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Office of Nuclear Reactor Regulation t

U.SLNuclear Regulatory Commission ;

Washington, D.C. 20555
Attn: . Document Control Desk

;,

Subject: Additional Information Pertaining to the to Application for Amendment to
~

Facility Operating Licenses.
!

Byron Nudear Power Station, Units 1 and 2 -|
NPF-37/66: NRC Docket Nos. 50-454/455

'

,

Braidwood Nuclear Power Station, Units 1 and 2
: NPF-72/77: NRC Docket Nos. 50-456/457

i
,

Reference: 1) D. Saccomando letter 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 Leak Rate Test Program .

!

3) Denise M. Saccomando letter to Nuclear Regulatory Commission dated,

, lune 20,1995, transmitting Preliminary Leak Rate Test Results for
Indications Restricted from Burst

4) 11arold 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 t

Reference 1 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' superceded via Reference 4.
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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 restricted from burst (IRBs). After discussions,
Comed pursued the development of an alternate leak rate model 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 Il-1, Il-2,11-712-1 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 to test specimens which conservatively replicated original test condition specifically :

i

1 specimen with a single 0.809" (specimen 1|-7) long crack, which exceeds the-

original throughwall length crack criteria, and

- I 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.' j

i

Comed believes that their specimen selection is indeed conservative. It is important to| note. ]
~

' thst the largest indications seen at Byron and Braidwood (approximately 10 volts) were found !
y! , to' contain short cracks of 0.20". to 0.27":in length, centered within the tube support plates, ij

p Cracks tested in' the IRB leak rate program had lengths of 1 to 3 times the length of the- [

L
. actual service induced cracks. - Additionally, the Byron and Braidwood pulled tubes had eddy 1

' 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 i

igpm is co .servative and provides defense in depth. j

i
'| Additional actions to be implemented as part of the 3 volt IPC including locked TSPs and

. steam generator internal inspections minimizes the risk of outride 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 of: ;

Section 1.0' Overall Test Conclusions
Section 2.0 Test Data and Reduction Methods ,

' Section 3.0 - Data Evaluation Methods I

Section 4.0 Test Evaluations
Section 5.0 Trend Analyses 1

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 ernployees, and/or ,

consultants. Such information has been reviewed in accordance with company practice, and I.
believe it to be reliable.

Sincerely,

p i

i !-

w M i.

Denise M. Saccomando |
Nuclear Licensing Administrator ;

'

cc: . 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-Bymn j

Office of Nuclear Safety-IDNS l
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IRB Summary Leak Test Report -
. Table of Contents

1.0 Overall Test Conclusions.

2.0 Test Data and Reduction Methods
Ten operation

* Data reduction
'

3.0 Data Evaluation Methods
EPRI adjustment procedure
Averaging of test data and exclusions for hysteresis effects

J. Sources of uncertainty and methods of analysis

T .0. Test Evaluatiens4

* 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 tube to TSP interaction predicted by Belgian crack opening diameter versus
pressure measurements with interaction inferred from leak tests

!Comparis(,n of total crack length at beginning and end of test including bladder pressurization to
freespan burst 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

t
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Test Matrix for Indications Restricted f'sma Burst (IRBs)- As Tededr

!,

!

! WMW h N eo W N' W
,

Test Tube Speciesem Synn Pnsa.
No. Dia. Type, Imak Fim Pnsa, h Pnsa. apa ,

'

; No. Test Olbst .

.25s45 .4E64 A 75 (n E9" 9.10" E15" ES" 9.10" 9.15" y ). +'

t

i. )

1

l-1 7/8 Corr 5 sag. 0.62" H H H H RC 0.15 |'

'

8161G -

i

1-2 7/8 Corr 5stg. 0.62" H H H H RC 0.15
i 8161.E !

|
t

| l-6 V4 Cerrosion 0.74" H H H H RC 0.10 |
200ss ;

;

1-7 W4 Corr 5sts. OM H H H H 0.10,
,

i 2051A |
* 2-1 7/8 Corr 5seg. 0.515" H H H H RC 0.15 !

i 8161A I
i i
! 2# 7/8 Corrosion H H RC C C, H 0.15 !

