial
o.mmmm«mmsu*wmm-.wdmmm,
{21 Based on silastic meld and dye penetrant test.
I3 Mmmnmmmm.m.mw“umwm.
Crack length from toolmaker’s microscope. Minimum measurable TW crack opening ~0.001".
Non-TW cracks at 0°,180° and 270" TIG welded
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Test Plan for IRBs
Test 11-1

General Test Information

Utilize large leak test facility testing
Test 7/8" diameter, specimen 5B-403
- Crack dimensions after corrosion and fatigue - 0.706" OD with 0.707" ID [90° location]
- Additional non-TW cracks at 0°, 180°, and 270° welded
¢ For this 0.875" diameter specimen, the ID of the TSP shall be 0.900" to obtain & 0.025"
tube to TSP diametral gap.
* Leak test at about 615°F. Primary temperatures should not exceed 640°F.
* Testing should be targeted to obtaining the specuied pressure differentials for the
evaluated data (test averages)
* Locate specimen relative to the TSP with the crack tip (at start of test) at the inside edge
of the TSP for crack locations within TSP - zero offset tests
* Locate the tip of the throughwall crack found after testing with zero offset at 0.15" outside
the TSP for offset tests. The 0.15" offset shall be based on the measured throughwall
crack.
¢ The tube shall contact the TSP hole at the start of the test at 180° from the crack being

leak tested.

Test Sequence

A. Hot leak test with crack inside the TSP and crack tip at edge of TSP to obtain at least 5
data points between and 2000 and 2335 psi AP, i.e. 2000, 2100, 2200, 2280, 2335 psid.

B. Measure crack opening length, diameter, area (total lengths and thruwall lengths/width).
TW crack width measurements at the TW crack tips shall be measured at 20 to 30 mil
spacing for 0.1" and at 50 mil spacing over the remaining TW length. Crack diameter
measurements shall be reported at about 0.1" intervals spanning the crack length and
about two 0.15" intervals beyond the crack. Report whether or nut the tube is tight or
loose in the TSP after the last test step.

C. Hot leak test with the TW crack tip 0.15" offset outside TSP with a goal cf obtaining 6

data points between 2300 psi AP and the facility limit. Attempt to obtain a data point as

close as practical to 2560 psi and to obtain a reduced (average AP) data point below and
above 2560 psi.

Repeat Step B.

With the throughwall crack tip 0.15" offset outside the TSP, pressurize to 3670 psid with a

bladder. If following pressurization, the corrosion TW crack tip is more than 0.15" outside

the TSP, adjust the specimen to obtain 0.15" of the TW corrosion crack outside the TSP

prior to the leak testing of Step F. Repeat Step B.

Report whether the tube is tight or loose in TSP following pressurization.

Repeat Step C.

Repeat Step A

Perform fractographic measurements to obtain the corrosion (corrosion plus fatigue for

fatigued specimens) throughwall length and length versus depth profile with emphasis at

the ends of the TW crack to define the length and depth of the specimen at the start of
testing. Attempt to define the length and depth at the crack tips following all leak testing

(i.e., prior to opening the specimen for fractography).

=0

m0™ .,
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Test 11-2: Summary of Test Results and Evaluation

Test Sequence

Order of tests: zero offset, offset 0.15", bladder pressurization to 2940 psi, offset 0.15",

bladder pressurization to 4075 psi, offset 0.15" and zero offset. All tests are hot tests.

- Intermediate bladder pressurization step is approximately 70% of the predicted
specimen burst pressure.

- The crack to TSP gap was established at 0.026" by forcing the tube to contact the TSP
hole ID at 180° from the crack.

There is no basis to question the adequacy of the data - leak test results show consistent

trends, without large data scatter.

Summary of Test Results

The start of leak test specimen crack is a iotal of 0.729" long, composed of two axially
aligned segments separated by an uncorroded ligament. The ligament is located at 0.450"
from the end of the crack used to establish the offset condition.
TW crack was tight - not visible with back light, but determined by dye penetrant to be
0.508" TW with a thin wall ligament 0.122" long. Based on prior test experience, the
thin wall ligament can be expected to tear at low APs and the initial TW length can be
assumed to be 0.63".
The ligament at 0.45" from the end of the crack was broken after the offset flow test
following bladder pressurization to 2900 psid. The ligament broke to become a loose
piece (0.056" long in axial crack direction by 0.011" wide and approximately the wall
thickness deep) that was removed from the crack following the bladder pressurization.
This specimen initially had two additional cracks that were TIG welded pricr to
fatiguing tc achieve the desired crack length. There is no evidence that the welding
affected the flow testing of the principal crack. Leakage behavior was consistent with
that expected based on throughwall crack length. The welded cracks did not open
during testing.
The tube was not tight in the TSP after the final bladder pressurization.

Crack interaction with the TSP occurs at approximately 2400 psid based on the shallow

slope of the leak rate curve of the flow pressurized offset test.

- There is no indication of crack to TSP interaction in the zero offset test up to about
2280 psi.

0 Following the zero offset test, the TW length was about 0.657", the maximum TW
crack width was 0.007" and the crack diameter increase was about 0.004".

The leak rate at the SLB pressure differential in the offset condition is 5.3 gpm prior to and

after bladder pressurization.

- Flow pressurization to about 2550 psi increased the TW length to about 0.702", the
maximum TW crack opening was 0.014" and the plastic crack diameter increase was
about 0.016".

- Crack to TSP interaction occurred with a plastic crack diameter increase of 16 mils in a
26 mil crack to TSP gap. Free span bladder pressurization to 3200 psi following all
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tests (including prior bladder pressurization to 4075 psi) resulted in a crack diameter
increase of 0.005". This pressurization adds elastic deformation to the prior plastic
deformation and indicates that the elastic crack opening could increase the measured
plastic opening of 0.016"to greater than 0.020" at flow pressurization of 2560 psid and
reduce the 0.026" crack to TSP gap to less than 0.006".

- The TW length outside the TSP was 0.173" at the end of this offset test. This is larger
than the 0.15" target TW offset as the visible TW length increased by about 0.023"
during this offset test.

- At about 2360 psi, where the zero offset and offset tests overlap, there is no difference
between the leak rates. This would be expected as crack to TSP interaction was not
present at this pressure differential.

Bladder pressurization to approximately 70% of the predicted rupture pressure resuited in

no change or a slight decline (about 0.4 gpm) in the offset flow rate compared to the flow

pressurized leak rate.

- The plastic crack diameter increased by 0.004" to 0.020" by this bladder pressurization
which likely increased crack interaction with the TSP due to the additional elastic
deflection of the crack faces at this pressure. The diameter increase as a result of
bladder pressurization offset the small increase in crack area to result in no change in
leakage.

Lzak rates for the offset condition following bladder pressurization to the free span burst

pressure of about 4075 psi were essentially the same as found for the offset flow

pressurization test. However, the zero offset leak rate was about 10% lower than the offset
leak rate.

- The bladder pressurization increased the TW length to about 0.707", the maximum TW
crack opening was 0.022" and the plastic crack diameter increase was about 0.020".

Overall Conclusions

This test of a 7/8" diameter tube, initial 0.63" TW crack (0.702" TW after offset flow
pressurization test) resulted in a SLB leak rate of 5.3 gpm at 2560 psid with the crack
0.173" TW outside of the TSP after the test.

- This leak rate in 7/8" tubing is very similar to the bounding leak rate found in 3/4"
tubing for Test 1-6 which had a 0.724" TW crack following the offset flow pressurization
test.

This result indicates comparable leak rates for similar throughwall cracks in both 3/4"
and 7/8" diameter tubing and supports use of the 5.5 gpm bounding IRB leak rate for
both tubing sizes.

For this indication, the leakage results indicate the TSP interaction occurred at about 2400

psi.

Under flow pressurization conditions, there was no difference in leak rate between the zero

offset and offset test conditions. Following bladder pressurization, the zero offset leak rate

was about 10% lower than the offset leak rate.

Supplemental test results indicate that the elastic increase in the crack diameter is about

0.004" compared to the plastic increase of 0.016" (following offset flow pressurization test).

Together, the elastic plus plastic crack diameter increase is 0.020" compared to the 0.026"

crack to TSP gap. The offset flow pressurization test demonstrates crack to TSP interaction

even though the indicated gap between the tube and the TSP is about 0.006".
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Test11-2
Indications Restricted From Burst Leak Rate Tests
(Normalized to Tp= 615°F and ps = 15 psia Conditions - based on average test Ap)

10

——— Contered, HT

—8—Offret 0.15, HT

-« G - -Ofiset 0.15, HT, 2040

{
\
Test Sequence }
i
\
|

=« f - ~Offsst, HT, 4075

Leak Rate (gpm)

-« % - -Contered, HT, 4075

1600 1800 2000 2200 2400 2600 2800

ap (psi)
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Test 11 -2
indications Restricted From Burst Leak Rate Tests
(Normalized to Tp=815"F and ps=15 psia Conditions - based on test leak rate at Ap me: )

10
rovile Test Sequence
T
— o .00'....
g PYS ST . "/ ——— Centersd, HT
2 g B e —@—Offeet 0.15, HT
§ - - -Offsel 0.15, HT, 2040
3 « - @ - -Offset 0.15, HT, 4075
-« © - -Contered, HT, 4075
]
1300 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800 *
Ap (psi)
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Test11-2
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mumumuw...wmmnmsmm)
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...... o Test Sequencs
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B e B e o ——
g ' i Offsat 0.15, HT
! -« - -Offset 0.15, HT, 2040
3 =@ - -Offset 0.15, HT, 4075
« = @ = -Cendorad, HT, 2075
i
1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800
%m
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Test 11 -2
Indications Restricted From Burst Leak Rate Tests
{as-measured, without adjustment to reference conditions)

o .

Test Sequence

——&— Contered, HT

~—@—Offeet 0.15, HT

=« & - -Offsst 0.15, HT, 2940
== @ «-Offsst 0.15, HT, #77C

« = & - -Conlered, HT, 40758

- . ool DRREEE q"k' “Eebeon
3 § D /
: /
{

ChRaw_11-2

TBST11-2.XLS 8/8/95



11-2 (8161B)

0.03

0.025

0.02 ;

—&— Offset
—&— Bl Pr 2940
—3¢— Ofiset

-- o --Bl Pr4075
—8— Offset, 4075
i —0——Ctrd 4075

0.015 |

0.01

Change in Diameter

0.005
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After Bladder Pressurization to 4075 psid and Subsequent
Leak Tests

Test 11-2 (Sample 8161B) 4
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Test11-2
Summary of Lesk Test and Analysis Resuits (Based on Average Test Ap)j

Specimen 8151B, Tube Diameter = 0.874", Gap = 0.626"

Evaiuated Test Averages Adjusted Test Averages Evaluation for Plots
Messnd Leak
Averagr png Adjusted for | Average
Test s:u "lhl- ) | J— Possaten AP p J— Lesk Rate ’ Y temp & | Leak Rate Comments
" =0 i | G | D | ® | peqn| N Pressarc(BY) | (gpem)
_{pm) ()
11-2A i 1964 2056 i 1923 624 136 0.13 1.0t 97 1.52 18t Aversgeof 1 & 2
Wihin TSP | 2 1 08 140 1958 633 198 018 o 108 210 i) AR CL R
3 | nos | mes | s 1099 63 28 014 100 o8t 245 149 o
e T L 2154 pras 183 2048 630 294 2.12 191 09% 97 pa ) Averngeof 4 & S
3 2194 73 2 2074 503 335 021 298 os oy T TG TN ek
6 | mn | mum 260 2194 ) a4 025 101 [ 395 | 3 |
7 2374 2573 piad 2284 634 43 036 164 1.09 an 457
1-2¢ T 2641 39 812 826 s 043 10t 0% %% 4% o - Y
om0l | 2 2407 2663 124 n» 638 so 07 | 1m 096 o | awm Averngeof 2 &3
3 | _mn 2684 [T nn | e sn 221 100 086 498 RO -t o e
* 2548 2780 352 2428 623 562 017 101 0.3% 508 505
11-2F
2940 psi ol pasl ] 2680 33 3% 632 s ox 102 09 491 48 Aversgeof 1 & 2
Expanded | 2 | 2451 7 314 293 he o 242 103 o9 an . 5
| _Offset 0.157 3 2584 2788 it 2474 818 3.06 8.41 1.00 083 45 4353
11-2H
wrspsi | 1 | 2ms | 2% s un €0 .06 067 1 [ an I am f
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Test 11-2 Summary of Test Dimensional Measurement Results
Specimen 8161-B, Tube Dia. = 0.874", Gap =0.026"
*

Total | Total TW | Total TW | Exposed | Exposed | Max Dia

Temp. | Apngle | Crack Length Area ™ TW Area {in.) Dia.
Hiadder Tube | Condition Length | (Max (in.) Length (in") in.)
Preeame Offset (in.) Width) Max.
(psi) (in.) (in.) Width)

(in.)

0.508™
0.630 ™

None 00 Hot 0.745 857 0.00284 NA NA 0.878 0.873
(0.006)

None 0.156 Hot 0.748 702" 0.00881 | 0.173 ™ 0.00102 0.890 0.873
(0.014) (0.010) 0.£70

2940 NA NA 0748 | 0702* | 0.00740 NA NA 0890 | 0873
Step E (0.16) 0.870

2940 0.15 Hot 0.749 0.703% 0.00740 | 0.1561™ 0.0Q0868 | 0.890 0.873
Step F (0.016) (0.010) 0.869

4075 NA NA 0.749 0.707" 0.01137 NA NA 0.894 0.875
Step G (0.022) 0.869

4075 0.15 Hot 0749 | 0707 | 001261 { 015™ | oogi61 | 0894 | 0874
Step H (0.022) ©.017) 0.870

capcleprilirhrtdim wpS  Auguet 10, 1996



Tost 11.2 Summary of Test Dimensional Measurement Results
Specimen Blll& Tube Dia. = f’,

Gup-O.

Tost Total | Total TW | Total TW | Exposed | Exposed | Max Dia. | Mia
Temp. | Angle | Crack Length Area ™ TW Ares fin) Dis.
Bladder | Tube | Conditin Length | (Max. Gn.) Length | (n® (in.)
Pressure Offwet in.) Width) (Max
(pai) (in.) (im.) Width) B
in.)
4075 00 Het 0.749 0.707* | 0.011181 NA NA 0.895 0874
Step I {0.023) 0.870
Notes: [1! Diameters given are approximately the values st the two edges of the TSP. Diameters greater than the initial
0 875" diameter indicate bulging of the tube at the edges of the TSP as a result of the tube pressurization.
i2] Based on silastic mold and dye penetrant test.
[3] Cracks are tight for specimens not pressurized with a bladder and TW area is not applicable.
{4] Crack length from toolmaker's microscope. Minimum measurable TW crack opening ~0.001".
5] Confirmed TW length plus 0.122" thin ligament at ID.
6] Two easentially co-planar cracks separated by a ligament at 0.46" from the end of the longer segment.
{71  Post test dimension; initial test setup was 0.16" offset.
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Test Plan for IRBs
Test 11-2
General Test Information

¢ Utilize large leak test facility testing

* Test 7/8" diameter, specimen 8161B
- Crack dimensions after corrosion and fatigue - 0.7" OD with 0.630" ID [90°location]

- Specimen had 2 other cracks welded to prevent leakage [0° and 270° locations)

* For this 0.874" diameter specimen, the ID of the TSP shall be 0.899" to obtain a 0.025" tube
to TSP diametral gap.

¢ Leak test at about 615°F. Primary temperatures should not exceed 640°F.

* Testing should be targeted to cltaining the specified pressure differentials for the evalu~‘ed
data (test averages)

* Locate specimen relative to the TSP with the crack tip (at start of test) at the inside edge of
the TSP for crack locations within TSP - zero offset tests

* Locate the tip of the throughwall crack found after testing with zero offset at 0.15" outside
the TSP for offset tests. The 0.15" offset shall be based on the measured TW crack.

* The tube nhall contact the TSP hole at 180° from the crack being leak tested.

Test Sequence

A. Hot leak test with crack inside the TSP and crack tip at edge of TSP to obtain at least 4
data points between and 2000 and 2335 psi AP, i.e. 2000, 2100, 2230, 2335 psid.

B. Measure crack opening length, diameter, area (total lengths and thruwall lengths/width).
TW crack width measurements at the TW crack tips shall be measured at 20 to 30 mil
spacing for 0.1" and at 50 mil spacing over the remaining TW length. Crack diameter
measurements shall be reported at about 0.1" intervals spanning the crack length and about
two 0.15" intervals beyond the crack. Report whether or not the tube is tight or loose in the
TSP after the last test step.

C. Hot leak test with the TW crack tip 0.15" offset outside TSP to obtain a goal of 5 data

points between 2300 psi AP and the facility imit. Attempt to obtain a data point as close

as practical to 2560 psi and to obtain a reduced (average AP) data point below and one point
above 2560 psi.

Repeat Step B.

With the crack tip 0.15" offset outside the TSP, pressurize to 2900 psid with a bladder. If

following pressurization, the corrosion TW crack tip is more than 0.15" outside the TSP,

adjust the specimen tc obtain 0.15" of the TW corrosion crack outside the TSP prior to the

leak testing of Step F. Repeat Step B.

Report whether the tube is tight or loose in TSP following pressurization.

Repeat Step C.

With the crack tip 0.15" offset outside the TSP, pressurize to 4075 psid with a bladder. If

following pressurization, the corrosion TW crack tip is more than 0.15" outside the TSP,

adjust the specimen to obtain 0.15" of the TW corrosion crack outside che TSP prior to the

leak testing of Step F. Repeat Step B.

Report whether the tube is tight or loose in TSP following pressurization.

Repeat Step C.

Repeat Step A.

Perform fractographic measurements to obtain the corrosion (corrosion plus fatigue for

fatigued &; cimens) throughwall length and length versus deyith profile with emphasis at

the ends of the TW crack to define the length and depth of the specimen at the start of
testing. Attempt to define the length and depth at the crack tips following all leak testing

(ie., prior to opening the specimen for fractography).

o=, =0

akad- -2
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Test 11-7: Summary of Test Results and Evaluation

Test Sequence

*  Order of tests: zero offset, offset 0.1", bladder pressurization to 2900 psi, offset 0.1" and zero

offset. All tests are hot tests.

- No intermediate pressurization step was inciuded since the predicted burst pressure for
the specimen was only slightly greater than 2560 psid
Zero offset tests were performed with ne TSP centered on the crack to produce equal
projection of the crack above and be’  the TSP since the TW length exceeded the TSP
thickness.
The crack to TSP gap was established at 0.025" by forcing the tube to contact the TSP
hole ID at 180° from the crack.

There is no basis to question the adequacy of the data - leak test results show consistent

trends, without large data scatter

Summary of Test Results

The start of leak test specimen had a 0.813" OD length with a TW length of 0.809",
Shallow slope of leak rate versus AP curve above about 2000 psi indicates interaction with
the TSP and reduced leak rates.

The offset leak rate of about 6.2 gpm at SLB conditions (extrapolated from 2450 psi data)

before bladder pressurization is essentially the same as the centered leak rate, although

both tests include TW cracks outside the TSP.
The centered crack length projecting outside the TSP was approximately 0.059"
compared to the 0.102" in the offset test.
Since both tests had significant crack lengths outside the TSP, this test cannot be used
to assess zero offset versus offset leak rates.

The offset leak rate was essentially the same before and after bladder pressurization

indicating that full expansion of the crack flanks had occurred during flow pressurization.

- Flow pressurization to about 2450 psid opened the plastic crack TW width to about
0.032". No further increase in the crack opening occurred during bladder pressurization
to the free span burst pressure of about 2900 psid. The crack TW length only increased
by about 0.002" from beginning to end of all testing
The tube diameter in the plane of the crack increased by about 0.020" during offset flow
pressurization without further increase du-ng bladder pressurization
0  The crack to TSP gap was 0.025". To assess the magnitude of elastic deformation of

the crack, a free span bladder pressurization to 2300 psi following all tests
(including prior bladder pressurization to 2900 psi) was performed, which resulted
in a crack diametcr increase of 0.003". This pressurization adds elastic deformation
to the prior plastic deformation and indicates that the elastic crack opening could
increase the measured plastic opening of 0.020" to approximately close the 0.025"
crack to TSP gap.
These results indicate that post-test, measured plastic diameter increases of about
20 mils are sufficient to effectively close the crack to TSP gap and result in crack to
TSP inieraction with reduced leak rates.
The TW crack length, as indicated by visible light through the crack was 0.811" of the
total crack length of 0.838" and the crack was more than 0.017" wide for about 0.6"
length.

* The centered leak rate after bladder pressurization was slightly less (about 5.7 vs 6.2 gpm)

& \apc\epri\irborerp new-August 26, 1995




than the prior flow and bladder pressurization leak rate in the offset condition. In contrast,

there was no dilference between the centered and offset leak rates for the flow

pressurization tests.

- There 18 no clear cause for this small leak rate reduction since both test conditions
include TW lengths outside the TSP and crack opening areas and crack diameters were
not significantly changed by bladder pressurization.

Overall Conclusions

This test of a 0.809" throughwall crack in 3/4" diameter tubing represents a very
conservative upper bound lesk test since cracks of significant depth would be less than the
0.75" TSP thickness.
A 0.809" TW length 1s larger than would ever be expected in field service for any repair
limit.

The SLB leak rate prior to and after bladder pressurization is bounded by about 6.2 gpm at

2560 psi including the maximum potential 0.10" TSP offset condition.

For this 0.809" TW indication prior to leak testing, the leakage results indicate the TSP

interaction occurred at about 2000 psi AP.

These leak rate results, together with supplemental tests to estimate the elastic

contribution to crack opening, indicate that post-test, measured plastic diameter increases of

about 20 mils are sufficient to effectively close the crack to TSP gap and result in crack to

TSP interaction with reduced leak rates.

-« It can be concluded that Tests 1-7 and 2-7, which were performed without forcing the
tube to contact the TSP at 180° from the crack and resulted in plastic diameter
increases of 0.020" and 0.022", may have had about a 0.025" crack to TSP gap. Elastic
deformation would have effectively closed the gap and the test results are acceptable
tests for assessing large tube to TSP clearances.
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Test11-7

Indications Restricted From Buret Leak Rate Tests
(Normalized to Tp= 615°F and ps = 15 psia Conditions - based on test leak rate at AP v }

100
v‘n‘ -
o° Jdo
gy eneess Test Sequence
VAl e
g i Wihin TSP HT
5 L ——t8— Offwet 0 107, HT
3 -~ O - -Offest 0 107, HT, 2000
=« @ - -Whhin TSP, NT, 2000
10
1600 1800 2000 2200 2400 2600 2800

Ap (psi)

ChNorm-11-7Dpmax TBST11-7.XLS 8/8/95
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Test 11 -7
indications Restricted From Burst Leak Rate Tests
{Test leak rate at A~ .., without adjustment *o reference SLB conditions)

100
. & - > -~
0,.%:: an" ------- o
Test Sequence

- / ? |

E / i RN TSP, HT

s —— Offsst 0 10°, HT

i -« 0 - -Offest 0107, HT, 2000

-
-« @ - -Within TSP, HT, 2900

190
1600 1800 2000 2200 2400 2600 2800

Apme: (PH)
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Test 11-7
indications Restricted From Burst Leak Rate Tests
{(as-measured, without adjustment to reference conditions)

i~ Within TSP, HT

Lesak kate (gpm)

i Offset 010, HT

=+ O~ -Offeet 0.10, HT, 2900

= © = Within TSP, HT, 2900

10
1400 1500 500 1700 1800 1900 2000 2100 2200 2300 2400 2500

Ap ewlipsi)

Ch_Raw 11-7 TBST11-7.XLS 8/8/95



Test 11-7

0.03

0.025

0.02 1

0.015

0.01

Change of

0.005

-0.005

-0.01
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o

After Bladder Pressurization to 2900 psid and Subsequent
Flow Tests

Test 11-7 (Sample 2008A)



Test 11-7
Summary of Leak Test and Analysis Resulis (Based on Maximum Ap)
Specimen 2008A, Tube Diameter = 0.745", Gap = 6.025"

Evaluated Test Averages Adjusted Leak Rate at Ap .. Evaluation for Plots I
Meanred Test Lesk Losk (@ 89 o) '
A" Lesk Rate (RT) m for Average
Tent Subtest Max Pm P s APren T_, Leak Rwmte ot 3 . temp & Lesk Rate
Sequence No. AP (psi)| (mig peig) (psi) ;) Rete (RT) Uncerteinty P Pressure{Py) | (@Ap o) | Comments
wm | P | o (gpm) e
A i 177% 1995 73] 1744 ) 19 o 0 ol | om 2% 1%
WiiaTSP | 2 | tom | 2ies ¢ | 1864 | oM “ 032 o | ;| i 517 s o p
3 | e | e e 1882 620 T 026 6 | 1o | om 505 sos |
« | % n% | Wi 1969 629 631 an T3 101 | om 5™ 5 3
o nn 2474 W 200 614 638 045 675 100 | om S0 560 -
s | »n 207 e 218 on [ 04 662 i | om s sm |
7 299 2640 Yoo 24i o7 T 0% 13 | 0% | em 505 595
TE I ) 2268 2625 378 22% 63 s (¥ 508 o | e S T | Delese - ysteresis
Ofe0tor | 2 | 25 | 26 | 3% ] o3 5» [ 534 103 | 0% 561 566 | Avegeof2a3
3 | 2, w7 m nu 13 sa8 057 676 190 | oss s F 2| i
. 216 Mo us 14 63 T 06 (3] 01 | om 57 589 | Avesgeofdas
3 2049 41 a0 0y 19 671 047 6% | 100 | os 606
17 i 2N 2046 w0 2086 o 387 o3 375 o | on 551 st
Expanded | 2 ) 2313 w3 un 653 524 [T sas 195 | 1905 50 60
2000w 3 61 252 198 ns 619 T 00 & 100 | o8s T T
omeoter | 4 2042 763 w7 2%6 63 624 046 644 105 | 0% 6.10 6.10
117G i 2001 e ) 1963 527 [E) () 4% | 1o | om a3 251 | ‘vegeol 142
2900 pui 2 1090 1259 01 1058 e [T [ an 105 | 108 a8 2t
Expended 3 21% 2401 340 2061 i3 362 sa 187 100 | om 49 a9
wiinTSP | ¢ 59 m nm 67 516 043 53 1 | oss 525 S| Avegeoldas
5 128 348 2180 o | 87 02 S04 100 | om 501
TS 213 2643 345 2208 81 s 039 s | 102 | 0% 538 N ST
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Test 11-7

Summary of Leak Test and Analysis Results (Based on Average Ap)

Specimen 2008A, Tube Diameter = 0.745", Gap = 0.025"

TESTI1-7XLS 11-7 Table #1095 448 PM

Evaluated Test Averages Adiusted Test Averages Evaluation for Plots
. e w-J
Test Subtest | Msx | Poimey | Pacontey| APun | Tyomany ;"‘ Rate N y |Lesk Average
(gpm) (gpm) Pressure(®y) | (gpm)
(gpm)
TEZ S LD 1988 w2 1744 19 027 101 | oss 265 265
WihinTSP | 2 1902 | 2168 04 | 1864 644 | as 0 103 | 1, 108 482 | Averageof243
3 | s 6 e | w2 620 581 2.26 100 | oso 465 s i
4| 0% 2350 ® | 190 629 | &M 013 101 | oss 542 TR e N
2 20 | wm | m | 20m 6i4 638 048 100 | em TR BTN e
6 2327 2607 389 2218 622 633 04 1.01 685 543 545 Averageof 6 & 7
7 1 2396 2640 399 2241 607 6.835 0.32 299 0.80 543
11-7C 1] 263 2635 7S 2250 633 6 0.28 181 091 554
o010 | 2 | 2345 | 26 i 2% h1e 339 029 103 | 0% 543 550 |Avesgeof 1,28
3 | »a 2627 W | M 615 648 057 10 | om 528 e 1=~
4 | e | me | 3ms 1% 630 604 06 100 | 0% 5.50 Average of 4 & §
b 2449 2741 A 2337
nw | 2111 2446 360
Expanded | 2 | 229 15 |
2000 | 3 2361 2652 39
Offset 0.i0° 4 2442 2763 397
i 309
2 30t
3 140
* n
s tag
8 343




Test 11-7 Svinmary of Test Dimensional Measurement Results
! Spadmmm-A.Dh.o.‘uS‘,Gapnn.m »

0.808 ™
(0.030)

0059 ™
(0.009)

0811 ™
(0.032)

0.102
(0.018)

Same as after offset test prior to bladd-~
pressurization, Step C

0.100
(0.018)

0.01910

0.061 ™
(0.011)
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Test 11-7 Summary of Test Dimensional Measurement Resuits
_ Specimen 2008-A, Tube Dia. = 0.745", Gap =0.025"

Dizameters given are approrimately the values at the two edges of the TSP. Diameters greater than the initial
0.750" diameter indicate hulging of the tube at the edges of the TSP as & resuit of the tube pressurization.
Based on silastic mold and dye penetrant test.

Cracks are tight for specimens not pressurized with a bladder and TW area is not applicable.

Creack length from toolmaker's microscope. Minimum measurable TW crack opening ~0.001".
Exposed length equally distributed above and below TSP since crack lengt > TSP thickness.

Sum of exposed TW crack lengtha above and below TSP

sepe\eprilirbridimwpS  August 10, 1995



Test Plan IRBs
Test 11-7

General Test Information

» Utilize lorge leak test facility testing
* Test 3/4" diameter, specimen 2008A

. Crack dimensions after corrosion and fatigue - 0.818" OD with 0.809" ID

For this 0.745" diameter specimen, the ID of the TSP shall be 0.770" to obtain a 0.025" tube
to TSP diametral gap

Leak test at about 615°F. Primary temperatures should not exceed 640°F.

Testing should be targeted to obtaining the specified pressure differentials for the evaluated
data (test averages)

Locate specimen relative to the TSP with the crack centered on the TSP (at start of test)
i.e. equal crack tip projection outsicle of the TSP on both sides of the TSP since the TW
crack dimension is greater than the TSP thickness, for crack locations within TSP - zero
offset tests

Locate the tip of the throughwall crack found after testing with zero offset at 0.10" outside

the TSP for offset tests
The tube shall contact the TSP hole at 180° from the crack being leak tested.

Test Sequence

A. Hot leak test with crack centered on the TSP (equal projection of TW crack above and below

B.

mo

mom,

the TSP) to obtain at least 5 data points between and 2000 and 2335 psi AP (recommended
APs of 2000, 2100, 2200, 2280, 2335)

Measure crack opening length, diameter, area (total lengths and thruwall lengths/width).
TW crack width measurements at the I'W crack tips shall be measured at 20 to 30 mil
spacing for 0.1" and at 50 mil spacing over the remaining TW length. Crack diameter
measurements shall be reported at about 0.1" intervals spanning the crack length and about
two 0.15" intervals beyond the crack. Report whether or not the tube is tight or loose in the
TSP after the last test step.

Hot leak test with the TW crack tip 0.10" offset outside TSP to obtain a goal of 6 data
points between 2300 psi AP and the facility limit. Attempt to obtain a data point as close
as practical to 2560 psi and to obtain a reduced (average AP) data point below and one
above 2560 psi.

Repeat Step B.

If the tube is not tight in the TSP followiny; flow pressurization of step C, with the crack tip
0.10" offset outside the TSP, pressurize to 2850 psid with a bladder. If following
pressurization, the corrosion TW crack tip is more than 0.10" outside the TSP, adjust the
specimen to obtain 0.10" of the TW corrosion crack outside the TSP prior to the leak testing
of Step F. Repeat Step B.

Report whether the tube is tight or loose in TSP following pressurization.

Repeat Step C.

Repeat Step A

Perform fractographic measurements to obtaia the corrosion (corrosion plus fatigue for
fatigued specimens) throughwall length and length versus depth profile with emphasis at
the ends of the TW crack to define the length and depth of the specimen at the start of
testing. Attempt to define the length and depth at the crack tips following all leak testing

(i.e., prior to opening the specimen for fractography).

& \apc\epri \irburcrp.pew-August 25, 1996



Test 12-1: Summary of Test Results and Evaluation

Test Sequence

Order of tests: zero offset, offset 0.15", bladder pressurization to 3310 pei, offset 0.15",
bladder pressurization to 4850 psi, offset 0.15" and zero offset. All tests are hot tests.
Intermediate bladder pressurization step is approximately 70% of the predicted
specimen burst pressure.
The crack to TSP gap was established at 0.026" by forcing the tube to contact the TSP
hole ID at 180° from the crack.
There is no basis to question the adequacy of the date - leak test results show consistent
trends, without large data scatter.

Summary of Test Results

The 7/8" diameter specimen for this test had two cracks at the start of test. By dye
penetrant test, the largest crack was 0.607" OD and 0.515" TW and the second crack, 90°
from the main crack, was 0.465" OD with 0.360" TW.
Neither of the TW cracks were visible with back light over the full length of the OD (i.e.,
«<0.001" TW crack opening width).

There is no indication of crack interaction with the TSP in either the flow pressurized zero

offset or offset test. The leak rates increase at essentially a constant slope from the start of

the zero offset test to the end of the offset test.
Following the zero offset test, the total OD length for the main crack was 0.633" with
TW width visible only intermittently (about 0.001" width) by light penetration through
the crack and the crack diameter increase was about 0.001". Similarly, there was no
visible TW width for the second crack.

The leak rate at the SLB pressure differential in the flow pressurized offset condition is

bounded by 3.2 gpm.

- Flow pressurization to about 2680 psi increased the mair crack TW length to about
0.585" (total length of 0.646"), the maximum TW crac). opening was 0.005" and the
plastic crack diameter increase was about 0.002", There was no visible TW width for
the second crack.

0o  The small increase in the crack diameter is consistent with the leak rate results
showing no crack to TSP interaction.

The TW length outside the TSP was 0.105" for this offset test with a maximum crack

opening width of about 0.003". The offset TW length was less than the target 0.15"

since there was no visible TW length following the zero offset test and the tip of the OD

crack was set 0.15" outside the TSP. Following the offset test, only 0.105" of the offset

length was found to be TW.

Bladder pressurization to about 70% (3310 psi) of the predicted free span burst pressure

resulted in an increase in the offset leak rate to 4.2 gpm.

«  Following the bladder pressurization and offset leak test, the mair crack TW length
increased to 0.604" (total length of 0.652"), the maximum TW crack opening was 0.005"
and the plastic crack diameter increase was about 0.003". There was no visible TW
width for the second crack with an OD length of 0.482".

- Following bladder pressurization, the shallow slope of the leak rate versus AP curve
does not clearly imply crack to TSP interaction. The crack has beer previously
plastically opened suzh that hysterisis affects the leak rate slope. The slope would be
expected to be caused by some additional elastic opening of the crack and the increasing

s \apcepri\irborerp. new-August 26, 1965 a8



pressure differential (leak rate proportional to vAP). The slope of the bladder
pressurized leak rate curve exceeds a VAP dependence as would be expected.

There is no indication (crack diameter increase, difference between zero offset and offset
leak rates, abnormally small slope) that crack to TSP interaction occurred at this
bladder pressurization step.

Leak rates for the offset condition following bladder pressurization to the free span burst

pressure of about 4850 psi increased to 5.7 gpm and there is essentially no difference for the

zero offset leak rate.

- The bladder pressurization and offset flow test slightly increased the main crack TW
length to about 0.630" (total length ¢f 0.656"), the maximum TW crack opening was
0.022" and the plastic crack diameter increase was about 0.020". The second TW crack
was now visible with a TW length of 0.391" (total length of 0.481"), the maximum TW
crack opening was 0.005" and the plastic diameter increase was approximately zero.

- The 5.7 gpm leak rate for this test represents leakage from both the 0.630" &: 1 0.391"
TW cracks. It appears that both cracks contributed to the leak rate since the leakage is
larger than anticipated for the single main crack.

It cannot be accurately determined whether or not the main crack resulted in
interaction with the TSP since the plastic diameter increase is less than the crack to
TSP gap. The slope of the leak rave curve is slightly flatter than obtained for the
intermediate bladder pressurization step. Since the elastic crack opening could have
increased the tube diameter to near contact with the TSP, it is expected that the leak
rates were limited by interaction with the TSP.

Overall Conclusions

This test of a 7/8" diameter tube with two intermediate length TW cracks, initial 0.515" TW
main crack (0.585" TW after offset flow pressurization test) resulted in a SLB leak rate for
flow pressurization of 3.2 gpm at 2560 psid with the crack 0.105" TW outside of the TSP.
The two TW cracks for this specimen are typical of what might be expected following
implementatiow of tube expansion based, full APC repair limits - a dominant TW crack
with a second, less significant TW indication.
For this indication, there was no crack to TSP interaction (crack behaved as a free span
indication) for flow pressurization up to 2680 psi. Crack to TSP interaction is indicated
following bladder pressurization to the free span burst pressure.
Bladder pressurization to 3310 psi increased the leak rate to 4.2 gpm and pressurization to
the free span burst pressure of about 4850 psi further increased the leak rate to 5.7 gpm.
There was no significant difference in zero offset and offset leak rates following bladder
pressurization.
Both cracks, spaced 90° apart, contributed to the leak rate.

s \apc\epri\irbarerp new- August 25, 1995



Test12-1
indications Restricted From Burst Leak Rate Tests

(Normalized to Tp= 615°F and ps = 15 psia Conditions - based on test leak rate at AP mex )
100

‘..;x:h'qg-,;-.':a-u--- + 2
’.‘—l—ﬁ--d - - —.’.
oo friiieend

' i Within TSP, HT
i Offset 0.15, HT
10

= O - Offset 0.15, HT, 3310

- @ — Within TSP, HT, 3310

Leak Rate (gpm)

== 4« -Offset 0.15, HT, 4850

- ¥ — Within TSP, HT, 4850

0.1
1600 1800 2000 2200 2400 2600 2800

Ap (psl)

ChNorm 12-1Dpmax TEST12-1.XLS 8/10/95
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Test12-1

indications Restricted From Burst Leak Rate Tests
{Normadized to Tp= 615°F and m-ismw-wmwumuw
100

Test Sequence

] —— g Within TSP, WT

—8—Offest 0 15, HT
i9 :

- O - Offeet 0.15, HT, 3310

— @ — Wehin TSP, HT, 3310

u
Lesak Rate (gpm)

=« - -Offsst 0.15, HT, 4850

- 4% — Whhin TSP, HT, 4850

0.1
1600 1800 2000 2200 2400 2600 2800

ap (re))
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Test12-1

indications Restrictad From Burst Leak Rate Tests
(MMWQOMM)

Test Sequence

i WihIn TSP, HY
=3 Ofiset 0.15, HT
- O~ - Offset 0.15, HT, 3310
- @ — Wihin TSP, HT, 3310
= = 4=« -Offeet 0.15, NT, 4850

— 9% — Within TSP, HT, 4850

6o
s LM TS Sewe—
...,‘..’v‘LI..IL n.—.‘.:u
-l -
p— L o_._..-
f-*
3 s i0 ot S
0l
1600 1800 2000 2200 2400 2600
4pes (PH)
ChRawl2-1

2800
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Test 12-1 (8161C)

0.03
0.025
002 }
[ _:““”‘_“' g ]'
—&— Offset

g —a—Bi. Press 3310

-— Post-Leak, 3310
—%— Bl Press. 4850

0.01 —o—Offset, 4850

Change in

0.005

-0.005

Distance Along Crack

ATDIA X1 S8/15/95
Ch12-1(8161C) IRB



90° Crack (Primary Crack) After Bladder Pressurization
to 4850 psid

0° Crack After Bladder Pressurization
to 4850 psid

Test 12-1 (Sample 8161C)
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Test 12-1
Summary of Leak Test and Analysis Results (Based on Average Ap)

Specimen 8181A, Tube Dismeter = 8.§76", Gap = 0.026
Evsinated Test Aversges Adjusted Test Averages Eveluation for Plots
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Test 12-1 Summary of Test Dimensional Measurement Resvits
Specimen 8161-C, Tube Dia. = 0.875", Gap =0.026"

Test Total | Total TW | Total TW | Exposed | Exposed | Max Dia

Temp. | Angle | Crack Length Area ™ TW Area (in.) Dia.
Candition Length (Max. (in.) Length in.") (in.)
(in.) Width) Max.

i
4§

(in.)

3310 0.16 Hot 90° 0.662 0.804* 0.00180 0.161 0.00026 878 874
Step F (0.005) (0.004)
0* NA (61 879 874

e:apc\epri\irbridimwpS  August 10, 1996



Total
Temp. | Angle | Crack
Bladdsr Tube | Cendition Length
Precesrre Offset (in.)
(psi) {in)

Toktal TW
Length
(Max.
Width)
(in)

Total TW
Ares
n)

Test 12-1 Summary of Test Dimensional Measurement Results
Specimen 8181-C, Tube Dia. = 0.875", Gap =0.028"

Exposed | Exposed
™ TW Area
Length in"
(Max.

Max Dia.
@in.)

Step G

3300 psid

as 0.15 offset test after bladder pressurization to

{0.005)

0.00946

0.¢0107
Sum=
0.01063

NA

NA

Step |
0° 0.481

0.022)
0.411
(0.005)

0.01063

0.00112
Sum=

0.01174 :

0.161
(0.018)

573
877

(0.005)

0.01074

0.00117
Sum =
0.01181

s:ape\epri\irbrtdimwpl  August 10, 1968




Test 12-1 Summary of Test Dimensional Measurement Results '
Specimen 8181-C, Tube Dia. = 0.875", Gap =0.026"

Test Total | Total TW | Total TW | Exposed | Exposed | Max Dia.

Notes: [1]

Diameters given are apprerimately the values at tha two edges of the TSP. Diameters greater than the initial
0.875" diameter indicate bulging of the tube at the edges of the TSP as a result of the tube pressurization.

{2] Based on silastic mold and dye penetrant test.

{31 Cracks are tignt for specimens not pressurized with a bladder and TW area is not applicable.

{4] Crack length from toolmaker’s microscope. Minimum measurable TW crack opening ~0.001".

{5] TW length could not be accurately determined due to negligible crack opening.

{6] No light was visibie through the crack; therefore TW length could not be determined.

sapc\eprilirirtdim wpS  Auguet 10, 1998



Test Plan IRBs
Test 12-1
General Test Information

e Utilize large leak test faci'ity testing

* Test 7/8" diameter, specimen 8161C
- Specimen has 2 cracks located at 0° nd 90°; primary crack is the 90° crack
- Primary crack [90°] dimensions after corrosion and fatigue - 0.607" OD with 0.515" ID
- Secondary crack [0°] dimensicns after corrosion and fatigue - 0.465" OD with 0.360" ID

* For this 0.875" diameter specimen, the ID of the TSP shall be 0.800" to obtain a 0.025" tube
to TSP diametral gap.

* Leak test at about 615°F. Primary temperatures should not exceed 640°F.

* Testing should be targeted to obtaining the specified pressure differentials for the evaluated
data

* Locate specimen relative to the TSP with the crack tip (at start of test) at the inside edge of
the TSP for crack locations within TSP - zero offset tests

* Locate the tip of the throughwall crack found after testing with zero offset at 0.15" outside
the TSP for offset tests. The 0.15" offset shall be based on the measured TW crack.

* The tube shall contact the TSP hole at 180° from the primary [90°] crack being leak tested.

Test Sequence

A. Hot leak test with crack inside the TSP and crack tip at edge of TSP to obtain at least 5
data points betweer and 1800 and 2200 psi AP

B. Measure crack opening length, diameter, area (total lengths and thruwall lengths/width).
TW crack width measurements at the TW crack tips shall be measured at 20 to 30 mil
spacing for 0.1" and at 50 mil spacing over the remaining TW length. Crack diameter
measurements shall be reported at about 0.1" intervals spanning the crack length and about
two 0.15" intervals beyond the crack. Report whether or not the tube is tight or loose in the
TSP after the last test step.

C. Hot leak test with the TW crack tip 0.15" offset outside TSP to obtain at least 6 data points
between 2200 psi AP and the facility limit. Attempt to obtain a data point as close as
practical to the highest AP obtained in the Step A test and to 2560 psi. Obtain a reduced
(average AP) data point below and above 2560 psi.

D. Repeat Step B.

E. With the crack tip 0.15" offset outside the TSP, pressurize to 3300 psid with a bladder. If

following pressurization, the corrosion TW crack tip is more than 0.15" outside the TSP,

adjust the specimen to obtain 0.15" of the TW corrosion crack outside the TSP prior to the
leak testing of Step F. Repeat Step B (crack diameter need not be reported to NSD prior to
further testing).

Repeat offset leak test of Step C.

Repeat zero offset leak test of Step A

. With the crack tip 0.15" offset outside the TSP, pressurize to 4850 psid with a bladder. If

following pressurization, the corrosion TW crack tip is more than 0.15" outside the T3P,

adiv~i the specimen to obtain 0.15" of the TW corrosion crack outside the TSP prior to the

leak testing of Step F. Repeat Step B.

Repeat offset leak test of Step C.