'
4C218 0.29" i

-2-7 N4 Corr 5seg. C C H H RC 0.10 t

2051E 0.577" ;
'

2-8 N4 laser Cut 0.55" H H RC None j
IRB-LC-2 .

t.

2-10m W4 Corrosion 0.425" H H RC H RC 0.10 l

2051B i

!

: 4-1 7/8 Corrosion 0.24" C C 0.15 |
! 4B214

.

?

!

.

,

!
,
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"Ihroughwag OrackImageh Fue Creek to 'IllP Olhegm . m.aa,,

Test Tube Spechum Spam Pham.
N- men. Type, w. Fisw Pnen. Madder Fnus. gm

No. Test
. 0.t" 9.19" 9.15" E9" 8.10" E15" (Imeh)

Olhet
.2 5.45 .45-40 A 75 (i)

Il-1 7/8 Corr 5seg. 0.71 H H H H. - 0.15
5B403

11-2 7/8 Corr 5stg. 0.63 H H H H 0.15
8161B -

Il-7 3/4 Corr 5sts. 0.809 H H H H 0.10
2008A

12-1 7/8 Corr 5seg. 0.515" H H H H 0.15
8161C 0360 -

12-7 3/4 Corr 5seg. 0.5805 H H H H 0.10
2000D

a
Notes: 1. H is hot test m operating , __ ^ , C is a rooni tesaperature test_

,

2. Test segmences include pressurizing wish a bindeer typically to the See span Insst pressure. Test 4-1 includes inmunental increases
in bladder pressure beyond the equivalent to a See span burst. Tests 2-4,2-10,11-1,11-2,12-1 and 12-7 include bindder
pessuristions bekw and m she see span burn pressure. Bladder press. is perfonned to open the crack beyond she obtained
within the pressure capability of the facility.

3. Isak tests in small leak test facility prior to Idadder pressurization and large facility aAer -
~

- All other tests in lage
hak test facility.

4. Specimen has two throughwall cuacks 90* spart.
5. Two essentially co planar ands (0.012" circumfenesial offset) separated by a ligenent at 0365" Dorn the end of the longer |

-

segment. '

.

-_- _ - _ _ _ _ _ - _ _ _ _ _



i
i

|
\
f-

. J

Nomenclature
.

l

SLB - steam line break
TSP - tilbe support plate
TW - - throughwall |

APC - alternate repair (plugging) criteria !
|'RT - room temperature -

HT - hot (high) temperature
Tp - primary side temperature
ps . secondary side pressure.

AP - primary to secondary pressure differential
.

N

-

.

E

t

?

I
!-
'
.

t
,

;- .; i* -- -. as. ms - 5 !

;

, . _ . - , -. - - . _ . - - . - - -



-.

.

.

&

I

?

:

1.0 Overall Test Conclusions
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IRB Leak Test Results
4 .

!- ,

i '' Overall Conclusions
j-

i
i

4

i: :

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

L
5 . 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 Il-1,7/8" tubing, initial 0.71" TW crack with an offset leak rate of 5.0 gpm with both *

|i- flow and bladder pressurization. 1

~ - Test Il-2,7/8" tubing, initial 0.63" TW crack with an offset leak rate of 53 gpm with both
flow and bladder pressurization.

- Test 12-1,7/8" tubing, two initial TW cracks of 0.515" and 0360" with a bladder pressurized1

j 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. I3

i |
1~ i

| Leak rate tests of a 3/4" tubing,0.809" TW crack in Test 11-7 with a resulting offset leak
l rate of 6.2 gpm for both flow and bladder pressurization demonstrate additional margins in

f. 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.i

* 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 Measurement Uncertainty Assessment.

i * 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 ten average leak rate: i3.1%i
'-

- AP measurement uncertainty on leak rate: -10%*

Leak rate adjustment uncertainty: negligible4 -

i - Test loop orifice test measurement on leak rate: 0.1% (RT calibration) j
' The combined effect of the AP measurement uncertainty and the loop calibration uncertainty is a >

,

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

i ' 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%
t

7. , INOMI k M8

.