Repeat zero offiet leak test of Step A

Perform fractographic measurements to obtain the corrosion (corrosion plus fatigue for

fatigued specimens) throughwall length and length versus depth profile with emphasis at

the ends of the TW crack to define the length and depth of the specimen at the start of
testing. Attempt to define the length and depth at the crack tips following all leak testing

(i.e., prior to opening the specimen for fractography).

o

bl
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Test 12-7: Summary of Test Results and Evaluat’on

Test Sequence

L

Order of tests: zerc offset, offset 0.1", bladder pressurization to 2800 psi, offset 0.1", bladder

pressurization to 6200 psi, offset 0.1" and zero offset. All tests are hot tests.

- The bladder pressurization to 6200 psi was an inadvertently high AP and should have
been the target free span buret pressure of about 3950 psi. However, this target burst
pressure assumed the ligament between the two circumferentially separated (by a 0.012"
rigament) would tear to result in a long 0.58" TW crack. The ligament did not tear at
2800 psi but did tear at the 6200 psi bladder pressurization. The ligament would likely
have increased the burst pressure above the estimated 3950 psi value.

Intermediate bladder pressurization step is approximately 70% of the predicted
specumen burst pressure.

- The crack to TSP gap was established at 0.025" by forcing the tube to contact the TSP
hole ID at 180° from the crack.

There is no basis to question the adequacy of the data other than the higher than planned

bladder pressurization noted above - leak test results show consistent trends, without large

data scatter.

- The higher than planned bladder pressurization may have resulted in a slightly lower
leak rate than would have been obtained at the target 2800 psi. This difference does not
significantly impact the test results and conclusions.

- However, the zero offset flow pressurization tests show a larger (up to 260 psi) than
normal (typically about 125 psi or less) difference between the maximum AP in the leak
test and the average AP used for general interpretation of the test results. As a result,
it is necessary to use leak rate trends based on the maximum AP to assess crack to TSP
interaction and the difference in leak rates between zero offset and offset conditions.

Summary of Test Results

The specimen tested had overall lengths of 0.590" OD, 0.580" TW with the total length
comprised of twe TW cracks separated circumferentially near the crack tips by a 0.012"
ligament between the cracks at about 0.365" from the end of the longer crack. The
individual crack lengths were 0.365" OD, 0.360" TW and 0.244" OD, 0.239" TW.

- Pre-test silastic mold and dye penetrant examination did not reveal the presence of the
ligament. The ligament became apparent after the initial flow pressurization test.

- The test results indicate that the ligament between the two cracks did not tear until the
6200 psi bladder pressurization test.

As noted above, the leak rate versus maximum AP plot is used for the following

interpretation of the test results.

Although the flow pressurization offset leak rate slope is relatively flat, it is not clear from

the leak rate data alone, whether or not crack to TSP interaction occurred during this test

sequence up to the maximum AP of 2659 psi tested.

- The zero offset test up to 2509 psi shows no indication of crack to TSP interaction.
Extrapolation of the zero offset leak rates with no interaction to 2659 psi results in only
a slightly larger leak rate than obtained from the cfset leak test.

- The crack diameter increase following the flow pressurization offset test was only 5 mils
compared to the 25 mil crack to TSP gap and no interaction would be expacted.
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The results indicate only a very small increase in the leak rate between the zero offset

and offset test conditions.

It is concluded that crack to TSP interaction did not occur in the flow pressurization

tests.

* Bladder pressurization to 2800 psi (approximately 70% of predicted rupture pressure)
resulted in a slight increase 1n the ofiset flow rate from approximately 3.9 gpm to
approximately 4.3 gpm at the 2560 psi SLB condition.

This bladder pressurization step resulted in a flat leak rate as a function of pressure

which would indicate crack to TSP interaction.

o The crack diameter following this pressurization step did not significantly increase
over that of the flow pressurization offset test and crack to TSP interaction would
not have been expected.

The leak rate increase is . . asistent with the approximately 15% increase in the crack

opening area between the tests.

* Bladder pressurization to 6200 psi resulted in leak rates lower than the prior tests with no
significant difference between the zero offset and offset test results.

- This step increased the plastic crack diameter to entirely close the initial crack to TSP

clezrance of 0.025".

- The TW length following this bladder pressurization step was 0.726" with a maximum

TW crack opening of 0.056" for the offset test.

Overzall Conclusions

* The leak rate test of this 3/4" diameter specimen with two TW cracks of 0.375" and 0.256"
separated by a 0.012" ligament resulted in leak rates of about 3.9 gpm for the fiow
pressurization offset condition and 4.3 gpm following bladder pressurization to 2800 psi.

* There is no indication of crack to TSP interaction prior to the bladder pressurization of 2800
psi.
- Thi demonstrates that the two TW cracks totalling 0.631" over an overall length of

0.629" (ligament separates TW crack tips) do not behave in terms of crack opening and

leakage as = single long TW crack near 0.63". All other tests in this program indicate

that single Tw wack lengths of > 0.5" result in crack to TSP interaction at < 2400 psi.
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Test12-7

indications Restricted From Burst Leak Rate Tests
{Normalized o Tp=615°F and ps = 15 psia Conditions - based on test leak rate at Ap .. )

Test Sequence
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P — O~ - Offest 0.10°, KT, 2800

]
Leak Rate (gpm)

by
'\
H
)
\
-

\

|

-

\

!

\

-

-
-

- ¥ — Offset 0.10°, NT, 8200

== € -~ -“Wihin TSP, NT, 6200

(ir— N

L 4 (

1670 1800 2000 2200 2400 2600 2800
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Test12-7

indications Restricted From Burst Leak Rate Tests
(Normalized to Tp= 615°F and ps = 15 psia Conditions - based on test leak rate at Ap. }

Tast Sequence

i Ceontered, HT
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H e
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Tost12-7

Indications Restricted From Burst Laak Rate Tests

(Test leak rate at Ap .., without adjustment to refrrence SLB conditions)

Test Sequence

—— WRNR TSP HT
—&— Offsst 0.10°, HT
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Test 12 -7

indications Restricted From Burst Leak Rate Tests
{as-measured, without adjustment to reference conditions)

Test Ssquence

~8-—Offset 0.1C, HT

- == O « ~Offeet 0.10, 2800

8
Leak Rate (gpm)
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i
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Test 12-7 (Specimen 2008 D)
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After Bladder Pressurization to 6200 psid and Subsequent
Flow Tests

Test 12-7 (Sample 2008D)
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Testi2-7

Summary of Leak Test and Analysic Resnits ( Based on Average Ap )
Specimen 2008D, Tube Diameter = 0.745", Gap = 0.025"
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Teat 12-7 Summary of Test Dimensional Measurement Resuits
WMD.MDK-OJW.GQ&.M'
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Test 127 Summary of Test Dimensional Measurement Results
wmn.mnu.-o.vw.aq-o.m' » :

Test Total | Total TW | Total TW | Exposed | Exposed | Max Dia. | Min

Same as after bladder
Step F pressurization to 2800 | (0.0034) 0.742

psid, Step E

6200 NA NA 764 | 0726% | 00328 NA NA 0771 | 0743
Step G (0.060) 0.742

6200 0.10 Hot 0.773 0.726" 003158 | 0.10™ | 0.00216 0.762 0.744
Step H (0.056) (0.039) 0.743

6200 0.0 Hot 0773 | 0.726“ | 003176 NA NA 0769 | 0.745
Step I (0.067) 0.744

Notes: [1] Diameters given are approximately the values at the two edges of the TSP. Diameters greater than the initial
0.750" diameter indicate bulging of the tube at the edges of the TSP ae a result of the tube pressurization.

{ 2] Based on silastic mold and dye penetrant test.

{31 Cracks are tight for specimens not pressurized with a bladder and TW area is not applicable.

[4] Crack length from toolmaker's microscope. Minimum measurable TW crack opening ~0.001".

(5] Two essentially co-planar cracks (0.012" circumferential offset) separated by a2 ligament at 0.365" from the
end of the longer segment.
Post test dimension. Test setup with 0.10 TW offset.

16
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Test Plan for IRBs
Test 12.7

General Test Information

Utilize large leak test facility testing

Test 3/4" diameter, specimen 2008D

- Crack dimensions after corrosion plus fatigue - 0.589" OD with 0.580" ID

For this 0.745" diameter specimen, the ID of the TSP shall be 0.770" to obtain a 0.025" tube
to TSP diametral gap

Leak test at about 615°F. Primary temperatures should not exceed 640°F.

* Testing should be targeted to obtaining the specified pressure differentials for the evaluated

data (test averages)

Locate specimen relative to the TSP with the crack tip (at start of test) at the inside edge of
the TSP for crack locations within TSP - zero offset tests

Locate the tip of the throughwali crack found after testing with zero offset at 0.10" outsice
the TSP for offset tests. The 0.10" offset shall be based on the measured TW crack.

The tube shall contact the TSP hole at 180° from the crack being leak tested.

Test Sequence

A
B.

mo

o=,

Ll

Hot leak test with crack inside the TSP and crack tip at edge of TSP to obtain at least 4
data points between and 2000 and 2335 psi AP
Measure crack opening length, diameter, area (total lengths and thruwall lengths/width).
TW crack width measurements at the TW crack tips shall be measured at 20 to 30 mil
spacing for 0.1" and at 50 mil spacing over the remaining TW length. Crack diameter
measurements shall be reported at about 0.1" intervals spanning the crack length and about
two 0.15" intervals beyond the crack. Report whether or not the tube is tight or loose in the
TSP after the last test step.
Hot leak test with the TW crack tip 0.10" offset outside TSP to obtain at least 5 data points
between 2300 psi AP and the facility limit. Attempt to obtain a data point as close as
practical to 2560 psi and to obtain a reduced (average AP) data point below and above 2560
psi.
Repeat Step B.
If the tube is not tight in the TSP following the pressurization of step C, with the crack tip
0.10" offset outside the TSP, pressurize to 2800 psid (approximately 70% of burst pressure)
with a bladder. If following pressurization, the corrosion TW crack tip is more than 0.10"
vutside the TSP, adjust the specimen to obtain 0.10" of the TW corrosion crack outside the
TSP prior to the leak testing of Step F. Repeat Step B.
Report whether the tube is tight or loose in TSP following pressurization.
Repeat Step C.
With the crack tip 0.10" offset outside the TSP, pressurize to 3950 psid with a bladder. If
following pressurization, the corrosion TW crack tip is more than 0.10" outside the TSP,
adjust the specimen to obtain 0.10" of the TW corrosion crack outside the TSP prior to the
leak testing of Step F. Repeat Step B.

Repeat Step C.
Repeat Step A
Perform fractographic measurements to obtain the corrosion (corrosion plus fatigue for
fatigued specimens) throughwall length and length versus depth profile with emphasis at
the ends of the TW crack to define the length and depth of the specimen at the start of
testing. Attempt to define the length and depth at the crack tips following all leak testing
(1.e., prior to opening the specimen for fractography).
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Test 1-1: Summary of Test Results

Test Sequence

Order of tests: zero offset, offset, freespan, bladder pressurization at 4250 psi with 0.15"
offset, zero offset, offset and offset cold test.
Data points deleted at end of offset test and beginning of free span test due to
hysteresis effects.
Test results show consistent trends with modest fluctuations in data - data appear reliable
although the offset leak rate after pressurization lower than the zero offset leak rate is an
unexpected result. The effective crack to TSP hole ID clearance for this test was 0.009"
compared to the target 0.025" based on measurements "f the crack diameter following the
flow pressurization offset test.

Summary of Test Results

Shallow slope of leak rate curve above about 2000 psi indicates interaction with the TSP.

None of the test points show slopes typical of free span indications.

Pressurization up to about 2130 psi with zero offset opened the crack width to a

maximum of 0.004",

With the larger target gap of 0.025", interaction with the TSP would be at a

somewhat higher pressure than obtained for the 0.009" gap in this test.

0 Based on estimates in Section S, the geometric flow area is slightly smaller
than the effective crack area and some increase in leakage for the offset
condition would be expected.

Maximum leak rate is 4.3 gpm (3.7 gpm at 2560 psi) at 2600 psi for offset conditions
The initial increase in leakage after TSP offset is small (about 15%)

For this test, the leak rate continued to increase at a modest slope in the offset

condition with a larger step at 2600 psi. The measurable throughwall crack lergth

increased from 0.494" to 0.595" and the width increased from 0.004" to 0.011". It iz
expected that the increasing leak rate is attributable to increases in the crack area and
breaking of ligaments as the pressure increased.

The free span leak rate at 2480 Psi is about 60% higher than the offset leak rate. This is a

relatively small reduction in the free span leak rate compared to orher tests of long crack

lengths. This would indicate that the crack has not interacted with the TSP over a

significant length of the crack (estimate of about 0.1" in Section §).

Following bladder pressurization to the free span burst pressure of about 4250 psi, the leak

rates are about the same as the offset leak rates obtained with flow pressurization. The

offset leak rate following pressurization was lower than obtained with zero offset.

. The bladder pressurization resulted in a modest increase in the maximum TW crack
width from 0.011" 10 0.012" and no change in the throughwall length. It is expected
that the bladder pressurization resulted in increased crack length interacting with the
TSP so0 as to reduce the effective crack area.

The lower leak rate with crack offset is not expected although the flow area

assessments of Section 5 would indicate that the leak rate following bladder

pressurization should not increase for the offset condition. Test records were
reviewed for a possible reporting error but the records clearly documented the

appropriate test condition.
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Overall Conclusions

. The SLB leak rate for this 0.6" TW crack is limited to about 3.7 gpm prior tc and following
bladder pressurization to the free span burst pressure.

- The effective crack to TSP clearance for this test was 0.009" based on measurements
of the crack OD following the flow pressurization offset test.
The leak rate for this 7/8" specimen is similar to that found for 0.6" TW cracks in
2/4" twbing (4.1 gpm of Test 1-7).
. Interaction of the crack face with the TSP at about 2000 psi is consistent with other tests of
> 0.5" TW cracks
. Bladder pressurization to the free span burst pressure did not increase the leak rate over that
obtained in the prior offset tests



indications Restricted From Burst Leak Rate Tests
(as-measured, without adjustment to reference conditions)
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Test 1-1a After Zero Offset Leak Test



Testl-1b. After Offset Leak Test
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Evsiugtion for Plots

Adjusted Test Averages

Testl-1

Summary of Lesk Test and Anslysis Results
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Test 1-1. Summary of Test Dimensional Measurement Kesults
Specimen 81616, Tube Dia = 0.875", Gap = §.026"

(0.01IW)

0.595
(0.012W)

0.595 J ! :
Step 1 (0.012W) (0.007TW) 0875

0.15 I 0.593 J ! i
Step J (0.012W) (0.008W) 0874

. Diameters given sre approximately the vaiues at the two edges of the TSP. Diameters grester then the initial 0.745" diameter
indicate bulging of the tube ot the edges of the TSP as a resuit of the twbe pressurization.
Cracks jare tight for specimens not pressurized with & bladder and TW area is not applicable.
Crack lengths from dye penetrant tests.

Crack lengths from toolmaker's microscope. Minimum measursble TW crack opening ~0.001"

il ol o

empe\ apri \ivhieadt wpl July 78, 1998



Test Plan IRBs
Test 1-1

General Test Information

Utilize large leak test facility testing

Test 7/8" diameter, corrosion plus fatigue specimen 8161G

Silastic mold dye penetrant - 0.62" OD with 0.62" ID
Leak test at 615°F except as noted. Testing at > 615°F is acceptable.
Locate specimen relative to the TSP per requirements for crack locations within TSP and offset
from TSP

Test Sequence

A.

m O A =

=,

I
1
K

Hot (615°F) leak test with crack inside the TSP and crack tip at edge of TSP at 1900 and 2050
and 2335 psi AP

Measure crack opening length, diameter, area .otal lengths and thru vall lengths/width) and
evaluate crack tearing extension (beyund corrosion crack length).

Hot (615°F) leak test with crack tip 0.10" offset outside TSP at 2335, 25560, 2700, 2800 psi AP
up to facility limit

Measure crack opening length, diamete:, area (total lengths and thruwall lengths/width) and
evaluate crack tearing extension (beyond corrosion crack length).

Perform hot (615°F) free span leak test at the highest AP reached in the Step C test. Care must
be exercised in performing this test such that higher APs are not applied to the specimen due to
the potential for significant tearing of the crack. Although the test results would not be valid,
start testing at a AP about 100 psi lower than the highest AP from Step C and terminate testing
if the measured leak rate is about a factor of 3 (factor of S for a cold test) or more higher than
the largest leak rate obtained from Step C.

Measure crack opening length, diameter, area (total lengths and thruwall lengths/width) and
evaluate crack tearing extension (beyond corrosion crack length).

With the crack tip 0.10" offset outside the TSP, pressurize to 4150 psid with a bladder. If
following pressurization, the corrosion crack tip is more than 0.10" outside the TSP, adjust the
specimen to obtain 0.10" of the corrosion crack outside the TSP prior to the leak testing of Step
G. Measure the total crack length, the through wall length/width, the exposed throughwall
length/width and the tube diameter across the crack flanks including at least 5 points along the
crack plus the locations of the edges of the TSP with the crack tip 0.10" offset and at the edge
of the TSP.

Report whether the tube is tight or lcose in TSP following pressurization.

Hot (615°F) leak test with crack inside the TSP and crack tip at the edge of the TSP at 2335
and 2560 psi AP

Hot (615°F) leak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP

R.T. ieak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP

. Measure corrosion throughwall length and length versus depth profiie.



Test 1-2: Summary of Test Results

Test Sequence

Order of tests: zero offset, offset, freespan, bladder pressurization to 4080 psi, zero offset,

offset and cold offset

- One data point in the initial zero offset test was deleted as the AP was about 90 psi lower
than a prior test result.

Test results show consistent trends with modest fluctuations in the data - no basis t0 question

data adequacy. The effective tube to TSP hole ID for this test was 0.013" compared to the

target 0.025" based on the measured crack OD following the flow pressurization offset test.

The specimen used for this test has been destructively examined (only specimen to date) to

provide comparisons of crack lengths and depths made using the test methods with destructive

exam results.

Summary of Test Results

.

The shallow slope of the leak rate curve above about 2250 psi shows interaction with the TSP
reduces the leak rates.

The pressure causing interaction with the TSP would likely increase slightly if the crack to

TSP gap was increased from the 0.013" test value to the target 0.025".

The zero offset test up to 2160 psi shows no clear interaction with the TSP and is typical of
free span behavior. A slight change in slope at 2160 psi could be indicative of near interaction
but the changes are too small tc draw conclusions.

Maximum leak rate is about 3.2 gpm for the 0.15"offset test at SLB conditions prior to and
after bladder pressurization

The plastic diametral increase at the center of the crack was 13 mils at the end of the test

indicating that the tube to TSP at the crack was about 13 mils

There is essentially no increase in leakage as a result of the TSP offset condition

o Based on estimates given in Section 5, the effective crack area is about equal to the
geometrical flow area available for leakage within the TSP and leakage would be
expected to be limited by the effective crack area.

The offset test exposed 0.145" of TW crack with a maximum width of 0.009", i.e., almost

the entire offset was TW

The measurable TW length increased from 0.574" to 0.666" during this test phase and the

maximum crack width increased from 0.005" to 0.014"

0 The crack opening area increased by almost a factor of four over this test phase while
leakage was essentially constant. This implies that the crack opening resulted in
increased interaction with the TSP along the length of the crack such that the effective
crack area was nearly a constant over the test phase. The measurements of the crack
diameter along the crack length indicates that the crack diameter was nearly constant
for about 0.2" following this test which is consistent with the effective crack area for
leakage being less than the total crack area.

Free span leak rate of about 8 gpm at 2150 psi, although includes hysteresis effects at this

lower pressure, is almost a factor of three higher than for offset test, which clearly demonstrates

the benefits of TSP restraint.

Bladder pressurization tests have leak rates slightly jower than obtained with flow pressurization

and also show negligible difference between zero offset and offset test results.

- Results consistent with expectations when crack opening area is less than the geometrical
flow area for the crack within the TSP
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« Crack dimensions by fractography following destructive examination of the specimen

Crack at start of leak testing was a uniform 0.645" throughwall (0.383" by corrosion,
remaining by fatigue) compared to dye penetrant measurements of 0.640" OD, 0.620" ID

- Final crack after bladder pressurization and leak testing was 0.675" uniform throughwall
compared to 0.688" measured by toolmaker's microscope oased on light penetration through
the crack

- Crack growth from all testing was 0.030" compared to 0.028" measured from in-process test
measurements
Results for this specimen demonstrate that measurement techniques applied during the test
phase are adequate

Overall Conclusions

+ The SLB leak rate for a 0.645" throughwall crack at the start of the test (0.675" TW at end of
test by destructive exam) is limited to about 3.2 gpm in the offset or zero offset conditions prior
to and after bladder pressurization.

The effective crack to TSP clearance for this test was limited to about 13 mils as indicated
by the increase in crack diameter at the end of the test

+ Destructive examination of the specimen following all testing demonstrates that the
measurement technigues applied for crack dimensions before and during the test are adequate
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Test 1-2a. Prior to Leak Testing




2b. After Offset Leak Test
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Test 1-2. Sammary of Test Dimensiona!l Measuremeni Resulis
Specimen 8161E, Tube Dia = 0.874", Tap = 0.027"

o° 0.735

0.666
(0.015W)

0.0073

oc

00

0887

0873
0874

4080 0.15
Step 1

0° 0.735

0.668
(0.015W)

0.0078

0.085
(0.007W)

0888

0882
0874

015
Step 1

.668
(0.015W)

0.0079

0.085
(0.008W)

0.00055

0.880
0874

il o
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. Diameters given are approximately the values at the two edges of the TSP. Diameters greater than the initial 0.874" diameter
indicate buiging of the tube at the edges of the TSP as a result of the tube pressurization.

Cracks are tight for specimens not pressurized with a biadder and TW area is not applicsble.
Crack iengths from dye penetrant tests.
Crack lengths from toolmaker's microscope. Minimum measurable TW crack opening ~0.001"




Test Plun for IRBs
Test 1-2

General Test Information

Utilize large leak test facility testing

Test 7/8" diameter, corrosion plus fatigue specimen 8161E

- Silastic mold dye penetrant - 0.64" OD with 0.62" ID

Leak test at 615°F except as noted. Testing at > 615°F is acceptable.

Locate specimen relative to the TSP per requirements for crack locations within TSP and
offset from TSP

Tubes shall be free 1o move within TSP during pressurization or, as a minimum, the tube
shall contact the TSP hole at 180° from the crack being leak tested.

Test Sequence

O 0 ® >

m

-

o B e

Hot (615°F) leak test with crack inside the TSP and crack tip at edge of TSP at 1900 and
2050 and 2335 psi AP

Measure crack opening length, diameter, area (total lengths and thruwall lengths/width) and
evaluate crack tearing extension (beyond corrosion crack length).

Hot (615°F) leak test with crack tip 0.10" offset outside TSP at 2335, 2560, 2700, 2800 psi
AP up to facility limit

Measure crack opening length, diameter, area (total lengths and thruwall lengths/width) and
evaluate crack tearing extension (beyond corrosion crack length).

Perform hot (615°F) free span leak test at the highest AP reached in the Step C test. Care
must be exercised in performing this test such that higher APs are not applied to the
specimen due to the potential for significant tearing of the crack. Although the test resuits
would not be valid, start testing at a AP about 100 psi lower than the hughest AP from Step
C and terminate testing if the measured Jeak rate is about a factor of 2 (factor of 5 for a
cold test) or more higher than the largest lezk rate obtained from Step C.

Measure crack opening length, diameter, area (total lengths and thruwall lengths/width) and
evaluate crack tearing extension (beyond corrosion crack length).

With the crack tip 0.10" offset outside the TSP, pressurize to 4080 psid with a bladder. If
following pressurization, the corrosion crack tip is more than 0.10" outside the TSP, adjust
the specimen to obtain 0.10" of the corrosion crack outside the TSP prior to the leak testing
of Step G. Measure the toal crack length, the through wall length/width, the exposed
throughwall length/width and the tube diameter across the crack flanks including at least §
points along the crack plus the locations of the edges of the TSP with the crack tip 0.10"
offset and at the edge of the TSP.

Report whether the tube is tight or loose in TSP following pressurization.

Hot (615°F) leak test with crack inside the TSP and crack tip at the edge of the TSP at 2335
and 2560 psi AP

Hot (615°F) leak test with crack tip 0.10" cffset outside TSP at 2335 and 2560 psi AP

R.T. leak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP

Measure corrosion throughwall length and length versus depth profile.



Test 1-6: Summary of Test Results and Evalustion

Test Sequence

* Order of tests: zero offset, offset 0.1", freespan, bladder pressurization to 3220 psi, zero offset
and offset 0.1". All tests are hot tests.

- Freespan test, performed at lower AP than prior tests, inclu’2s hysteresis effects - test
performed only to demonstrate magnitude of difference in leak rate between fres span and
crack within TSP

- Data points below maximum AP of 2439 psi were deleted in zero offset test at end of test
sequence and offset test at beginning of sequence

* Leak test results show consistent rends with modest fluctuations in data - no basis to question
data adequacy. The crack to TSP clearance for this test was 0.026" compared o the target

0.025" as supported by the crack diameter measurement showing an increase in the crack

diameter of 0.027" following the flow pressurization offset test.

Summary of Test Results

« Shallow siope of leak rate versus AP curve above about 2000 psi indicates interaction sith TSP
and reduced leak rates
All slopes of leak rate curve are less than typical of free span slope
- Pressurization to 2439 psi with the crack within the TSP opened the plastic crack width to a
maximum of 0.024"
* Leak rates at SLB pressure differential with 0.10" offset are bounded by about 5.5 gpm prior to
and after bladder pressurization
This test, performed with a 0.026" tube to TSP gap, resulted in the widest crack openings
of all tesis performed (except subsequent bladder pressurization for this specimen) with
maximum crack opening widths of 0.044" inside the TSP and 0.024" outside the TSP

0 This specimen was the only crack that was tight in the TSP collar following fiow
pressurization to about 2500 psi

The crack opening visible by light through the crack was 0.724" of the total 0.750" crack
length and was more than 0.019" wide for > 0.6" length

- Plastic deformation iacreased the crack opening diameter to the ID of the tube over about
0.25" at the center of the crack

- Leak rate increased from about 3.1 gpm for zero offset to 5.5 gpm at completion of the
offset test with the crack tip 0.10" outside the TSP. This range of leak rates includes
increased crack opening due to higher APs. At comparable APs, the offset leak rate was
about 30% higher than found for zero offset.

0 Consistent with detectable (visible light through crack) increases «n TW crack
length (0.619" to 0.724"), maximum crack width (0.024" to 0.044") and crack
opening area (factor of 2).

0 Based on estuntes in Section 5, the geometric flow area is less than the effective
crack area for this test and an increase in leakage for the offse* condition would be
expected.

* Leak rates for the crack within the TSP and offse: 0.1" following bladder pressurization to the
free span burst pressure of about 3220 psi at 0.10" offset are approximately equal tc that

g e e ol b Agguer 20 1
"



obtained for 0.10" offset prior to bladder pressurization. The leak rate following bladder

pressurization is approximately independent of the TSP offset position.

- The bladder pressurization had no significant influence on the leak rate even though the
maximum plastic width increased from 0.044" to 0.050". However, the increased bladder
pressurization did not significantly open the crack width at the ends of the crack

+ The measured freespan leak rate of 13.1 gpm (facility limit) at a AP of 1495 psi following prior
testing at 2530 psi is substantially higher than the 5.5 gpm obtained for the crack constrained by
the TSP even though the pressure differential is much lower

The measured leak rate at 1495 psi is high due to hysteresis effects.

Overall Conclusions

» This test of a 0.74" throughwall crack represents an upper bound leak test since throughwall
lengths of this magnitude would not be expected even with the full APC repair limit with tube
expansion of 10 to 15 volts

A repair Limit of only 3.0 volts has been requested by ComEd for implementation of tube
expansion at Braidwood-1 and Byron-1

A 074" TW length is larger than would ever be expected in field service even for a repair
limit of about 15 volts as shown by European experience

* The SLB leak rate prior to and after bladder pressurization is bounded by about 5.5 gpm at
2560 psi including the maximum potential 0.10" TSP offset condition

* TSP constraint reduces the maximum SLB leak rate by more than a factor of three compared to
free span conditions

« For this 0.74" TW indication prior to leak testing, the leakage results indicate the TSP
interaction occurred at about 2000 psi AP
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Test |

Summary of Leak Test and Analysis Resuits
Specimen 2008E, Tube Diameter = 0.745", Gap = 0.626"

TESTIEXLS 1.6 Table VIV9S 415 PV

Evelusted Test Aversges Adjusied Test Averages Evaluation for Plots
Meseered Lesk
Max Lesk Adjusted | A
Test Subes: . . 8 | Tosmuy | Avernge Losk B v -
Tequence Ne e (poig) (i) (pei) ) Rete RT) | Uncertminty ’ foremp & | Lesk Rew Crmments
tpei} Pressure(Py) (gpm)
(gpm) {gpm)
T6A i [ 946 | ® | iyl 6% [X0) 101 [ 151 il
WiheTSP | 3 | 93 | s | s 1% | &n (XL 1o | i | 3@ | in Aversge W18 3
3 9% | w4 1% | ieis | ew £ 0N N W e T 3 3» " ,
4 lwa | e | | w5 | 6w 108 oit L N 246 Aversgeof 4 &5
o 9 | 3 | s 202 (2] 116 [XF] 103 e | - - L W) CLPU R or i e
6 | W | wm | i | nw 85 | 1w 206 [0 T 307 T R TR
7w | %% 31 | Ww | 6w | 1% on i | e | i | Iwm
TR | Bes | e | | mw | em | am o B[ ———
S T N - 153 3 Tim | em [ aw | .- )
10 1% 2493 0 nn & 148 012 181 [X3] in Delete - Hystoresis
168 s an Bl 51 a5 =D i 9.6 103 L] [¥1] — - | Delee-
Offset 0,10 1 | 1% 34 Fi —an 5 | e (X1 105 EL O - | D
i 2% | weh | W | s i an 671 101 9 an . Delese -
A 13 W | w0 | wm | e (3 Ei] 109 | ied | i [T Averageof 4 & §
I | B, 7% 36 4% 629 in [X3] i0i (1] (L] ] ’
% |y | wmn | W | B#a [5H e [X3] in2 09 3 e Averageof 6 & 7
7 i mw | el | 37 | ™3 | e 34 071 ioi | o9 53
16C i 13539 il ~ 902 1495 23 e s (13} 168 e i
| Freespan
16F 32 | 4% 2N 751] €50 a3 [Xi] ios [ K] (X3 Aveage i | 1 & 4
Expanded | 3 | 2993 | Wik | W4 | ;W | e [X1] nas [ 6 |||
3220 pai i 86 | e 9t 1 e an 080 101 —om 4w | aw B R
e DT NER N M we WS R RN A R W R MR NN RO =
e §i6 4 04 100 (X3 an Aversgeof 3 &7
6 | B® | vm | ¥ | W) | e an 080 m | o [ ) 8t
7| 3% | Bn 3i3 084 &3 507 006 ® | o8 a3 <
1466 2106 | 2348 35 90 | &% (X1 [¥] [L3] (1] [¥3 [Xi] Aversgeof 1 & 3
Expanded | 3 | 222 | 3305 | 37 | o3 | &% [ [} i6i | 6% [}
3220 pui 3 h& | vm ™ 2095 | % (%] 0i4 103 0% an 4 Sl Bres i e
ommoter | 4 | T | e 303 1% [11] 493 016 ioo [] a an > i
i 30 26 | 61 % 807 2 | o | aw a8 Averageof S&6
- 2% 264 377 1309 811 sai [X1] ) 685 | asm
1-6H i 7108 — 33 | %4 ;- 2 14 0 [ X T in in
Fapanded e 3187 ] inn 73 0is o8 | 8é (13 405
3220 pat »’ | nn [3] i1 i 0% | om a8 < | 4N Aversgeof 14 4
Offses 0.19°, KT o8 1 e | Ba | W | ia . ok | o6 i3




Tert 1.6. Summary of Test Dimensional Measurement Results
Specimen 2008E, Tube Dia = 0.745", Gap = 0.026"

None 0.10 Hot 0° 0.751® 0.7249 0.0249 0070 0.0013 0 0.765
(0.024W)

Free Span
Steps E. F

3220 00 Hot 0 0.750 0.726 0.0257 0.004 0000012 | 0773 | 07%2
Steps G.H (0.050W)

0.10 Hot 0o 0.756 0.726 0.0262 0.070 0.0016 0112 | 0768
Step 1 0.052W)

0.10
Step J

. Diameters given are approximately the values at the two edges of the TSP. Diameters greater than the initial 0.745" diameter indicate
buiging of the tube st the edges of the TSP 2s a resuit of the tube pressurization.

Cracks are tight for specimens not pressurized with a bladder and TW ares is not applicabie.
Crack iéngths from dye penetrant tests.

. Crack leagths from toclmaker’s microscope. Minimum measurable TW crack opening ~0.001"

RT. Not measured
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Test Plan for IRBs
Test 1-6

General Test Information

Utilize large leak test facility testing

Test 3/4" diameter, specimen 2008E

- Corrosion (no fatigue) crack length: Silastic mold dye penetrant - 0.735" OD with 0.76" ID
Leak test at 615°F except as noted. Testing at > 615°F is acceptable.

Locate specimen relative to the TSP per requirements for crack locations within TSP and offset
from TSP

Tubes shall be free to move within TSP during pressurization or, as a minimum, the tube shall
contac: the TSP hole at 180° from the crack being leak tested.

Test Sequence

A.

B.

C.

= .

PN D

Hot (615°F) leak test with crack inside the TSP and crack tip at edge of TSP at 1900 and 2050
and 2335 psi AP

Measure crack opening length, diameter, area (total lengths and throughwall lengths/width) and
evaluate crack tearing extension (beyond corrosion crack length).

Hot (615°F) leak test with crack tip 0.10" offset outside TSP at 2335, 2560, 2700, 2800 psi AP
up to facility limit

Measure crack opening length, diameter, area (total lengths and throughwall lengths/width) and
evaluate crack tearing extension (beyond corrosion crack length).

Perform hot (615°F) free span leak test. Care must be exercised in performing this test such
that higher APs are not applied to the specimen due to the potential for significant tearing of the
crack. Although the test results would not be valid, start testing at a AP lower than the highest
AP from Step C and terminate testing if the measured leak rate is about a factor of 3 or more
higher than the largest l=ak rate obtained from Step C.

Measure crack opening length, diameter, area (total lengths and thruwall lengths/width) and
evaluate crack tearing extension (beyond corrosion crack length),

With the crack tip 0.10" offset outside the TSP, pressurize to 3200 psid with a bladder. If
following pressurization, the corrosion crack tip is more than 0.10" outside the TSP, adjust the
specimen to obtain 0.10" of the corrosion crack outside the TSP prior to the leak testing of Step
H. Measure the total crack length, the through wall length/width, the exposed throughwall
length/width and the tube diameter across the crack flanks including at least 5 points along the
crack plus the locations of the edges of the TSP with the crack tip 0.10" offset and at the edge
of the TSP.

Report whether the tube is tight or loose in TSP following pressurization.

Hot (615°F) leak test with crack inside the TSP and crack tip at the edge of the TSP at 2335
and 2560 psi AP

Hot (615°F) leak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP

R.T. leak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP

Measure corrosion throughwall length and length versus depth profile.
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Test 1-7: Summary of Test Results

Test Sequence

Order of tests: zero offset, offset, bladder pressurization at 2970 pai with 0.10" offset, offset and
zero offset.  All tests are hot tests,

- Initial data point in offset test deleted due to AP below prior test at 2382 psi.

Leak test results show consistent trends with modest fluctuations in data - no basis to question
data adequacy. However, the effective crack to TSP hole ID ciearance for this test was 0.020"
based on the crack diameter at the end of the flow pressurizatior: offset test rather than the
target 0.025".

Summary of Test Results

Shallow slope of leak rate versus AP curve above 2200 psi shows interaction with TSP reduces
leak rates

Inital siope of leak rate curve up to 2030 psi test point is more typical of free span slope

- Pressurization to 2380 psi with zero offset opened the plastic crack width to a maximum of

0.011"

Maximum leak rate is 4.1 gpm for offset condition at SLB conditions prior to and after bladder

pressurization

- Initial increase (20% to 30% at overlapping pressures) in leak rate after 0.10" offset may
indicate reduced TSP restriction on flow after offset. The higher temperatures (650 to
690°F) during the offset test resulted in larger data adjustments (leak rate increases) to the
reference conditions, which may introuuce some uncertainty in the data adjustmen,

0 Based on est’r .ates in Section 5, the effective crack area should be smaller thun the
geometric flow area for the offset test and the offset test leakage would not be
expected to be significantly higher than the zero offset leakage. For tests that can be
compared, Test 1-7 is the only test for which the more limiting of the effective crack
area or geometrical flow area may not be consistent with the difference in zero offset
and offset leak rates.

The maximum AP of 2800 psi resulted in a maximum crack width of 0.014"

Following bladder pressurization to 2970 psi (under the free span burst pressure of about 3900 °

psi), the leak rates are approximately independent of the crack offset condition and about the

same as obtained with zero offset prior to bladder pressurization and iess than the maximum 4.2

gpm leak rate

- Leak rates decreased following bladder pressurization even though the crack width
increased from 0.014" to 0.022". This effect indicates that the effective crack area is less
than the total area, likely due to interaction of the crack with the TSP over some length of

the crack (diameter measurements indicate about 0.2")

Thelackoflukmdependenceonthecuckoffmpodﬁonindicnesmatleahgeismon

dependent on effective crack area than on geometrica! flow restrictions. This is expected

since the crack area is less than the geometrical flow area.
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Overall Conclusions

.

The SLB leak rate for 0.6" TW crack at start of test (0.613" at end of test) is limited to about
4.2 gpm prior to and after bladder pressurization
- The effective crack to TSP clearance for this test was 0.020" based on the crack diameter at
the end of the offset flow test.
Large (> about 0.5") throughwall cracks interact with the TSP to limit leak rates including
conditions with a 0.10" TW crack outside the TSP
For this 0.6" TW crack, interaction with the TSP is indicated at about 2200 psi and higher
SLB leak rates following bladder pressurization are less than that obtainzd for the 0.10" offset
condition with prior flow pressurization and are essentially independent of the TSP offset
position



Test 1-7
Indications Restricted From Burst Leak Rate Tests
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Test1-7
Summary of Leak Test and Analysis Resuits
Specimen 2051A, Tube Diameter = 0.747", Gap = 0.026"

Evaluated Test Averages Adjusted Test Averages Evaluation for Plots
AMesenrad Lesk Sk -
A ‘\4—'1 verage
Test Subtest Max. ‘ Ponsy | Panmtey | 0 j y— :::' Rate # Y fortemp. & | Leak Rate Comments
Sequence No. |AP(psi)| (ouig) pere) (psi) ™ Reee (RT) | UmCCTtinty Pressure(By) | (gpm)
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Test 1-7. Summery of Tes! Dimensiensl Measurement Resuits
Specimen 2051A, Tebe Dia = 6.747°, Gap = 5.02¢"

(0.011W)

0.1v Hot 0° 0.621 0.602 0.0071 0.091 0.00064 0.767 0.755
Steps C, D (0.014W) (~007TW) 0.745

0.10
Steps E, F

0.00
Step G

(0.022W)

. Diameters given are approximately the values st the two edges of the TSP. Diameters greater than the initial 0.747" diameter
indicate bulging of the tube at the edges of the TSP as a result of the tube pressurization.
Cracks are tight for specimens not pressurized with 2 bladder and TW area is not applicable.
Crack lengths from tooimaker’s microscope. Minimum measurable TW crack opening ~0.001"

e
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Test Plan for IRBs
Test 1.7

fyeneral Test Information

Utilize large leak test facility testing

Test 3/4" diameter, specimen 2051A

- Corrosion plus fatigue crack length: Silastic mold dye penetrant - 0.58" OD with 0.60" TW
Leak test at 615°F except as noted. Testing at > 615°F is acceptable.

Locate specimen relative to the TSP per requirements for crack locations within TSP and offset
from TSP

Tubes shall be free to move within TSP during pressurization or, as a minimum, the tube shall
contact the TSP hole at 180° from the crack being leak tested.

Test Sequence

A.

Hot (615°F) leak test with crack inside the TSP and crack tip at edge of TSP at 1900 and 2050
and 2335 psi AP

Measure crack opening length, diameter, area (total lengths and throughwall lengths/width) and
evaluate crack tearing extension (beyond corrosion crack length).

Hot (615°F) leak test with crack tip 0.10" offset outside TSP at 2335, 2560, 2700, 2800 psi AP
up to facility limit

Measure crack opening length, diameter, area (total lengths and throughwal! lengths/width) and
evaluate crack tearing extension (beyond corrosion crack length).

With the crack tip 0.10" offset outside the TSP, pressurize to about 3035 psid with a bladder.
If following pressurization, the corrosion crack tip is more than 0.10" outside the TSP, adjust
the specimen to obtain 0.10" of the corrosion crack outside the TSP prior to the leak testing of
Step G. Measure the total crack length, the through wail length/width, the exposed throughwall
length/width and the tube diameter across the crack flanks including at least 5 points along the
crack plus the locations of the edges of the TSP with the crack tip 0.10" offset and at the edge
of the TSP.

Report whether the tube is tight or loose in TSP following pressurization.

Hot (615°F) leak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP

. Hot (615°F) leak test with crack inside the TSP and crack tip at the edge of the TSF at 2335

and 2560 psi AP
Measure corrosion throughwall length and length versus depth profile.



Test 2-1: Summary of Test Results

Test Sequence

Order of tests: zero offset, free span, offset, offset cold, bladder pressurization at 4500 psi with
0.15" offset, offset, zero offset, offset cold.

One data point in the offset flow test was deleted due 1o AP below prior tect at 2266 psi.

Leak test results show consistent trends with modest fluctuations in the data - no basis to
question data adequacy. However, the effective crack to TSP hole ID clearance for this test
was 0.010" based on th» crack diameter at the end of the flow pressurization offset test rather
than the target 0.025" clearance.

Summary of Test Resvits

.

Shallow slope of leak test results above 2300 psi shows interaction with the TSP reduces leak

rates.

Interaction with the TSP occurred between 1900 and 2300 psi but cannot be further refined
as free span leak rates were performed between these two pressures.

- The small crack to TSP gap of 0.010" for this test likely resulted in crack interaction with
the TSP at a lower pressure than would have been obtained with the bounding 0.025" gap.

The offset condition resulted in a SLB leak rate of about 1.7 gpm at 2560 psi for this 0.52"

throughwall crack at the start of the test.

- Pressurization to 2624 psi in the flow offset test opened the plastic crack width to a
maximum of 0.010"

The offset leak rate at 2300 psi is about equal to the free span leak rate at 2150 psi, which
demonstrates that the TSP reduced the leak rate significantly compared to that expected for
a free span indication.

Following bladder pressurization to the free span burst pressure of about 4500 psi, the SLB leak

rate increased from about 1.7 gpm prior to bladder pressurization to about 3.1 gpm and the leak

rates are approximately independent of the crack offset condition.

- Even though the offset test exposed a 0.132" TW crack, there is no significant difference in
leakage between the leak rates for the offset and zero offset tests following bladder
pressurization. From the trend analyses of Section 5, the effective crack area is slightly
smaller than the geometric flow area following bladder pressurization and no significant
differences between leak rates in the offset and zero offset condition would be expected.
Bladder pressurization increased the effective crack opening area by 15% compared to the
flow offset test which is less than expected for the more significant increase in leak rate.

Overall Conclusions

* The SLB leak rate for this 0.52" TW crack at the start of the test is limited to about 1.7 gpm

prior to bladder pressurization and 3.1 gpm after bladder pressurization.

- This is the only test showing interaction with the TSP under flow pressurization conditions
that resulted in an increased leak rate after bladder pressurization.

This 0.52" TW crack demonstrated interaction with the TSP between 1900 and 2300 psi.

However, the crack to TSP gap was only 10 mils and interaction with the TSP for the bounding

0.025" gap would be expected to occur at higher pressure differentials.
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Test 2-1a. After Zero Offset Leak Test
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Test 2-1b. After Free Span Leak T
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Test 2-1c. After Offset Flow Test
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Test 2-1. Seummary of Test Dimensionsi Measuremen! Resuits
Specimen R161A, Tube Dia = €.274", Gap = 0.027"

Tuhe Test Total Total Total Frposed Frposed Max. Min
Pressnre OfTset Temp. Angle Crack ™ ™ ™ ™ Dia Dia
(pst) (a) Condifion Lengh Length Ares Length Area (in) in)
in) (Msx. ae) (Max. o) Note 1
Widih Width)
ia in

Free Span

0° 0.575®

0.230%
(0.003W)

0879

0871

0.15
Step C

0° 0.586

0.504
(G.010W)

0.0033

0.134

0.884

0879

0.13

Steps D, E

0° 0.588

0.504
{0.010W)

0.0033

0.134

0.885

0.15

Steps F, G

0.504
(0.011W)

0.0038

(0.007W)

0.00073

0.885

0880
0875

0.00
Step H

Hot

0° 0.588

0.509
(0.011W)

00

00

0874
0.875

0.15
Step 1

Cold

0° 0619

0.509
(0.011W)

0.0041

0.137
(C.007TW)

0.00082

0.886

0.881
0876

. Diameters given are approximately the values at the two edges of the TSP. Diameters greater than the initial 0.874" diameter
indicate bulging of the tube at the edges of the TSP 25 a result of the tube pressurization.
Cracks are tight for specimens not pressurized with a bladder and TW srez is not applicable.
Crack iengths from dye penetrant tests.