.



confidence bound of -5%.
- The minimum uncertainty is obtained as [(0.9)-(1.001)-(0.%9)-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,t, and show no significant increases in leakage above the TSP
offset leak rate at AP,t, 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-l and Byron-1 following implementation of a 3.0 voit repair limit, the crack
openings do not interact with the TSP and the resulting leak rates r.re twirsl of free span
leak rates.

j 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 dirplacements with

; tube expansion.
- Test exceptions occur only for specimens with two TW cracks 180* aparti

* SLB leak rates for flow pressurization ircreased with TSP displacement (offset test condition) by
10% to 30% for only 4 of se 10 tests for which this difference could be evaluated. The test

! increases (4 tests) in leak rates between zero offset and offset conditions are attributable to the
j 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
,

i 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 result in leak rates that are
approximately independent of limited TSP displacements. A reduction in turning losses with
TSP displacement, although 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 available, 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.

| ca - .mm ,
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IAn 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. i

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 3

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 ;

results for two throughwall cracks, the high likelihood 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.

i
;

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

. SLB leak rates for 7Bs are primarily a function of the throughwall crack length and effective j
*

crack opening area.
* SLB leak rates do not increase linearly with the crack opening area, as would be expected for i

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 ,

t

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.

!

'Flow 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 TSP 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 rate:: have a modest or no increase in-

leakage with increased pressurization t.nd tend toward smaller increases in leakage with
'

;
i

throughwall cracks outside the TSP compared to the crack within the TSP.
Bases for conclusions- -

o 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 exposedj

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..

| o Leak rates correlate reasonably well with throughwall crack length and with crack opening
,

i .w w iu s
,

i
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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 maximum SLB leak rate, irrespective of the likelihood of occurrence of the large bounding !

indications, is limited to < 6.0 gpm

;
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IRB lank Test Results

Key Conclusions

,

Test 16

. This test of a 0.74" throughwall crack in 3/4" diameter tubing represents the highest leak
measurement for a single corrosion crack within bounds of the TSP. 'Ihroughwall 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-l and Byron-1
The SLB 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 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

implementation of tube expansion based, full APC rep .ir 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. 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-
2,11-1,11-2, (7/8")

= Indications with throughwall crack lengths greater than about 0.55" result in crack faces opening
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 APu 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 APu 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,

u - _ n =3

i
, . .- - - . . - - __ - -
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in 7/8" tubing.

Throughwall Crack Lengths < About 0.55" - Tests 210,12-7 (3/4"),2-1,2-4,121 (7/8")

Indications with throughwall crack lengths less than about 0.55" have leak 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 APst, are about 037,1.7,1.7,3.9 and 3.2

gpm for initial throughwall crack lengths of 0.29",0.425",0.515",0375" (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 Sladder pressurization of specimens previously plastically opened at higher APsa

increased the crack diameter indicating that clastic deformation 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 to 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.

4

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 leak 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 10%) of TSP displacements within the limits tested.
- Estimated changes in effective crack area and geometric flow area after bladder pressurization

help to explain why there is less of a trend for increased leakage after pressurization than
before pressurization. After bladder pressurization, the effective crack area tends to be

- reduced by the flattening of the crack ope: ting 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 do 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.
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Summary of SLB Leak Rates"'(2560 psid) and Crack Length Data

Offset Test Zero Offset Tests

2560 psi 2560 psiInitial Lengths Offset
TW Leak N LeakTest Specimen TW
"I Rate Length Rate

Total TW Length
(Epm) (Epm)

Flow Pressurization Tests
J

.

!

2-4 7/8,4C218 0.600 0.290 0.330 0.000 0.37 NM. 037 |

2-10 3/4,2051B 0.551 0.425 0.425 0.000 1.70 NM. 1.70

2-1 7/8,8161 A 0.640 0.515 0.504 0.134 1.65 0.230 0.93

2-7 3/4.2051E 0.660 0.577 0.636 0.088 4.10 0.515 NR."'

2-8 3/4JRB-LC2 0.553 0.550 0.558 0.104 6.10 0.525 230 |

l1 7/8,81610 0.626 0.620 0.595 0.147 3.70 0.494 230

1-2 7/8,8161E 0.645 0.620 0.666 0.145 3.20 0.574 NR. j

1-7 3/4,2051 A 0.600 0.600 0.602 0.091 4.10 0.530 3.20

1-6 3/4.2008E 0.760 0.740 0.724 0.070 5.50 0.619 3.40

NM .* NM.m4-1 7/8,4B214 0.670 0.240 - - -

11-l*' 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 7/8,8161B 0.729 0.630 0.720 0.173 530 0.657 NR.