Crack lengths from toolmaker’s microscope. Minimum measurable TW crack opening ~0.001"
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Test Plan for IRBs
Test 2-1

General Test Information

Utilize large leak test facility testing

Test 7/8" diameter, corrosion plus fatigue specimen 8161A,
- Silastic mold dye penetrant - 0.62" OD with 0.515" ID
Leak test at 615°F except as noted. Testing at > 615°F is acceptable.
Locate specimen relative to the TSP per requirements for crack locations within TSP and offset
from TSP
Tubes shall be free to move within TSP during .:¢ surization or, as a rinimum, the tube shall
contact the TSP hole at 180° from the crack being leak tested.

Test Sequence

A.

B.
C.

i 11

Hot (615°F) leak test with simulated crack inside TSP and crack tip at edge of TSP at 1800,
1900 and 2000 psi AP

Hot (615°F) free span leak test at 2000, 2150 and 2335 psi AP

Hot (615°F) leak test with crack tip 0.15" offset outside TSP at 2335, psi AP (adjust, if
necessary, to the same AP as last test of Step C), 2560, 2700 pst AP and another higher AP at
facility limit

Leak Test at R.T. with 0.15" offset starting from the highest AP obtained in Step C and increase
to facility limit

Measure crack openiny, length, diameter, area and evaluate crack tearing extension (beyond
corrosion crack length).

With the crack tip 0.15" offset outside the TSP, pressurize to 4,450 psid with a bladder. If
following pressurization, the corrosion crack tip is more than 0.10" outside the TSP, adjust the
specimen to obtain 0.10" of the corrosion crack outside the TSP prior to the leak testing of Step
G. Measure the total crack length, the through wall length/width, the exposed throughwall
length/width and the tube diameter across the crack flanks including at least 5 points along the
crack plus the locations of the edges of the TSP with the crack tip 0.15" offset and at the edge
of the TSP.

Report whether the tube is tight or loose in TSP following pressurization.

Hot (615°F) leak test with crack tip 0.15" offset outside TSP at 2335 and 2560 psi AP

Hot (615°F) leak test with crack tip located at the edge of the TSP at 2335 and 2560 psi AP
R.T. leak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP

Measure corrosion throughwall length and length veisus depth profile.



Test 2-4: Summary of Test Results

Test Sequence

Order of tests: Small leak test facility - zero offset, free span, offset, offset cold; large leak test
facility - bladder pressurization to 4125 psi, cold offset, cold zero offset, bladder pressurization
to free span burst pressure of 5550 psi, coid offset, cold zero offset, hot offset.

- No data points were deleted from the data base.

Leak rates show consistent trends with modest fluctuations in the data and the test data are
acceptable. The consistency of the data, even though testing was divided between two leak test
facilities, tends to support comparable leak rates between facilities.

Since this test shows no tube to TSP interaction (behaves as a free span test), the flow
pressurization test results are independent of the actual crack to TSP gap. After bladder
pressurization to the free span burst pressure of 5550 psi, the crack diameter increased by
0.022" which is reasonably close to the 0.025" target and these test results are considered
acceptable since they do not influence the bounding leak rate assessment.

Summary of Test Results

Leak rates for the crack at edge of TSP, free span and offset 0.15" result in leak rates typical of

free span behavior

- The flow pressure increases extended the length of the initial TW crack to 0.33" and opened
a second TW crack of 0.12". High slopes of leak rate versus AP indicate ligament tearing up
to about 2200 psid

- Maximum tube diameter of (0.878" after test also indicates a low likelihood of tube to TSP
contact at test conditions

- Small slope of room temperature tests up to 2716 psid may be due to hysteresis effect on
2534 psid measurement since this test AP is 37 psi lower than the prior pressurization

Bladder pressurization to a AP of 4125 psi did not result in crack faces contacting the TSP ID

and leak rates are significantly lower (about factor of 2) than obtained with bladder

pressurization at the estimated free span burst pressure of 5550 psi

- Test 4-1 results show that further increases in bladder pressurization above the free span
burst pressure do not result in increased leakage

For this indication, the leak rates following bladder pressurization to 4125 jisi with the crack

inside the TSP are only slightly higher (0.76 vs 0.53 gpm for comparable rom temperature

tests) than ¢ stained prior to bladder pressurization

For 0.15" offset and bladder pressurization to the free span burst pressure of 5550 psi, the leak

rates at SLB conditions are about 1.8 gpm and about 50% higher than with the crack inside the

TSP and the crack tip at the edge of the TSP

- Pressurization opened the longest throughwall crack to 0.382" (> 1.0 mil wide) with an
average TW width of 0.010" and the second TW to 0.284" with an average TW width of
0.004". A TW length of 0.076" with an average width of 0.010" was exposed outside the
TSP.

- The larger than expected increase in offset vs zero offset leak is likely influenced by the two
TW cracks in this specimen 180° apart which share closure of the crack to TSP gap.

*apcepr ot ol A st 11 1904



Overall Conclusions

+ Initial TW crack lengths of about 0.29", OD = 0.60" (Average length = 0.445") do not result in
interaction with the TSP ID at SLB conditions and the leak rates for the indication inside the
TSP behave as free span indications with an SLB leak rate < 0.4 gpm

* Although this indication would not burst at SLB conditions, bladder pressurization tests were
performed to bound the leak rate at pressures of 4125 pc and 5550 psi (estimated free span
burst pressure for this indication)

« Bladder pressurization to 4125 psi resulted in a leak rate approximately the same as the free
span leak rate for the indication inside the TSP and about 0.76 gpm with the crack 0.15" offset
outside the TSP

« Bladder pressurization to the free span burst pressure of 5550 psi resulted in SLB leak rates of
about 1.2 gpm with the crack inside the TSP and about 1.8 gpm with the crack offset 0.15"
outside the TSP



Laak Rate (gpm)

Test 24

indications Restricted From Burst Leak Rate Tests
WbﬂtFmﬂilplumb

10.0000 .
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~ 10D © TimeinTest = e aah .
10000 | —— 980 028 Sietof Test o
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Leak Rats (gpm)

Test 2-4

Indications Restricted From Burst Leak Rate Tests
(Mmmeomcm)

Test Sequence
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Test 2-4 Summary of Test Dimensions] Measurement Results
Specimen 4C-218, Tube Dia = 0.375", Gap = 0.026"

Rindder Tube Test Totsi Totad Total Faposed Max. Min
Pregsare Offset Temp. Angle Creck ™ ™ ™ ™ Dis Dia
(psi) {in) Condifion Length Length Area Length Area {in) (in)
(in) (Max. ) Piax. ash Notwe i
Width) Width)
n : in :
Pione 00 Initial 270° 0 60™ 0.2 NA® 00 NA® 0875 | NAD®
A Dim.
. Hot Test (i 060 00
None Free span Hot - Not measured . -
Step B
None 0.15 Hot - Mot measured - .
Step C
None 0.15 Cold 270° 0.611™ 033 Tight 00 00 0878 | 08T
D 0.
s 20° 0.570™ 0.12% Tight 00 00 -
4125 0.1% Coid 79° 0.509® 0.286" 0.00086 0032 000009 | 088! 0879
Steps F.G (0.003W) (0.003W) 087
20° 0.570°® Tight Tight 00 .
4125 0.00 Cold 210 Same as sbove for 4125 psi biadder 038! 0875
Step H — pressure with 0.15" offset 0875

cape\wpri \irldenkt wpl Judy 28, 1998




Test 2-4 Summary of Test Dimencional Messsrement Results
Specimen 4C-218, Tube Dia = 0.875", Gap = £.026"

Totai Total Total Expised Exposed Max. Min

Biodder Tube Test
Pressure Offset Temp. Angle Creck ™ ™ ™ ™ Dia Dis
(psi) (ia) Condien Length Lengtt Ares Length Ares {in) {in)
fin) (Max. (") (Max. ) Mot 1
Width) Width)
in in

0.382
(0.010W)

0.284

{0.004W)

After 0.617 0351 | 00035 0067 | 000067 | 0897 | 03885
Swep L (0.010W) (0.010W) 0.876
Hot &

Cold Tests 0.588 02¢47% | 000099 0.0 00

(0.004W)

00 - CoMd 0 Same as sbove for 5500 psi biadder pressure with 0.15" offset 0897 087S
Step K p— 0876

. Diameters given are approximately the values at the ¢ edges of the TSP. Diameters greater than the initial 0.875" diameter
indicate bulging of the tube at the edges of the TSP s & result of the tube pressurization.

Cracks are tight for specimens not pressurized with & bisdder and TW ares is not applicabie.

Crack lengths from dye penctrant tests.

Crack lengths from toolmaker's microscope. Minimum measurable TW crack opening ~0.001°.

Smalier final measurements likely more accurate based on using light inside tube to improve measurements.

‘e w
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Test Plan for IRBs
Test 2.4

General Test Information

« Utilize small leak test facility followed by testing in large leak test facility

* Test 7/8" diameter specimen 4C 218
- Crack length: Dye Penetrant - 0.60" with 0.29" TW; UT - 0.62" with 040" TW

+ Leak test at 2 615°F except as noted

* Tubes shall be free to move within TSP during pressurization or, as a minimum, the tube shall
contact the TSP hole at 180° from the crack being leak tested.

Test Sequence

Leak test with crack centered at 1500, 1700 and 2000 psi AP
Free span leak test at 2000, 2335 and 2560 psi AP
Leak test with crack 0.15" offset outside TSP at 2560 and 2720 psi AP (facility limit)
Move tube by 0.15" relative to the TSP
Leak test at R.T. with 0.15" offset starting from the highest AP obtained in Step C and increase
to the facility limit
E. Measure crack opening length, diameter, area and evaluate crack tearing extension (beyond
corrosion crack length).
Decontaminate the specimen
The foliowing tests are to be performed in the large leak test facility with a collar tnat provides a
25 mil diametral gap relative to the tube diameter prior to any of the above leak testing:
F. With the crack tip 0.15" offset outside the TSP, pressurize to about 4000 psid with a bladder.
If following pressurization, the corrosion crack tip is more than 0.15" outside the TSP, adjust
the specimen to obtain 0.15" of the corrosion crack outside the TSP prior to the leak testing of
Step G. For each crack (2 expected), measure the total crack length, the through wall
length/width, the exposed throughwall length/width and the tube diameter across the crack
flanks including at least 5 points along the crack plus the locations of the edges of the TSP with
the crack tip 0.15" offset and at the edge of the TSP.
Report whether the tube is tight or loose in TSP following pressurization.
R.T. leak test with corrosion crack tip 0.15" offset outside TSP at 2335 and 2560 psi AP
R.T. leak test with crack inside the TSP and the crack tip located at the edge of the TSP at
2335 and 2560 psi AP
Repeat Step F with a bladder pressurization of 5500 psid
R.T. leak test with corrosion crack tip 0.15" offset outside TSP at 2335 and 2560 psi AP
R.T. .eak test with crack inside the TSP and the crack tip located at the edge of the TSP at
2335 and 2560 psi AP
Hot (615°F) leak test with corrosion crack tip 0.15" offset outside TSP at 2335 and 2560 psi AP
- Measure corrosion throughwall length and length versus depth profile.
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Test 2-7: Summary of Test Results

Test Sequence

Order of tests: cold zero offset, cold freespan, offset, bladder pressurization to free span burst
pressure of 3700 psi, zero offset, offset, cold offset.

One data point in the flow offset test was deleted due to hysteresis due to being 400 psi lower
than the prior free span test at 2228 psi.

Leak test results show consistent trends with modest fluctuations in the data. The zero offset
flow measurement at 1970 psi has a significantly lower leak rate than the prior data poini at
1878 psi with no interaction with the TSP at this pressure indicated by the data set and this test
result is assumed to be a bad data point.

The 0.022" crack to TSP hole ID clearance, based on the crack diameter a: the end of the flow
pressurization test, is only slightly below the target clearance of 0.025". The test results can be
expected to differ only slightly from that expected for the target clearance, such as a slight
reduction in the pressure for interaction of the crack with the TSP.

Summary of Test Results

The flattening of the leak rate slope above about 2300 psi AP indicates interaction of the crack
face with the TSP ID.
Leak rates below 2300 psi are typical of free span leak rates. -
Due to the large pressure differential of 2210 to 2650 psi between the highest flow offset
data points, interaction with the TSP could have occurred anywhere in this pressure range.

The offset condition resulted in a maximum SLB leak rate of about 4.1 gpm (0.577" TW crack

at the start of the test) both before and after bladder pressurization.

- The normalized test results for the flow offset test show an increase in the leak rate above
the prior free span test at comparable pressures. The free span test was run as a cold test
and the leak rate adjustment procedure has resulted, in some cases, in e adjusted hot leak
rate being below the comparable hot test result. Thus, the higher leak rate for the offset
test may be the result of an overestimate in the cold to hot adjustment factor. An
evaluation of the cold to hot adjustment factor will be included in the final EPRI report for
this test program.

- Pressurizatio.” to 2544 psi in the flow offset test resulted in a maximum crack width of
0.020" compared to 0.003" after the free span test. The TW crack length measured by light
penetration increased from 0.515" after the free span test to 0.636" after the flow offset test.
Even though the crack opening increased significantly in the offset test, the leak rate shows
essentially no increase from start to finish of the offset test due to interaction of the crack
with the TSP,

- There appears to be no significant increase in leakage as a result of the crack offset (0.088"
TW outside TSP) for this test since the leak rate is approximately free span prior to the
start of the offset test and did not increase after crack opening interaction with the TSP.
From the analyses of Section 5, it would be expected that the effective crack opening area
was less than the geometric flow area for this test and no increase in leakage with crack
offset would have been expected for this test.

Bladder pressurization to the free span burst pressure of about 3700 psi did not significantly

affect the ieak rate from that obtained by prior flow pressurization

- Following bladder pressurization to the free span burst pressure, the leak rate with the crack
inside the TSP is essentially the same as for the offset test before and after bladder

*apcepriuterost ol d A 25 1995
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pressurization.
The negligible difference (within measurement uncertainty) between the bladder pressurized
zero offset and offset leak rates is consistent with the leak rate limited by the effective flow

area as expected based on the Section 5 analyses.

Overall Conclusions

Flow pressurization to about 2300 psi AP resulted in interaction of the crack face with the TSP
ID and resulted in an upper bound leak rate of about 4.1 gpm both before and after bladder
pressurization.

After crack face interaction with the TSP at about 2300 psi, the leak rate did not further
increase including subsequent leak rate tests after bladder pressurization to the free span burst

pressure of about 3700 psi.

The test results for this test indicate that throughwall cracks of about 0.58" in 3/4" diameter

tubing can be expected to interact with the TSP prior to reaching SLB pressure differentials.
Since the crack to TSP gap for this test is only 3 mils less than the target 0.025" gap, no
significant difference in the contact pressure would be expected for the target gap.

Vapceprivtsrod ol d Agwt 25 1994
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Lesk Rete (gpm}

Leak Rate (gpm}

Test 2-7

Indications Restricted From Burst Leak Rate Tests
(as-measured, without adjustment to reference conditions)
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Test2-7

Summary of Leak Test and Analysis Results
Specimen 2051E, Tube Diameter = 0.747", Gap = 0.026"

Evalusted Test Averages Adjusted Test Averages Evalustion for Plots I
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Test 2-7. Summary of Test Dimensions! Measurement Resuits
Specimen 2051E, Tube Dia = 6.747", Gap = §.826"

S

Angle

Total
Crack
Lemgh

(in)

Total
™
Ares

()

Exposed

=S e

Exposed
™
Ares

636
(.020W)

0.637
(.020W)

Step G

0.637
(.020W)

0.087
(0.008W)

0.10
Step H

0.637
(021W)

0.087
(0.011W)

0.759
0.746

- Diameters given are approximately the values at the two edges of the TSP. Diameters greater than th2 initial 0.747" diameter
indicaebuigingofmembes&eedguoflheﬁl‘lrmkoflllembeprecwriudon.
: kasnﬂghhwhmsmwmmiwdwﬂlmww"uhmwm.

. Crack lengths from dye penetrant tests

- Crack lengths from toolmaker's microscope.

measurable TW crack opening ~0.001"




Test Plan for IRBs
Test 2.7

General Test Information

-

Utilize large leak test facility testing
Test 3/4" diameter, corrosion plus fatigue specimen 2051E
- Original corrosion crack length: Silastic mold dye penetrant - 0.66" with 0.577" TW
- Specimen fatigued to obtain ID TW length
Leak test at room temperature with selected 2 615°F tests.
Locate specimen relative to the TSP per requirements for crack locations within TSP and offset
from TSP
Tubes shall be free to move within TSP during pressurization or, as a minimum, the tube shall
contact the TSP hole at 180° from the crack being leak tested.

Test Sequence

A.

B.
o

3

Hupcepriutos dd Agm: 25 19

R.T. leak test with simulated crack inside TSP and crack tip at edge of TSP at 1810, 1900 and
2000 psi AP

R.T. free span leak test at 2000, 2150 and 2335 psi AP

Hot (615°F) leak test with crack tip 0.10" offset outside TSP at 2335, psi AP (adjust, if
necessary, to the same AP as last test of Step C), 2560, 2700 psi AP and another higher AP at
facility limit

Measure crack opening length, diameter, area and evaluate crack tearing extension (beyond
corrosion crack length).

With the crack tip 0.10" offset outside the TSP, pressurize to 3650 psid with a bladder. If
following pressurization, the corrosion crack tip is more than 0.10" outside the TSP, adjust the
specimen to obtain 0.10" of the corrosion crack outside the TSP prior to the leak testing of Step
G. Measure the total crack length, the through wall length/width, the exposed throughwall
length/width and the tube diameter across the crack flanks including at least 5 points along the
crack plus the locations of the edges of the TSP with the crack tip 0.10" offset and at the edge
of the TSP.

Report whether the tube is tight or loose in TSP following pressurization.

Hot (615°F) test with crack tip located at the edge of the TSP at 2335 and 2560 psi AP

Hot (615°F) leak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP

- R.T. leak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP

Measure corrosion throughwall length and length versus depth profile.
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Test 2-10: Summary of Test Results

Test Sequence

Order of tests: Small leak test facility - zero offset, free span, offset, cold offset: large leak
test facility - bladder pressurization to 3850 psi, zero offset, offset, bladder pressurization to the
free span burst pressure of about 4960 psi, zero offset, offset, cold offset.

The lowest pressure data point in the cold, flow offset test was deleted from the data base due
to hysteresis effects since the test pressure differential was about 300 psi lower than the prior
hot offset test.

Leak rates show consistent trends with modest fluctuations in the data and the test data are
acceptable. The consistency of the data, even though testing was divided between two leak test
facilities, tends to support comparabie leak rates between facilities.

Since this test shows no tube to TSP interaction (behaves as 2 free span test), the flow
pressurization test results are independent of the actual crack to TSP gap. After bladder
pressurization to the free span burst pressure of 4960 psi, the crack diameter increased by
0.010" which is less than the 0.025" target. These test results are considered acceptable since
the testing prior to bladder pressurization is the most important objective for this test and the
test results do not influence the bounding leak rate assessment.

Summary of Test Results

The slope of the leak rate versus AP curve indicates essentially free span leak rates with no TSP
interaction up to the maximum AP of 2300 psi tested under flow pressurization conditions.
The maximum leak rate tested is about the limit of the small leak test facility used for this
test.
The absence of crack to TSP interaction is demonstrated by the continuous ieak rate trend
between the offset, free span and offset tests.
The maximum measured hot flow pressurization leak rate for this 0.425" TW indication was
about 0.65 gpm at 2240 psi which would extrapolate to about 1.7 gpm at 2560 psi.
The plastic crack width following the flow pressurization tests was not measurable by light
penetration which would indicate a width < 1 mil.
Bladder pressurization to 3850 psi at 0.10" offset resulted in leak rates at SLB conditions of
about 1.9 gpm in the offset condition which exceeded the leak rate in the zero offset condition.
The plastic crack width following this bladder pressurization step was also not measurable
by light penetration.
Following bladder pressurization at 0.10" offset to the free span burst pressure of 4960 psi, the
SLB leak rate at the 0.10" offset condition was about 1.5 gpm with no significant difference
from the zero offset condition.
- The increase in leak rates following bladder pressurization is typical for indications which
do not show interaction with the TSP under flow pressurization conditions.
- The plastic crack width following this pressurization to the free span burst pressure was
0.011". A 0.081" TW crack of maximum width 0.006" was exposed outside the TSP for
the offset test.

Overall Conclusions

The initial TW crack length of 0.425", OD = 0.551" (Average length = 0.488") for this test do=s
not result in interaction with the TSP ID at SLB conditions and the leak rates for the indication
inside the TSP behave as free span indications with an SLB leak rate of about 1.7 gpm.

#apoepriwtarod. ot Aggmt 25 1995



« Although this indication would not burst at SLB conditions, bladder pressurization tests were
performed to bound the leak rate at pressures of 3850 psi and 4960 psi (estimated free span
burst pressure for this indication).

« The SLB leak rate for the 0.10" offset condition following bladder pressurization to the free
span burst pressure was about 1.5 gpm and essentially the same as obtained for the crack
within the TSP,

« Bladder pressurization to the free span burst pressure resulted in SLB leak rates higher than
obtained by flow pressurization at pressures below SLB conditions, which is typical for the
shorter indications for which the crack faces do not interact with the TSP under flow
pressurization conditions, but essentially the same at SLB conditions due to the small leak rate
dependence on pressure following bladder pressurization.
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Test 2-10

Indications Restricted From Burst Leak Rate Tests
(as-measured, without adjustment to reference conditions)
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Test2-10
Summary of Leak Test and Analysis Results
Specimen 2051 B, Tube Diameter = 0.748", Gap = 0.025"
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Test 2-19. Semmary of Test Dimensiousl Measurement Results
Specimen 20518, Tube Dia = 0.746", Gap = 0.025

Bladder Tude
Pressure Offsst
(psi) (in)

Test

Temp.
Condiion

S SRS

Angle

* - ~
Totsl Total Total Frposed FExposed Max.
Creck ™ ™ ™ ™ Dia
Length iength A 5)- Length Area (in)
a 3

Dia
(in)

0.554 . . -0.005
0.546'9

0.749

0.747

Not measursble. Crack width not sufficiently wide for
uniform light penetration to measure crack.

Not measurable. Crack width not sufficiently wide for
uniform light penetration to measure crack.

0.749

0.749
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Test 2-16. Summary of Test Dimensionsl Measurement Results

Specimen 26518, Tube Dia = 0.746", Gap = 0.025"
Risdder Tube Test Totsi Tots! Total Exposed Frpoeed Max. Min
Pressure Offeet Temp. Angle Crack ™ ™ ™ ™ Dia Dis
(psi) {in) Condifion Length Lengih Area Leng Area (in) (in)
Ca) (Max. o) (Max. () Note §
Width) Width)

Step K

0.10
Step L

Approximsiely same as after Step K

Notes: 1. Diameters given are approximately the valves at the two edges of the TSP. Diameters grester than the ipitial 0.746” diameter

indicate bulging of the twbe at the edges of the TSP as a result of the tube pressurization.
2. Cracks are tight for specimens not pressurized with s biadder and TW area is not applicable.
3. Crack lengths from dve penetrant tests
4. Crack lengths from toolmaker’s microscope. Minimum measurable TW crack opening ~0.001"
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Test Plan for IRBs
Test 2-10

General Test Information

. Utilize small leak test facility followed by large leak test facility testing

. Test 3/4" diameter, corrosion specimen 2051B
- Crack lengr. Silastic mold dye penetrant - 0.551" OD with 0.425" TW

« Leak test ar 2 615° with selected room temperature tests

» Locate ;jecimen relative to the TSP per requirements for crack locations within TSP and offset
from TSP

* Tubes shall be free to move within TSP during pressurization or, as a minimum, the tube shall
contact the TSP hole at 180° from the crack being leak tested.

Test Sequence
A. Hot (615°) leak test with simulated crack inside the TSP and the crack tip at edge of TSP at
1800, 1900 and 2000 psi AP
B. Hot (615°) free span leak test at 2000, 2150 and 2335 psi AP
C. Hot (615°) leak test with crack tip 0.10" offset outside TSP at 2335, 2560 and 2750 (or facility
limit) psi AP
Note: If at any tim= during this test it appears that the facility limit for measuring leak rate is
being approached, increase the AP to about the facility limit and terminate testing in the small loop.
Testing will than be continued in the large loop.
D. Leak test at R.T. with crack tip 0.10" offset outside TSP at the 2750 AP psi or highest pressure
obtained in Step C and increase the AP to the highest AP obtainable at room temperature.
E. Measure crack cpening length, diameter, area and evaluate crack tearing extension (beyond
corrosion crack length).
Decontaminate the specimen for later testing in large loop facility
F. With the crack tip 0.10" offset outside the TSP, pressurize to 3800 psid with a bladder. If
foliowing pressurization, the corrosion crack tip is more than 0.10" outside the TSP, adjust the
specimen to obtain U.10" of the corrosion crack outside the TSP prior to the leak testing of Step
G. Measure the total crack length, the through wall length/width, the exposed throughwall
length/width and the tube diameter across the crack flanks including at least 5 points along the
crack plus the locations of the edges of the TSP with the crack tip 0.10" offset and at the edge
of the TSP.
* Report whether the tube is tight or loose in TSP following pressurization.
Move specimen to the large leak test facility for the following tests. Either the hot test sequence or
the cold test sequence (lined out) are acceptable and selection of hot or cold testing should be
based on most efficient completion of the tests.
Hot (615°F) test with crack tip located at the edge of the TSP at 2335 and 2560 psi AP
Hot (615°F) leak test with 0.10" offset outside TSP at 2335 and 2560 psi AP
Repeat Step F with a bladder pressurization of 4920 psid
Hot (615°F) test with crack tip located at the edge of the TSP at 2335 and 2560 psi AP
Hot (615°F) ieak test with 0.10" offset outside TSP at 2335 and 2560 psi AP
R.T. leak test with 0.10" offset outside TSP at 2335 and 2560 psi AP
. Measure corrosion throughwall length and length versus depth profile.

ErE=Txo
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Test 4-1: Summary of Test Results

Test Sequence

Order of tests: All bladder pressurization tests - at about free span burst pressure of 5800 psi
insiGe ¢ TSP with zero offset leak test, at 6000 psi with 0 15" offset and offset leak test, 6800
psi with (.15" offset and offset leak test, 8900 psi with 0.15" offset and both zero offset and
offset le'k tests, 10120 psi with 0.15" offset and offset leak test , and 11350 psi with 0.15"
offset 2t which time the specimen ruptured like a free span indication outside the TSP. Room
tempu rature leak tests were performed for all tests. Note that only the initial and 8900 psi steps
had both zero offset and offset leak tests.

No leak test results were exciuded from the data base.

Leak test results show consistent trends with modest fluctuations in the data and there is no

basis to question the data adequacy. However, this specimen had four cracks, one throughwall

at the start of the test. After the first bladder pressurization step, three cracks were throughwall
including two cracks 180° apart. Throughwall cracks 180° apart influence the differences in
leak rates between zero offset and offset tests due to competition between the two cracks to
occupy the clearance between the tube and the tube hole. Offsetting the crack from the TSP
exposes two throughwall cracks in this test.

- Due to the multiple cracks in this specimen, the tube was intentionally centered in the tube
for the initial bladder pressurization tests as there was no obvious preferred orientation to
maximize the leak rates. The initial bladder pressurizations expanded the two 180° crack
openings to close the 0.023" tube to TSP diametral gap for this test. It is believed the test
results are fully representative of limiting leak rates expected for multiple TW cracks
following bladder pressurization with the offset leak rate differences increased by exposing
two TW cracks 180° apart.

Summary of Test Results

Leak rates with the crack within the TSP decrease significantly (about 2.4 gpm at 5800 psi
bladder pressure to about | gpm after 8900 psi after extrapolation to SLB AP = 2560 psid) with
increasing bladder pressure as ti.e increasing pressures progressively close the tube to TSP gap
due to plastic deformation of the tube while crack opening areas only modestly increase.
= After pressurization to 8900 psi, the crack faces contact the TSP ID over close to 0.5" of
the 0.626" TW length. The two largest cracks are 180° from each other and both are
bulged such that the gap flow area within the TSP is reduced for both cracks
Leak rates with the crack offset 0.15" outside the TSP do not significantly change (slight
decrease) with increasing bladder pressure
Leak rates with 0.15" offset are about 4 gpm at SLB conditions or about 60% higher than for
the crack within the TSP
= Two throughwall cracks are exposed outside the TSP and contribute to the higher leak rate
with the 0.15" offset
7/8 diameter specimen with 0.24" TW, 0.67" OD by dye penetrant at start of test
After pressurization to approximately the free span burst pressure of about 6000 psi, the
specimen includes three TW cracks of lengths 0.606, 0.567 and 0.388 inch with maximum
crack openings of about 0.020, 0.015 and 0.007 inch.
After pressurization to 8900 psi, the three TW lengths are 0.626, 0.603 and 0.408 inch with

Suptepn irterod old Angeet 25 1995
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maximum crack openings of 0.022, 0.0i8 and 0.009 inch. The maximum tubc diameters
inside the TSP have nearly closed the entire tube to TSP gap.

- After pressurization to 10120 psi, almost the entire tube has expanded to close the tube to
TSP gap.

« The 90° crack burst like a free span crack outside the TSP at 11350 psi with the crack 0.15"
outside the TSP (0.142" TW). The burst resulted in about a 1" fishmouth opening extended
a\vay from the edge of the TSP.

This burst pressure for a TW crack 0.14" outsige the TSP is ayproxumtely equal to the free
span burst pressure of an undegraded tube and is more than 3000 psi higher than the
WCAP-14273, Figure 9-2 Furst correlation (after adjustment to the 7/8" tube size of this
test) for throughwall cracks extending outside the TSP.

Overall Conclusions

« SLB leak rates for this indication with multipie throughwall cracks up to 0.61" TW after
bladder pressurization to about the free span burst pressure are bounded by about 4.2 gpm with
0.15" offset and about 2.5 gpm for the crack within the TSP.

« Crack opening areas are limited by the tube to TSP gap following contact of the crack face with
the TSP ID and the associated areas are less than the minimum geometric flow area formed by
the gap.

- WCAP-14273 model overestimates the flow arez and leak rate.

» Bladder pressurizations above the free span burst pressure do not result in increasing leak rates
- Therefore, it is was not necessary to include bladder pressurizations above the free span

burst pressure in tests following Test 4-1.

- The principal effect of further increases in bladder pressure is to close the tube to TSP gap
within the TSP along the crack opening due to plastic deformation and to expand the
overall tube diameter to close the gap.

* The 90° crack burs: like a free span crack outside the TSP at 11350 psi with the crack 0.15"
outside the TSP (0.142" TW). This burst pressure is more than 3000 psi higher than the
WCAP-14273, Figure 9-2 burst correlation for throughwall cracks extending outside the TSP.
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indications Restr. ined From Burst Leak Rate Tests
(as-measured, without adjustment to referencs conditions )
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Test 4 -

Summary of Leak Test sed Asalysis Results
Specimen 4B-214, Tube Diameter = 0.876", Gap = 0.023"
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Test 4-5 Sommary of Test Dimensisnsl Measurement Reswits
Specimen 4B-214, Tube Dia = 0.876", = §.823"

11350 0.15
Step L2

N/A

§§ Notes: 1. Diameters given are rpprozimately the vaines at the two edges of the TSP. Diameters greater than the initial 0.876" diameter indicate
bulging of the tube at the edges of the TSP as a result of the tube pressurization.
1 Crack lengths from dye penetrant measurements prior to bladder pressurization.
3. Crack lengths from tooimaker’s microscope. Minimum measurable TW crack opesiag ~0.001".
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Test Plan for IRBs
Test 4-1

fyenergl Test Information

.

Utilize large leak test facility
Test 7/8" diameter specimen 4B 214
- Crack length: Dye Penetrant - 0.67" with 0.24" TW; UT - 0.74" with 0.50" TW
Leak test at room temperature except as specificaiy noted
Tube to TSP diametral gap of 0.025" except pe: adjustments noted
Tubes shall be free to move within TSP during pressurization or, as a minimum, the tube shall
contact the TSP hole at 180° from the crack being leak tested.

Test Sequence

>

-

0w

™.

-

o

M.

Pressurize to 3800 psid with a bladder

if tube is loose in TSP following pressurization, replace TSP to obtain about 0.001" diametral
clearance between the maximum diameter of the crack ope: 'ng and the TSP hole. This
requirsment applies following all bladder pressurizations of this test sequence.

Reom temperature leak test at 2335, 2560 psi AP

Measure crack opening length, diameter, area and evaluate crack tearing extension (beyond
corrosion crack length). Estimate corrosion throughwall length.

Move crack to 0.15" outside TSP and pressurize to the same pressure as step A

Move tube by 0.15" relative to the TSP

Room temperature leak test at 2335, 2560 psi AP. if high temperature facility is available,
repeat leak test at 615°F.

Measure crack opening length, diameter, area and evaluate crack tearing extension (beyond
corrosion crack length).

With the 0.15" crack positior;, pressurize with a bladder (and foil if necessary) 't 1000
psi above the prior pressurization step

Room temperature leak test at 2335, 2560 psi AP

Repeat steps G and H with increases in bladder pressure of 1000 psi increments until
bladder/foil pressurization of about 9000 psi is achieved

At bladder pressurization of about 8900 psi, also perform R.T. leak test with crack centered in
the TSP

At bladder pressurization of about 8900 psi, perform hot (2615°F) leak test with crack tip 0.15
inch offset from the edge of the TSP*

Continue bladder pressurization increases in about 1000 psi increments (initially about 9900 psi)
and perform either room temperature or hot leak tests (option to increase facility efficiency) at
2335 and 2560 psi with (.15 inch offset following each pressurization step. Terminate testing
when the indication bursts outside the TSP.

Measure crack opening length, diameter, area and evaluate crack tearing extension (beyond
corrosion cracl: length). Measure throughwall corrosion length and corrosion depth versus
length profile.

Test performed prior to acceptance of hot leak test facility and data not included in evaluations.



Test 2-8: Summary of Test Results
Laser Slot Specimen

Test Sequence

Order of tests: zero offset, freespan, offset, cold offset. No bladder pressurization tests were
perfonmed for this test.

This test required 10 data points to be deleted because of hysteresis effects resulting from tests
under flow pressurization that a run at lower pressure differentials than prior tests.

The leak rate measurements show consistent trends and modest fluctuations such that the data
are consicered adequate test data for a laser specimen. However, the larger crack opening areas
for a laser slot, especially at the crack tips, result in high leak rates that are not prototypic of
corrosior cracks as discussed below.

The crack to TSP gap of 0.027" for this test, as demonstrated by the increase in crack diameter,
ic vonsistent with the target gap of 0.025".

Summary of Test Results

The shailow slope of the leak rate curve above 1900 psi and the large increase in leak rate for
free span conditions clearly demonstrate that interaction with the TSP significantly reduces leak
rates.
The effects of crack to TSP interaction are similar to that for corrosion cracks although th-
lake rates are too high to be representative of corrosion cracks.

The maximum SLB leak rate for this laser cut specimen is about 6.1 gpm in the offset

condition.

- The maximum crack width for this specimen increased from an initial about | mil width to
0.007" after the zero offset test, 0.021" after the freespan test and 0.035" after the offset
test. This crack width exceeds the corrosion crack widths for specimens tested up to 0.62"
throughwall and is exceeded in this test program only by the 0.044" width found for the
0.74" TW crack of Test 1-6.

The large width of this specimen at the tips of the laser slot result in the laser slot being an

unacceptable specimen for testing leak rate effects of TSP offset. The non-prototypic, large TW

areas of the laser slot exposed by offsetting the TSP result in unrealistically large leak rates for
offset tests.

- Photographs of the post-tes: laser cut specimen show well rounded and wide openings at the
tips of the laser slot that are not typical of corrosion cracks (compare laser siot after offset
test to photographs for Tests 1-7 and 2-7 which have comparable crack lengths).

- The crack opening TW area outside the TSP for the laser specimen offset test of 0.002] in’
is 60% higher than the largest corrosion specimen in Test 1-6 (0.74" TW vs. 0.55" for laser
slot)

The leak rates for the 0.55" TW laser slot are significantly higher (fartors of 3 to 4 in free

span) than obtained for the 0.577" TW corrosion crack of Test 2-7.

- The laser slot shows interaction with the TSP at lower pressures than the Test 2-7 corrosion
specimen even though the crack to TSP gap was 0.027" for the laser slot and 0.022" for
Test 2-7.

When the test pressure drops are adjusted to the maximum AP at the start of the leak test as

compared to the average pressure drop used for reporting test results, the trends related to
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interzction with the TSP and the SLB leak rate are not significantly changed although the test
pressures are increased by about 200 psi.

Overall Conclusions

« Laser cut specimens are not an acceptable substitute for corrosion cracks for leak testing
Laser cut specimens result in a factor of 3 increase in free span leak rates as indicated by
comparing Tests 2-8 and 2-7 results
The large widths at the tips of the laser slot result in non-representative leak rates for offset
test conditions.

« The trends and effects of crack to TSP interaction can be demonstrated by laser slots although

the leak rates are t0o high to be representative of corrosion cracks
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Comparison of Data for Tests 2-7 and 2-8

Indications Restricted From Burst Leak Rate Tests
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Test 2-8
Comparison of Leak Rates Based on Average and Max. Dp
indications Restricted From Burst Leak Rate Tests
{Leak Rate Test Data Normalized to 615°F and 15 psi Secondary Pressure)

10

Test Sequence

~——&—— Canterad, Max Dp
—&—- Free Span, Max Dp

: —@—-Offset 0 10", Max  Dp
mr—t e | e Offset 0.10°, RT, Max. Dp
~ 4 — Centered, Avg Dp

: = 4 — Free Span, Avg Dp
| =@~ Ofiget 0.10, Avg Dp

= 3~ Ofsat 0.10", AT, Avg. Dp

Leak Rate (gpm)
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Test 2-8¢c. Laser Slot After Leak Test in Offses Condition
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Test 2 -

Summary of Leak Test and Analysis Results
Specimen LC-2, Tube Diameter = 0.744", Gap = 0.025"
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Test 1-8. Sommery of Test Dimensicnsl Messuremeni Results
Specimen IRB-LC2, Tube Dia = 0.744", Gap = 0.025"

None 0.10 Cold o° 0.569 0.558 00164 0.097 0.0020 0773 0.760
0.744

. Dismeters given sre approximately the vaiues at the two edges of the TSP. Diameters greater than *he initial 0.749" diameter
indicate bulging of the tube at the edges of the TSP as & result of the twbe

Not measurable. Irregular light penetration through slot. Maximum messurable width of lsser slow ~ 0.0015".

Crack lengths from dye penetrant tests

Crack lengths from tooimaker’s microscope. Minimum measurable TW crack opening ~0.001"

hwN
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Test Plan for IRBs
Test 2.8

General Test Information

Utilize large leak test facility testing

Test 3/4" diameter, laser cut specimen IRB-LC-2: 0.55" TW

Leak test at 2 615°F with selected room temperature tests.

Locate specimen relative to the TSP per requirements for crack locations within TSP and offset
from TSP

Tubes shall be free to move within TSP during pressurization or, as 8 minimum, the tube shall
contact the TSP hole at 180° from the crack being leak tested.

Test Sequence

O m m P oW >

. Hot (615°F) leak test with simulated crack inside TSP and crack tip at edge of TSP at 1800, 1900

and 2000 psi AP

Hot (615°F) free span leak test at 2000, 2150 and 2335 psi AP

Hot (615°F) leak test with crack tip 0.10" offset outside TSP at 2335, psi AP (adjust, if necessary, to

the same AP as last test of Step C), 2560, 2700 psi AP and another higher AP at facility limit

MMmmhcnckopomn;‘ length, diameter, area and evaluate crack tearing extension (beyond corrosion
gth).

Room Temperature leak test with crack tip 0.10" offset outside TSP at the highest AP obtained in

the Step C testing and another higher AP at facility limit

mxmmm.mMememmmmmm

Measure corrosion throughwall length and leagth versus depth profile.



5.0 Trend Analyses



Trend Analyses

Leak Rate Dependence on Crack Length, Crack Opening Area, Offset Area, etc.

» Method of analysis - all leak rates adjusted to 2560 psid based on linear extrapolation of log leak
rate versus pressure data plots. Crack lengths and open areas obtained from dimensional
measurements for each test.

+ Leak rates correlate well with throughwall crack 'ength
- Good agreement between correlations for zero offset and offset leak rates
- Except for laser slot used in Test 2-8 which has twice the ieak rate found for throughwall

cracks of comparable length

« Leak rates correlate reasonably well with total crack opening area

Slope of correlation decreases (does not follow linear relation typical of free span cracks) with
increasing area indicating tube to TSP interaction reduces leak rate and effective crack area for
large crack opening areas

- Good agreement between correlations for offset and zero offset data

- Leak rates for test sequences 11 and 12 generally lie above the regression curve based on all
of the test data. Following bladder pressurization, Test 12-7 had a large crack area and lies
below the regression lines since this specimen was pressurized well above the free span burst
pressure (pressurized to 6200 psi compared to free span burst pressure of abouvt 3950 psi).
Test 12-7 has been deleleted from the correlations with crack opening area.

- Some spread in the dat. about the regression curve can be expected due to uncertainties in the
throughwall crack area measurements
« Offset test leak rates show no correlation with the offset throughwall length and only a weak
correlation with the offset TW area outside the TSP
+ The differences in leak rates between offset and zero offset crack locations correlate reasonably
with the offset flow area outside the TSP for tests prior to bladder pressurization but not for tess
following pressurization to the free span burst pressure
+ The leak rate trends for the laser siot of Test 2-8 are distinctly different than that for corrosion
cracks. The leak rate is about twice that of corrosion cracks of comparable throughwall lengths
and the crack opening area is more than three times that found for corrosion cracks of
comparable lengths. Thus laser slots are not an adequate simulant for corrosion cracks in leak
rate testing.
« Summary conclusions
- SLB leak rates for [RBs are primarily a function of the throughwall crack length
- SLB leak rates do not increase linearly with the crack opening area, as would be expected for
free span cracks, since the larger openings interact with the TSP hole ID to retard leakage
flow from the largesi crack widths near the center of the crack

- The increase in leakage from cracks offset outside the TSP relative to the total crack within
the TSP is a function of the crack opening area outside the TSP prior to reaching the free span
burst pressure of the indication.
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Summary of SLB Leak Rat

Specimen

Initiai Lengths

———

es'"' (2560 psid) and Crack Length/Area Data

Offset Test

lerg Offset Tests

Offset

Flow Pressurization Tests

(gpm)

1560 psi
Leak
Rate

(gpm)

24 7/8‘.4C2 IR 0.600 0.290 0.330 0.00033 0.000 0.00000 037 NM. NM. 0.37
2-10 3/42051B 0.551 G425 0425 0.00043 0.000 0.00000 1.70 NM. NM. 1.70
2-1 T8 R161A 0.640 0515 0.504 0.00330 0.134 0.00060 1.65 0.230 0.00058 093
2-7 3/4 2051E 0.660 0577 (.636 0.00850 0.088 0.00048 410 0515 0.00090 NR™®
2-8 3/4IRB-LC2 0553 0.550 0558 0.01640 0.104 0.00210 6.10 0525 0.00290 2.20
1-1 7/8.8161G 0626 0620 0.595 0.00450 0.147 0.00074 3.70 0494 0.00200 2.30
1-2 7/88161E 0.645 0.620 0.666 0.00650 0.145 0.00087 3.20 0574 0.00170 NR.
1-7 3/42051A 0.600 0.600 0.602 0.00710 0.091 9.00064 410 0530 0.00430 3.20
1-6 3/4,2008E 0.760 0.740 0.724 002490 0.070 0.00130 550 0619 0011R0 340
4-1 7/84B214 0.670 0.240 - - - NM®™ NM®
111 785B403 | 0710 | 0600 | 0620 {00178 | 0150 | 000134 | 500 0620 | 00081i | 400
0.110 0.129 0.129
17-2 7/88161B 0.729 0630 0.720 0.00681 0.173 0.00102 5.30 0.657 0.00284 NR.
11-7 3/4 2008A 0813 0.809 0811 0.01855 0.102 0.00120 6.20 0.809 0.01660 6.20
12-1¢ 7/8.2161C 0.607 0518 0.585 0.00176 0.105 0.0001 3.20 NM. NM. 3.20
_ 0465 0.360 NM. NM.
12-7% 3/4,2008D 0.590 0.375 0.375 0.00213 0.100 0.0001 390 0.375 0.00168 390
0.256 0.259 0.259
*—&uu —————— -
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Summary of SLB Leak Rates'"’ (2560 psid) and Crach Length/Area Data

Specimen

Initial Lengths

Oifset

Test

Zero Offset Tgsts

Offset

Bladder Pressurization Tests

2560 psi
Leak
Rate

(gpm)

25690 psi
Feak
Rate

(gpm)

24 | 18ac18 | 0600 | 0290 | 0382 | 00038 | 0076 | 000076 19 0382 | ooo3se | 13
210 | 3/42051B | 0551 | 0425 | 0492 | 00038 | 0081 | 000048 16 0492 | 000310 | 16
21 | 7RB161A | 0640 | 0515 | 0504 | 00038 | 0132 | 000073 3.1 0509 | 000410 | 32
27 | 342051E | 0660 | 0577 | 0637 | 00095 | 0087 | 000052 37 0637 | 001040 | 42
28 | 4IRBL62 | 0553 | 0550 - - - NM.” - NM.
1-1 | 7/88161G | 0626 | 0620 | 0595 | 00052 | 0147 | 000074 24 0595 | 000520 | 35
12 | 88161E | 0645 | 0620 | 0668 | 00078 | 0085 | 000051 28 0666 | 000730 | 27
1-7 | 342051A | 0600 | 0600 | 0613 | 00087 | 0100 | 000087 33 0613 | 000900 | 32
16 | 342008 | 0760 | 0740 | 0726 | 00262 | 0070 | 000160 50 0726 | 002570 | 43
41 | 7/84R214 | 0670 | 024c | 0606 | 00099 | 0099 | 000110 | 42 0605 | 00099 | 25
11-1% | 7/85B403 | 0710 | 0600 | 0754 | 00144 | 0154 | 000168 50 0754 | 001460 | 50
0.110
112 | 788161B | 0729 | 0729 | 0707 | o016 | 0150 | 900151 53 0707 | 001140 | 49
117 | 3/42008A | 0813 | 0809 | 0811 | 00186 | 0100 | 000118 6.2 0811 | 001910 | 57
12219 | 788161C | 0607 | 0518 | 0630 | 00117 | 0151 | 000181 5.7 0620 | 001053 | 57
0465 | 0360 | 041 0411
127" | 3/42008D | 0590 | 0375 | 0726 | 00316 | 0100 | 000215 33 0726 | 003175 32
0.256

s apeprivderep %6 Angum 25 1994



Sumuury of SLB Leak Rat“’ {2560 psid) nnd Crack Length/Area Data

Offset Test Zero Offset Tests
Initia! Lengths £ Total Cfiset 1560 psi - Total ZS:O :si '
Test | Specimen : T T™W — Leak T ™ ea
Totsl TW Length Soon ™ ™ Rate Length s Rate
-~y Length Area (gpm) (gpm)

Notes:

n
2)
3)
@)
)
(6)

Approximate leak rates at 2560 psid based on linear extrapolation of log leak rate vs Ap plots.
N.R.-Eﬂimnenmrelito!eduelohwmmmtmedinmmoffsacuuﬁﬁmmtwmofcmkmﬁ?bmmimnbwwm
NM. - not measured. Test not perfomed.

Specimen has two throughwali cracks 90° aparnt

Specimen has two parallel throughwall cracks separated by a circumferential ligament 0.012" at the crack tips
Specimen has two aligned axial cracks separated by a ligament

\apcepriute oy S5 Angun 25 1999
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Offset Leak Rate vs. Total Crack Opening Area for Bladder Pressurization Tests

o /

2560 psi Loak Rate gpm
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Offset Leak Rate vs. Total Crack Opening Area for Flow and Bladder Pressurization Tests
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2580 psi Leak Rate gpm
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Zero Offset Leak Rate vs. Total Crack Opening Area for Flow Pressurization

70

2580 ps: Leak Rats gym
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Offset Leak Rate vs. Throughwalil Length Cutside TSP for Flow Pressurization
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Offset Leak Rate vs. Throughwall Length Outside TSP for Bladder Pressurization
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Offset Leak Rate vs. Crack Opening Area Outside TSP for Biadder Pressurization

2580 psi Leak Rate gpm
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Leak Differences Between Offset and Zero Offset vs. Offset TW Area Outside TSP
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Trend Analyses

Comparisons of Tube to TSP Interaction Predicted by Belgian Crack Opening Diameter
Versus Pressure Measurements with Interaction Inferred from Leak Tests

Belgian measurements of crack opening diameter as a function of the ratio of the applied AP to
the free span burst pressure provide an estimate of the AP at which contact of the crack face (at
center of crack) would contact the ID of the TSP hole.

The leak rate tests can be used to infer interaction with the TSP by the leak rates becoming
weakly dependent on AP, as compared to free span behavior for which leak rates increase
significantly with AP due to increased crack opening widths.

Interaction with the TSP as inferred from leak rate trends is consistent with that obtainec from
the Belgian data. In general, the leak rates imply interaction at somewhat lower APs than the
Belgian data.

Ten of the fourteen specimens tested by flow pressurizaticn (excludes 4-1 which had only
bladder pressurization to expand the crack) resulted in leak rates reduced by interaction with the
TSP. Only the shortest crack lengths tested (Tests 2-4, 2-10, 12-1 and 12-7) did not result in
interaction with the TSP.

Throughwali Crack Lengths Outside the TSP for Offset Tests

Leak tests were performed for the crack tip offset froin the edge of the TSP for both flow and

bladder pressurization tests

The throughwall length measurements are based on measuring the length of light visible through

the crack. The width of the crack must be about one mil wide for light to be visible. These

measurements may underestimate the throughwall length since the crack width at the tip of the
crack may be less than a mil wide. For some tests (Tests 1-1, 1-6, 2-1), the ID crack length at
the start of the test, as measured by dye penetrant with silastic molds, is larger than the
throughwall length at the end of testing.

For the 3/4" tubing tests with the crack tips offset by 0.10", the throughwall lengths outside the

TSP at the end of the offset test ranged from 0.005" to 0.104" with flow pressurization and from

0.007" to 0.100" with bladder pressurization. Except for the shortest crack length tested (Test 2-

10), the throughwall lengths outside the TSP exceeded 0.07" of the 0.10" offset.

- Six test have TW lengths outside the TSP at the bounding TSP displacement of 0.1,

- The offset throughwall lengths for the six largest cracks and twelve leak tests are equivalent to
or exceed the maximum TSP displacements at the most limiting tube location for the lowest
four TSPs which include 98% of the TSP indications at Braidwood-1 and Byron-1,

- Without the conservative factor of two applied to TRANFLO loads for the TSP displacement
analyses, the throughwall lengths outside the TSP exceed the maximum TSP displacement of
< 0.05" for all tube locations on all plates

- It is concluded that the TSP offset distance of 0.10" used for the IRB tests and the resulting
TW lengths outside the TSP provide a very conservative assessment of the effect of TSP
displacement on the leak rate.
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Estimated Pressures for Crack Face te TSP Contact

D B : —— s
Specimen Crack Length-in. Predicted'” Leak Test
Test Flow Stress Burst Crack Face Implied
ki Pressure to TSP Tube to TSP
Number Diameter oD 1)) ksi Contact Interaction
inch AP AP - ksi
ksi
3/4" Diameter Specimens
1-6 2008E 0.745 0.735 0.76 782 3.061 21 ~20
1-7 2051A 0.748 0.58 0.60 80.5 3981 2.7 ~22
2-7 2051E 0.747 0.66 0577 BO.S 3.800 27 >22,<26
2-8 IRB-LC2 0.750 055 0.55 725 3822 r X J -19
2-10 2051B 0.746 0.551 0425 R0.5 4.700 i3 >2.3 max. tested
11-7 2008A 0.745 0813 0.809 78.2 2.850 20 ~20
12-7 2008D 0.744 0.590 0.580'" 78.2 3950 27 >2.6 max. tested

7/8" Diameter Specimens

1-1 8161G 0.875 0.62 0.62 76.6 4.141 24 ~20

1-2 8I61E 0875 0.64 0.62 76.6 4084 23 >21,<23
2-1 BI61A 0.875 0.62 0515 76.6 4462 25 > 19, <23
24 4C218 0875 - 0.60 0.29 783 5470 31 >2.6 max. tested
4-1 48214 0.876 0.67 0.24 819 5635 32 Not tested
11-1 5B403 0874 0.71 0.70 76.6 3670 2.1 -22

-2 8161B _ 0874 0.73 0.63 76.6 4075 23 ~24

12-1 816iC 0.875 0.607 0515 76.6 4850 27 >2.7 max. tested

Note 1. Specimen has two cracks separated circumferentially by 0.012" which affects estimated burst pressure.
Note 2. Based on Belgian test data for crack opening diameter vs AP; includes oniy pltic component of crack opening.
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Summary of TW Lengths Outside TSP and Crack Extension

TW Outside TSP at 0.10" Offset Crack Extension - inch

SLB AP Freespan SLB AP Freespan
Burst AP Burst AP

3/4" Diameter Sp.cimens

1-6 0.070 0.070 0.0016 0.021
I 1-7 0.091 0.100 0.021 0.025
I 2-7 0.088 0.087 0.011 0.014
I 2-8 0.104 (2] 0.012 [2)
! 2-10 0.005 0.081 0.003 0.024
11-7 0.102 0.100 0.009 0.009
12-7 0.100 0.100 0.045 0.183%

TW Ouitside TSP at 0.15" Offset Crack Extension - inch

SLB AP Freespan SLB AP Freespan
Burst AP Burst AP
7/8" Diameter Specimens
1-1 0.147 0.147 0.013 0.013
1-2 0.145 0.085 0.090 0.090
2-1 0.134 0.132 0.064 0.097
2-4 0.0 0.076 0.011 0.017
4-1 (3] 0.099, 0.112 (3] 0.015 ]
11-1 0.159 0.154 0.045 0.047
11-2 0.173 0.150 0.019 0.020
12-1 0.105 0.151 0.039 0.051

Note 1. Bladder pressurization of 6200 psi exceeded free span burst estimate of 3950 psi
and contributed to the larger increase in crack length.

Note 2. Bladder pressurization condition not tested.

Note 3. Flow pressurization condition not tested. Initial test was bladder pressurization at
> SLB AP.
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» For the 7/8" tests with a 0.15" offset of the crack tip outside the TSP, the TW lengths outside the
TSP range from 0.105" to 0.173" for six of the seven tests under flow pressurization conditions
and from 0.076" to 0.154" for eight bladder pressurization tests.

- Eight leak tests had TW lengths 20.145" outside the TSP including the maximum TW offset
length of 0.173".

- It is concluded that the TSP offset distances for the 7/8" tests also provide a very conservative
assessment of the effect of TSP displacements on the leak rate.

* For test sequences 11 and 12, the crack alignment objective for offset tests was to offset the TW
crack length by the offset goal. Throughwall measurements after the zero offset test were used
to identify the tip of the TW crack for this objective. When crack extension occurred during the
offset test, the end of test TW length exceeded the objective. For Test 12-1, the TW length after
the zero offset test could not be seen by light penetration and the end of the crack tip was set at
0.15" outside the plate. At the end of the offset test, it was identified by light penetration that
0.105" throughwall was outside the TSP.

Comparison of Total Crack Length at Beginning and End of Test Including Bladder
Pressurization to Freespan Burst Pressure

* Total crack lengths prior to initiating leak testing were measured by dye penetrant tests, Lengths
following leak tests were measured by visual observations with a toolmaker's microscope.
Although the latter measurement would be expected to be less accurate and typically shorter for
comparable conditions, the measurements after leak testing follow pressurization of the tube
which tends to open the cracks and facilitate visual observation.

* With the exception of the specimens for Tests 1-2, 2-1 and 12-7, the growth in measured crack
lengths including pressurization to the free span burst pressure is less than about S0 mils, which
can be considered negligible. Crack tearing for a free span burst exceeds 250 mils.

* The crack length measurements for Tests 1-2 and 2-1 indicate an increase in length of 90 and 64
mils following flow pressurization to 2540 psi. The length increase for 1-2 was associated with
the opening of a branch crack at the side of the main crack. It is likely that this branch crack
existed prior to testing but was too tight for detection. The branch crack was not throughwall
following pressurization to the free span crack length. The length increase for 2-1 was associated
with opening of two, non-throughwall microcracks in-line with but not continuous with the main
macrocrack identified at the start of the test. ;

* The crack length measurements for Test 12-7 indicate an increase in length of 0.183" following
bladder pressurization to 6200 psi. This larger increase is due to bladder pressure exceeding the
target free span pressure of 3950 psi.

* It is concluded that the crack extension for cracks inside the TSP is negligible for pressurizations
as high as the free span burst pressure of the indication. ‘

Flow Area and Crack Offset Considerations for Influence on IRB Leak Rates

* The leak tests following bladder pressurization show almost no differeiices (within 10%) in leak
rate between the offset and zero offset conditions. This would be the expected result if the crack
opening area is less than the geometrical flow area such that leakage is limited only by crack
area. If limited by crack area, only differences in flow turning losses between the crack inside
the TSP and offset would result in a difference in leak rate and this effect would generally be
small. However, some of the tests performed prior to bladder pressurization show an apparent
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increase in leak rate with the crack offset from the TSP. These tests are further evaluated below.
- Tests 4-1 and 2-4 were the only initial tests (test sequence numbers 1 to 4) that showed an
increase in leak rate for the offset condition following bladder pressurization. In Test 4-1, the
indication was pressurized to about 10% above the calculated free span burst pressure (all
other tests were expanded at the free span burst pressure or lower) and the leak rate increased
from about 2.5 gpm with 0.0" offset to about 4.2 gpm with 0.15" offset. However, this test
included three throughwall cracks of 0.606", 0.567" and 0.388" and pressurization increased
the diameter of the tube. The significant increases in the tube diameter (not across crack
opening) occur on'y at high burst pressures (5800 psi for 4-1) and would not be present in a
burst at SLB conditions. The two largest TW cracks were 180° apart from each other such
that, within the TSP, the ID of the hole could restrict leakage from one or both of these
cracks. When offset, these two cracks had exposed lengths of 0.099" and 0.112". Therefore,
for Test 4-1, it is believed that the combination of multiple long throughwall cracks i80° apart
and the diameter changes were the cause of the increase in leakage for the offset condition.
Test 2-4 also had two throughwall cracks !80° apart although only one throughwall crack was
exposed in the offset condition. It is believed that the combination of multiple TW cracks and
diameter changes at the higher bladder pressurization were the cause of the increase in leakage
for the offset condition for this case as well as Test 4-1.
* For the later tests (test sequence numbers 1land 12), tests 11-2, 11-7 and 12-7 showed some
increase in leak rate for the offset condition compared to the zero offset condition. These
increases are less than or equal to a 10% increase in the leak rate which is a significant change.
These tests are evaluated below considering effective crack opening areas and the geometric flow
areas for these tests.
In WCAP-14273, a geometrical model is developed to define the maximum flow area for a
throughwall crack within the TSP based on the assumptions that the crack widths are very large
and that the crack diameter increases linearly from the crack tip to the center of the crack. Both
of the assumptions are conservative. The maximum geometrical flow area is the crack length
times the tube to TSP gap. For the throughwall crack of 0.726" (Test 1-6) with a 0.026" gap, the
maximum geometrical flow area is 0.0189 in’. However, the actual geometric flow area is the
area available between the edge of the open crack and the TSP ID. This can be significantly
lower than the maximum area due to closure of the gap along some length about the center of
the crack and due to curvature of the edge of the crack. The actual geometric flow area can be
approximated from the crack diameter measurements made following the leak tests. The attached
figures, and figures given in Section 4 for test sequences numbered 11 and 12, show the
measured plastic crack diameter increases (measured after test diameter minus initial tube
diameter) following the flow pressurization offset leak test and following bladder pressurization
to the free span burst pressure with the subsequent offset leak test. The diametral increases show
a range less than the target 0.025" diametral clearance even for leak tests that demonstrated tube
to TSP interaction. As discussed elsewhere in this report, for tests that had tube to TSP
interaction, the plastic diametral increases represent the crack to TSP clearance present in the test
with about a 3-5 mil adjustment for elastic deformation. The attached figures comparing the
diameter increases before and after bladder pressurization show the increased width of the
maximum diameter at the center of the crack following bladder pressurization. This increased
width tends to decrease the effective crack area and helps to explain the reductions in leakage for
most tests following bladder pressurization.
For tests performed prior to bladder pressurization, the offset tests followed the tests for 0.0"
offset and the increases in leakage for the offset tests include increases in the crack opening area
as well as the effect of moving the crack outside the TSP. In all tests for which throughwall
areas were measurable and for which the 0.0" offset leak rates could be reasonable extrapolated
to 2650 psi AP, the ratios of the crack area after the offset test to the crack area after the zero
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offset test were significantly larger than the leak rate ratios (see table). The lower leak rate ratios
in the attached table were obtained at comparable APs between the two tests and should include
little additional crack opening for the offset tests. These ratios (1.1 to 1.3 for Tests 1-1, 1-6, 1-7,
11-1) represent the increase in leakage with TSP offset that requires further evaluation. The
larger ratios result from increases in the crack opening area. The increases in leakage for the
offset tests is further evaluated below based on estimating the effective crack opening area and
the geometric flow area from the dimensional measurements.

From the dimensional measurements for crack area, crack diameter profiles and estimates of the
crack length in or near contact with the TSP from the diameter measurements, the effective crack
area and the geometric flow area can be approximated. While the dimensional measurements do
not have enough detail or precision for precise area calculations, the approximate crack and
geometric areas can be used to estimate the effective crack and geometric flow areas to assess
the likelihood of a leakage increase with offset of the through wall crack from the TSP. If the
effective crack area is less than the geometric flow area, no increase in leakage would be
expected for the offset test since leakage is limited by crack opening rather than the geometry of
the crack opening within the TSP hole. The attached tabie shows the estimated effective crack
area, the geometric flow area and whether or not the test leak rate increased for the offset test
compared to the zero offset test. For the offset tests performed prior to bladder pressurization,
the geometric flow area is limiting for 4 of the 10 tests evaluated. Of the 10 test results, 4
showed an increase in leakage, 2 cannot be reliably estimated due to the large pressure difference
between the zero offset and offset tests (although both would be predicted to show an increase
with offset) and 4 showed no increase in leakage. Only for Tests 1-7 and 11-1 are the
predictions that the crack area would be limiting inconsistent with the test results. Given the
approximate estimates for the areas, these results support the expected trend that leakage for
cracks within the TSP is dependent upon the more limiting of the effective crack area and the
geometric flow area. For large crack openings (Tests 1-6, 2-8, 11-1 and 11-7), the geometric
flow area tends to become limiting and the leak rate can be expected to be bounded by the
geometric flow area of the TSP as well as the effect of the TSP on limiting the crack opening
area. The geometric flow area is also more more likely to be limiting for crack to TSP gaps that
are smaller than the target diametral clearance of 0.025". While cracks having leakage limited by
the geometric flow area will show an increase in leakage for offset throughwall cracks, the net
effects of the geometric flow area and constrained crack opening limit the increase in leakage
with crack offset to the 10% to 30% range indicated by the test results.

The attached table also shows the estimated effective crack area and geometric flow area after
bladder pressurization. After bladder pressurization, the effective flow area is limiting for the
shorter cracks and larger crack to TSP gaps while the geometric flow area is limiting for the
larger cracks with wider crack openings. The differences in leak rates are within 10% and less
than the range found for flow pressurization tests. The bladder tests do not include sy nificant
changes in crack opening due to the prior pressurization above the leak test pressure and thus are
more representative of the effects of displacing the crack outside of the TSP. ‘

When leak rates are correlated with effective crack opening area, the correlation is somewhat
improved over that obtained correlating leakage with total crack area. Whereas a linear
correlation between leak rate and effective crack area is expected, the resulting correlation is
nonlinear at large crack areas. This would indicated that the effective crack areas for large crack
openings may be overestimated.

These results, together with the above trending results that show leak rates are primarily
correlated with crack length and effective crack area, indicate that crack length/area as limited by
the TSP are the principal factors influencing the leak rate and cirsetting the crack outside the
TSP has a secondary influence on the leak rate.

Overall conclusions
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- The principal factors influencing IRB leak rates are:

i 0 The TSP limits the crack opening area for throughwall indications greater than about (.55".

o The effective crack opening area is further reduced for long cracks (clearly from test results
at > 0.6", which might conceptually burst in free span) by tube to TSP gap closure for
some length (expect < 0.25" based on test results) along the length of the crack.

0 IRB leak rates are primarily dependent on the effective crack opening area with a modest
(<30%) effect of limited TSP displacements on leakage.

o For long cracks which result in relativel; large crack opening areas, the geometrical flow
area formed by the TSP and the crack opening can become limiting and reduce the leakage
compared to that expected for the effective crack area.

- Upon contact of the crack opening with the TSP, leak rates have a modest or no increase in
leakage with increased pressurization and tend toward smaller increasss in leakage with
throughwall cracks outside the TSP compared to the crack within the TSP

- Bases for conclusions
0 Leak rates for offset and zero offset tests following bladder pressurization (constant

effective crack area) are very similar and, in some cases, lower for offset than zero offset
conditions. For bladder pressurization tests, there is no correlation between the change in
leak rate (offset minus zero offset) and the exposed throughwall crack area. The exception
for Test 4-1 is attributable to multiple TW cracks 180° apart exposed by the TSP
displacement and by diametral increases in the tube diameter.

0 Leak rates correlate reasonably well with throughwall crack length and with crack opening
area.

o For flow pressurized tests with the offset test run after (and at higher pressures) the zero
offset test, the increase in leakage for the offset condition is less than that expected for the
increase in the total crack area. The less than expected increase is attributable to blockage
of the flow area near the center of the crack by the TSP which reduces the total crack area
to an effective crack area for leakage considerations.

Considerations of Multiple Throughwall Cracks on Leak Rate

* Following Tests 2-4 and 4-1, which used specimens prepared under another program and
included multiple throughwall cracks, all specimens except Test 12-1 were prepared with single
deep cracks to more closely represent field experience showing a single dominant crack for large
indications and to facilitate interpretation of the test data. This section discusses whether or not
the bounding leak rate should be adjusted for the potential of multiple throughwall cracks.

* Pulled tubes and model boiler specimens in the EPRI ARC database with significant voltages
have generally shown a single dominant crack, such as the Braidwood-1 and Byron-1 pulled tube
indications at 10 to 11 volts. When secondary throughwall indications are found, the throughwall
length is much shorter than the dominant crack. Even when two comparable TW lengths are
present, such as Byron-1, R20C7, TSP3, one indication burst and ligaments remaining in the
second crack would have limited the leakage relative to the other crack. Since leakage increases
exponentially with throughwall crack length (free span and within TSP), the leak rate for an
indication is almost entirely due to the longest crack. Thus based on morphology considerations
for prototypically prepared indications, ieakage from secondary cracks can be ignored.

- A partial exception to the above is Plant S, pulled tube R42C43 which had throughwall cracks
0.50 and 0.41 inch long in a 22.9 volt indication. The calculated leak rate for the longer crack
is about three times the leakage of the smaller crack. Thus, even for this exception to a single
dominant crack. the leak rate is principaily due to the longest crack.

* Burst tests of parallel EDM slots have also shown that the dominani crack is the crack that bursts
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and the burst pressure correlates with the dominant crack and has little influence from the other

indications. Similarly, for an indication restricted from burst by the TSP, the dominant crack

would have the dominant crack opening contributing to leakage.

Based on the above leakage and burst dependence on the dominant crack, expected multiple

throughwal! IRBs would have ieakage dominated by the downinant crack when the crack is within

the TSP. The additional case of offset throughwall cracks is discussed below.

Pulled tube examinations show that the throughwall part of a crack is located away from the

edge of the TSP. Of 16 throughwall indications on pulled tubes with 1 to 16 volt indications

having sufficient data to locate the end of the throughwall crack relative to the edge of the TSP,
only 1 throughwall crack was within 0.1" of the edge of the TSP and 12 were > 0.2" from the
edge of the TSP including the Braidwood-1 and Byron-1 indications. Thus, only a small fraction

(about 6%) of the indications are likely to have throughwall lengths exposed by maximum TSP

displacement of 0.10" (TSP displacement analyses show a maximum of 0.094" displacement in a

small region of ope TSP with a factor of two conservatism applied to the TRANFLO loads).

Therefore, the likelihoo¢' of two throughwall cracks exposed by the 0.1" maximum displacement

would be very small and can be ignored for defining the bounding leak rate for IRBs.

- Specimens 2-4 and 1-4, as discussed above, had multiple throughwall cracks exposed by the
TSP offset of 0.15" with an apparent influence on increasing the offset leak rate. However,
this is unique to the method of specimen preparation. The doped steam specimens are
prepared by slightly ovalizing the tube to increase the stresses and enhance crack initiation and
growth for the accelerated tests. This process results in cracks 180° apart which increases the
offset leakage compared to cracks more randomly located around the tube. Within the TSP,
the cracks at 180° apart reduce the effective flow area for each crack due to interaction with
the TSP. Thus these results do not affect the conclusion that the likelihood of exposing two
throughwall cracks is negligibly small.

- Specimen 12-1 is a typical example of a dominant TW crack (0.515" at start of test and 0.63"
after bladder pressurizatior) plus a smaller secondary TW crack (0.360" at start of test and
041" after bladder pressurization). The leak rate for this indication of 3.2 gpm for flow
pressurization was dominated by the larger crack and the secondary TW crack remained tight
(< 1 mil TW width) with pressurization to 2680 psi. Following bladder pressurization to the
free span burst pressure of about 4850 psi for the larger crack, the secondary crack was
opened but the primary crack had about nine times larger crack opening area (about six times
larger effective crack area since the primary crack interacted with the TSP). Thus, the post
bladder pressurization leak rate of 5.7 gpm was dominated by the primary crack with only
about 10% to 15% of the leakage attributable to the smaller crack. This test result is
consistent with the discussion given above that leakage will be dominated by the largest TW
crack.

* Overall, it is concluded that the bounding IRB leak rate, as obtained for a single crack, does not

have to be adjusted for potential muitiple throughwall indications. This conclusion is based on

the high likelihood of finding a single dominant throughwali indication, the very low likelihood
that two throughwall indications would be within 0.10" of the TSP edge and the Test 12-1 leak
rate results.
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Ratios of Offset to Zero Offset Leakage and Crack Opening Areas

Flow Pressurization Tests

Leakage Ratio

Throughwall Area Ratio

Approximace Total

l 8(i)

57

26"

5.7

1.1 to 1.6%

23

~ 1.0

38

1-6 13w 16 2.1
1-7 1.2t 13 1.7
| 11-1 1.25 13
11-2 1.0 24
I 11-7 1.01 i.l
12-1 1.0 3
No TSP Interaction
l 12-7 1.0 13
No TSP Interaction
I

*repepriwteray M- At 25 1995

Tests noted have free span tests between zero offset and offset test
sequences such that significant crack opening occurs between these
tests. The remaining tests have smali or no pressure difference between
the highest zero offset test and the lowest offset test.

2. Lower leak rate ratios apply where AP values between zera offset and
offset tests overlap. Larger ratios are based on leakage at 2560 psi AP.




Test

Total Crack

Crack/TSP

Effective

Summary of Effective Crack Areas and Geometric Flow Area for Flow Offset Tests

Pre-Test Geometric Limiting Test Leak
Crack te Opening Contact Crack Area Flow Arez Flow Area Rate
TSP Gap Area (in’) Length (in.) {in’) (in®) increase In
(inch) Offset Test
Before Biadder Pressurization
Tests With Crack te TSP Interaction
1-1 0.009" 0.0045 0.10 0.0034 0.0030 ~ Geometric Yes, ~10%
1-2 0.013" 0.0065 0.12 0.0050 0.0050 No difference No
1-6 0.026" 0.0249 0.25 0614 0.0098 Geometric Yes, ~30%
1-7 0.020" 0.0071 0.05 0.0065 0.0084 Crack Yes,~20%"
2-1 0.010™ 0.0033 0.10 0.0024 0.0020 ~ Geometric Not Rel.”
2-7 0.022" 0.0085 0.05 0.0075 0.0102 Crack No
2-8 0.027" 0.0164 0.25 0.014 0.0062 Geometric Not Rel.”
11-1 0.026 0.0118 0.20 0.0060 0.0099 Crack Yes, ~25%™
11-2 0.026 0.0068 0.10 0.0048% 0.0097 Crack No
11-7 0.025 0.0186 0.30 0.0084 0.0083 No difference No
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Summary of Effective Crack Areas and Geometric Flow Area for Flow Offset Tests

Test Pre-Test Total Crack Crack/TSP Effective Geometric Limiting Test Leak
Crack to Opening Contact Crack Area Filow Area Flow Area Rate
TSP Gap Area (in’) Length (in.) {in%) (in) Increase In
{inch)

Offset Test

After Bladder Pressurization

0.013™ 0.0052 0.20 0.0029 0.0058 Crack No, decrease

1-2 0.014"" 0.0078 0.20 0.0050 0.0056 ~ Crack No

1-6 0.026" 0.0262 0.28 0.013 0.0080 Geometric Yes, small
1-7 0.019" 0.0087 0.05 0.0079 0.0072 ~ Geometric No

2-1 0.012" 0.0038 0.10 0.0027 0.0030 ~ Crack No

2-7 0.019" 0.0095 0.10 0.0075 0.0084 ~ Crack No, decrease

0.026 0.0140 0.20 0.0077 0.0099 Crack No
11-2 0.026 0.0114 0.20 0.0061 0.0076 Crack Yes, ~10%®
11-7 0.025 0.0186 0.30 0.0084 0.0084 No difference Yes, ~10%
12-1 0.026 0.0105 0.20 0.0062 0.0084 Crack No
12-7 0.025 0.0316 0.40 0.0089 0.0058 Geometric Yes, small

Notes

1. Gap implied from increase in crack diameter (bulge at crack center)

2. Tt would be expected that the offset test would show no increase in leakage if the effective crack area is less than the geometric
flow area. Tests I-% BS 11-1 for flow pressurization and 11-2 for biadder pressurization do not follow this expectation.

3. No reliable estimate can be made since the zero offset test was run at much lower pressures than the offset test and the test

results can not be directly compared to determine if the leak rate increased for the offset test
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Offset Leak Rate vs. Effective Crack Opening Area - Before Bladder Pressurization

Tat

2560 psi Leak Rata gpm
»
[v]

0 .
0.000 0.002 0.004 0.008 0.008 0.010 0.012 0.014 0.018
Effective TW Area
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Offset Leak Rate vs. Effective Crack Opening Area - After Biadder Pressurization
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6.0 Leak Rate Uncertainty Assessment



Leak Rate Uncertainty Assessment

Potential Leak Rate Uncertainty Contributors Evaluated

.

Fluctuations of leak rate during the test perio

Maximum AP in test versus average for reported leak rates

EPRI leak rate adjustment procedure per EPRI Report NP-7480-L
Test loop calibrations

Total uncertainty is a combination of these factors

Leak Rate Measurement Uncertainty - Leak Rate Fluctuations During Test Period

The data reduction procedure for the leak rate tests average the measured leak rates over a period
of time. There are some fluctuations in the leak rate over this time period and the standard
deviation of the fluctuations about the average is determined for each test data point. This value
defines the leak rate measurement uncertainty for the test.

The Test 1-6 data point at 2543 psi AP is one of the principal influences the bounding IRB leak
rate of 6.0 gpm at 2560 psi. Thus, the test uncertainty for this data point is of primary interest
for the uncertainty assessment. This data point is an average of two data points differing in
integrated leak rate by only 0.1 gpm and having test uncertainties, i.e., standard deviations, of
9.2% and 12.4%. Since these are from independent samples, they each represent an estimate of
the standard error of the underlying population for which the pooled estimate of the standard
deviation 1s obtained as the root-mean-square average of these uncertainties, i.e., 10.9%. This
uncertainty is typical of other tests with leak rates comparable to Test 1-6.

The standard deviation of the measurements was obtained from data sample sizcs of 2 in each
case. The estimated standard error of the integrated leak rate is then obtained from the standard
error of the individual measurements by dividing by the square root of the sample size. Thus,
the standard error of the average leak rate is 3.1%.

Thus, the leak rate measurement uncertainty on the leak rate measurement of 5.5 gpm is 13.1%.
The overall test program uncertainty on the leak rate measurement can be assessed by developing
the mean and standard deviation of the individual leak test uncertainties. This is developed
separately for hot and cold tests since the uncertainty is smaller for cold tests. Attached plots
show the percentage standard deviation as a function of the leak rate magnitude. The results
show & leak rate measurement uncertainty of 8.2% with a standard deviation of 5.6% for the hot
tests and 24% with a standard deviation of 0.8% for the cold tests. If the hot test uncertainty is
limited to the leak rate measurement range of primary nterest (1.5 to 6.5 gpm) for this test
program, the hot measurement uncertainty becomes 7.2% with a standard deviation of 8.8%.
These results show that the uncertainty on the Test 1-6 leak rate measurement is about 3% higher
than the average for all data.

AP Measurement Uncertainty - Maximum AP in Test Versus Average for Reported Values

The maximum AP applied in the test occurs prior to the collection of the test data. The test AP
15 reported as the average value over the data collection period and is lower than the maximum
applied to the test specimen. It would be e sected that the maximum AP adds plastic crack
opening above that expected at the average AP for the test data. Thus, it is expected that the
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leak rates would be slightly high for the test condition. This potential source of uncertainty was

evaluated for the limitirg Test 1-6.

- The test leak rates were adjusted to the maximum AP conditions by applying the hydraulic
factor of the EPRI leak rate adjustment procedure assuming the primary pressure drop, as
typical of most tests, was the dominant pressure drop between maximum AP and the average
AP. There would only be small differences in the ac;usted leak rates if it was also assumed
that the secondary pressure was lower at the time of maximum AP.

- The diffcrences between maximum AP and average AP tend to be the highest for the largest
leak rates, thus, evaluation of Test 1-6, which defines the bounding leak rate, is the
appropriate test for evaluation.

* The differences between maximum and average APs are 150 and 186 nsi for the two test data
points with 0.10" offset for Test 1-6.

* The SLB leak rates at the SLB 2560 psi are 5.0 gpm for the maximum AP case and 5.5 gpm for
the average AP case. The average test leak rate of 5.5 gpm should be reduced to 5.0 gpm or a
10% reduction to account for the maximum AP crack opening.

* Thus, the uncertainty on the measured leak rate of 5.5 gpm due to AP measurement uncertainty is
-10%.

* This uncertainty is dependent upon the specific test conditions. “or other corrosion crack
specimens with leak rates of 5 gpm or larger, the differences in SLE condition leak rates between
average and maximum AP are smaller than that for Test 1-6. For these specimens, the leak rates
reported in the individual test evaluations (Section 4) are the largest obtained at SLB conditions
and generally is obtained using maximum AP for the data analysis. Since other contributions to
the leak rate measurement uncertainty are also small, the assessment for Test 1-6 is applied to
estimate the overall measurement uncertainty.

Leak Rate Adjustment Uncertainty - EPRI Leak Rate Adjustment Procedure

* Assessment for limiting leak rate test: Test 1-6 at 2543 AP psi

- The evaluated test point is an average of two data points differing in the measured leak rates
by only 0.1 gpm. The measured leak rates are adjusted by a maximum factor of 0.94 for the
two data points. The adjustment is due primarily to the higher primary pressure difference
above saturation in the test compared to the reference conditions due to the test secondary
pressure of 347 psi versus the desired 15 psi. The hydraulic adjustment factor for this data
point is independent of the value used for C, in the analysis. The test temperature was 630°F
compared to the desired 615°F.

- Based on the leak rate adjustment being only 6% since the test conditions are close to the
reference SLB conditions, it is concluded that the uncertainty on the Test 1-6 leak rate of 5.5
gpm is negligible for the EPRI leak rate adjustment procedure and would be a maximum of a
few percent. '

* For other specimen SLB leak rates greater than 5 gpm, the maximum measured leak rates are
adjusted by factors of 9% to 15%. The uncertainty on these adjustments would also only be a
few percent of the total leak rate and it is also justifiable for these tests to ignore the uncertainty
in the leak rate adjustment procedure.
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Test Loop Flow Rate Orifice Test Measurement

* The test loop uses calibrat_J instruments such that the uncertainty for instrument error can be
considered to be negligible.

* Room temperature leak tests were performed for three orifice sizes to compare the test loop
measured leak rates with leak rates measured at an orifice calibration facility. The orifice sizes
correspond to leak rates of about 0.4, 1.6 and 6.7 gpm which span the range of leak rate
measurements in the test program.

* The three orifice specimens were retested at an independent laboratory over a range of
ifferential pressures of 1400 to 2560 psi at room temperature and certificates of calibration
obtained.

* The calibrated leak rates for the two smaller orifices were 1.1% and 0.7% higher than the values
measured in the Westinghouse test loop. For the largest orifice, the calibrated leak rate was
1.7% lower than measured in the Westinghouse loop.

- The average adjustment factor to be applied to the Westinghouse loop data to obtain a match
to the calibration laboratory data was calculated to be 1.001. Alternatively, the average
uncertainty implied by the calibration data is 0.1%.

- An upper one-sided 95% confidence bound on the adjustment factor to be applied to the
Westinghouse loop results was calculated to be 1.022, essentially independent of the size of
the orifice. Thus, a 95% confidence bound on the uncertainty of the test data is 2.2%.

* The three orifices were also tested at high temperatures (and pressur=s) representative of steam
line break conditions. A total of 27 tests were performed and data analyzed.

* Leakage rates for the hot orifice tests were also predicted using accepted methodology for
predicting two phase flow through orifices and pipes. Both analytical predictions and measured
data show good agreement on the dependency of leak rate on pressure difference and primary
side temperature. The average ratio of test to analysis for the three analysis methods ranges from
1.00 to 1.07 for the large orifice to 1.31 to 1.55 for the small orifice (see Hot Qrifice Test
Analysis Summary) Therefore, assuming the orifice test analytical results are correct, the
measured leak rate for large leak rates (5.0 gpm) would be reduced by 1% to 7%. Small leak
rates wold be reduced by 30% to 55%. The majority of the differences are attributable to
uncertainty in the analytical predictions, especially at the small L/D values of the orifices (1.2 to
4.1) where the analytical methods are known to be less accurate.

* The difference between the tests and the analytical prediction varies inversely with orifice
diameter, and thus, is smallest for the largest orifice diameter. The leak rates from the crack
tests are relatively large; thus , confidence is derived from the good agreement between the tests
and the theoretical predictions at these leak rates.

* Based on the calibration tests at room temperature and the comparison between measured and
theoretical leak rate for hot tests, there is no reason to question the adequacy of the leak test data
for the crack specimens.

Summary of Uncertainty Assessment

* The contributors to the leak rate uncertainty for the measured leak rate of 5.5 gpm for a single
throughwall crack are:

- Leak rate measurement uncertainty: +3.1%
- AP measurement uncertainty on leak rate: -10%
- Leak rate adjustment uncertainty: negligible
- Test loop orifice test measurement on leak rate: +0.1%
* The combined effect of the AP measurement uncertainty and the loop calibration uncertainty is a
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factor of (0.9)-(1.001) or 0.90 for a net uncertainty of -10%.

* It can be concluded that the net uncertainty on the bounding leak rate of 6.0 gpm is on the order
of -7%/-13%. The actuzl uncertainties are found as follows:
- The maximum uncertainty is obtained as [(0.9)(1.001)-(1.031)-1]-100 or -7%, with a 95%

confidence bound of -5%.

- The minimum uncertainty is obtained as [(0.9)-(1.001)-(0.969)-1)-100 or -13%.

+ The net uncertainty adjustment is negative in all cases, i.c., the bounding leak rate would be
reduced thus, it is conservative to not apply an uncertainty adjustment.
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Umcertsinty in Messured Leak Rate for Hot Tests
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Indications Restricted from Burst Leak Rate Tests
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Test 16
mdMMMquAPMMmmmAP
Indications Restricted from Burst Leak Rate Tests

Leak Rate with Avg. Ap (gpm)| ren ap
“:"‘ Test sLB (ped) Test
TA ] 1 & W - M 1848 Hi
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Test 1-6
indications Restricted From Burst Leak Rate Tests
(Normalized to Tp=615 of and Ps =15 psia conditions
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Summary of Hot Orifice Test Evaluation

Purpose

To compare the leak rates measured in the hot orifice tests against predictions based un two phase
flow models/correlations often used in nuclear safety analysis.

Approach

Empirical correlations from two prior well known tests'? and an analytical model developed by
Henry and Fauske’ to predict critical flow rate through orifices and pipes were used to
calculate leak rates at the hot test conditions. The version of Zaloudek empirical correlation
ured is modified to improve agreement with data for saturated water.

Leak rates were predicted for all 27 tests carried out for the three orifice sizes (0.020", 0.040"
and 0.080" dia.)

Calculations based on the Henry-Fauske model assumed same contraction loss co=fficient
(0.95) for all three orifices.

Results

Both analytical predictions and measured data show good agreement regarding the dependency
of leak rate on the primary-to-secondary pressure difference and primary fluid temperature.

Predictions for the large orifice (0.080" dia ) show excellent agreement with the measured data.
This provides added confidence in the bounding leak rate established for APC since the leak
rate for this orifice size is representative of bounding leak rate for the steamline break
conditions.

Predicted leak rates differ from measured values by 0% to 55% on an average basis, with the
present data being higher. The majority of the differences noted are attributable to uncertainty
in applying the empirical/analytical correlations to present tests. For example, Fauske
correlation is based on data for saturated water alone where as in the present tests the extent of
subcooling varied substantially. Also, the assumptions used in Henry and Fauske model are
appropriate for orifices and pipes with L/D > 12, where as the L/D ratio for the three orifices
tested here varnies from 1.2 to 4.1.

Overall, based on the calibration tests at room temperature and the above comparison between
measured and theoretical leak rate, it is concluded that leak rates were measured sufficiently
accurately during tests with crack specimen.
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Test Plan for Indications Restricted from Burst (IRBs)
Loop Orifice Calibration Test

General Test Information

Three orifice plates in the form of Swagelock fittings and tube with pressure tap provided by
NSD are to be used for the test

Pressure from pressure tap on tube as well as standard pressure, temperature instrumentation
for leak testing are to be recorded for the tests

Tests at multiple pressure differentials for both hot and cold tests are to be performed

The test sequence given below can be modified tc run either the hot or cold tests first

Test procedures and data reduction for the orifice tests are to be the same as used for the IRB
crack leak tests.

Test Sequence

A.

B.

Small orifice, cold test, minimum of six pressure differentials between 1400 and 2700 psid,
including as close to 2335 and 2560 psid that can be attained.

Middle size orifice, cold test, minimum of six pressure differentials between 1400 and 2700
psid, including as close to 2335 and 2560 psid that can be attained.

. Large size orifice, cold test, minimum of six pressure differentials between 1400 and 2700 psid,

inrcluding as close to 2335 and 2560 psid that can be attained.

. Small orifice, hot test with primary temperature in 610 to 620 °F range, minimum of five

pressure differentials between 1400 and 2700 psid, including as close to 2335 and 2560 psid that
can be attained.

Small orifice, hot test with primary temperature in 630 to 645 °F range, minimum of five
pressure differentials between 1400 and 2700 psid, including as close to 2335 and 2560 psid that
can be attained.

Middle size orifice, hot test with primary temperature in 610 to 620 °F range, minimum of five
pressure differentials between 1400 and 2700 psid, including as close to 2335 and 2560 psid that
can be attained.

- Middle size orifice, hot test with primary temperature in 630 to 645 °F range, minimum of five

pressure differentials between 1400 and 2700 psid, including as close to 2335 anc 2560 psid that
can be attained. '

- Large orifice, hot test with primary temperature in 610 to 620 °F range, minimum of five

pressure differentials between 1400 and 2700 psid, including as close to 2335 and 2560 psid that
can be attained. Test to highest pressure differential within facility limits.

Large orifice, hot test with primary temperature in 630 to 645 °F range, minimum of five
pressure differentials between 1400 and 2700 psid, including as close to 2335 and 2560 psid that
can be attained. Test to highest pressure differential within facility limits.

Measure orifice sizes for all three orifices. Measurements to determine hole diameter and shape
as accurately as practical. The primary side of the orifice plate has a large, conical shape due to
drilling of swagelock fitting. This shape should be dimensionally characterized as well as any
radius on the secondary side of the hole. Report dimensions to NSD. The orifices and fittings
are not to be damaged by these measurements.

- Return orifices to NSD for further laboratory calibration of the flow rate as a function of the

pressure differental.
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bt [9.12E-05{0.178806| b.0 A7 2175 03725 03771 1.012

SE.b1 |2.62E-06|0.005591| SEbO | A10 2330 | 0.3831 | 0.3812 | 1.021

2 | 99.7% |0002533] SEy S8 2380 0.3884 | 0.3958 1.019
. 1213071 4 | DoF Al 2455 0.3989 | 0.4026 1.009
SS.reg | 0.007785 2.57E-05] SS.res Al12 2460 0.3989 | 0.4031 1.010

“F.Prob | 4.06E-06 | 936820.8| SS.X Count | 12

P1.Value | 4.06E-06 | 5.7E-06 PO.Value | Conf. t Bound | Average | 1.011
N 6 |1.166667] 1+ 1N 95.0% | 1.7959 | 1.0242 | StDev | 0.007

var.X | 187364.2|2099.167| muX s ~ Max 1.021
Pred. % 095 [2.131846] tLval Min 0.996
Median | 1.011
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N 8 1.166867 1+1IN 95.0% | 1.7958 | 1.0225 | StDev | 0.008
varX |187364.2]2099.167| muX Max 1.030
Pred. % | 095 [2.131846] tval Min | 0997
Median | 1.006 _
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