I 1-7 3/4,2008A 0.813 0.809 0.811 0.102 6.20 0.809 6.20

12-1"' 7/8,8161C 0.607 0.518 0.585 0.105 3.20 NM. 3.20
0.465 0360 NM. NM.

| 12-7 * 3/4,2008D 0.590 0375 0375 0.100 3.90 0375 3.90
! 0.256 0.259 0.259
!

5

! Bladder Pressurization Tests

4

2-4 7/8,4C218 0.600 0.290 0382 0.076 1.9 0382 13 l
,

2-10 3/4,2051B 0.551 0.425 0.492 0.081 1.6 0.492 1.6
'

2-1 7/8,816] A 0.640 0.515 0.504 0.132 3.1 0.509 3.2

2-7 3/4,2051E 0.660 0.577 0.637 0.087 3.7 0.637 4.2
1

;

2-8 3/4JRB-L62 0.553 0.550 N.M.* N.M.* '
- - -

1-1 7/S,8161G 0.626 0.620 0.595 0.147 2.4 0.595 3.5

1-2 7/8,8161E 0.645- 0.620 0.668 0.085 2.8 0.666 2.7 )
1-7 3/4,2051 A 0.600 0.600 0.613 0.100 33 0.613 3.2

| .w:. am s.ms ,
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Summary of SLB Leak Rates"'(2560 psid) and Crack Length Data i

Offset Test Zero Offset Tests

2560 psi 2560 psi ;Initial Lengths orrseg
TW Leak TW Leak '

Test Specimen TW
'"I Rate Lenge Rate

Total TW Length
(apm) (apm)

1-6 3/4,2008E 0.760 0.740 0.726 0.070 5.0 0.726 4.8

4-1 7/8,4B214 0.670 0.240 0.606 0.099 4.2 0.606 2.5

11-l") 7/8,5B403 0.710 0.600 0.754 0.154 5.0 0.754 5.0
0.110

11-2 7/8,8161B 0.729 0.729 0.707 0.150 5.3 0.707 4.9

11-7 3/4,2008A 0.813 0.809 0.811 0.100 6.2 0.811 5.7

12-1") 7/8,8161C 0.607 0.518 0.630 0.151 5.7 0.629 5.7

0.465 0.360 0.411 0.411

012-7 ) 3/4,2008D 0.590 0375 0.726 0.100 33 0.726 3.2
0.256

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

plots.
(2) N.R. - 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 parallel throughwall cracks separated by a circumferential ligament 0.012" i

at the crack tips
(6) Specimen has two aligned axial cracks separated by a ligament

.
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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 and secondary pressures set up at approximately equal 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
o 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 (M) is highest early in the test and tends to drop toward a more'

steady state value -

o Thus, some hysteresis exists in each test wherein the plastic opening at the higher & tends
to result in higher leak rates at the lower & 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
o 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 & are reported

. The maximum & for the test is also reported

. The standard deviation on :he average leak rate over the analysis period is reported as the leak
rate uncertainty

1

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. Throughwalli

lengths and widths are measured using light penetration through the crack opening. Throughwall
) lengths < 1 mil wide may not be detected by this technique.

| .v w n.ms
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L Tube to TSP Gap Considerations in Leak Test Program !
*

;
'

1

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 result 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 j

nominal
Tube is very stiff at TSP elevation due to short distence 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 I mil or less except for I rpecimen 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 the 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 plastic 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

.a . m a ms
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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 -a

opposite to the primary crack against the ID of the TSP hole.
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i

! Summary of Crack Diameter Increases / Implied Gap |
,

j Test Initial Diameter Crack AD after Comment ;

j (in.) Offset Flow Test 1

(in.)4

j Leak Tests With Variable Crack to TSP Gap
i . .

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

j' l-7, 3/4" 0.747 0.020 Gap requirement satisfactory -
; supplemental tests show that
j elastic deformation could have

j effectively closed the crack to
1 TSP gap.

{ 1- 1, 7/8" 0.875 0.009 Test results typical of small gap.
|-

l-2, 7/8" 0.874 0.013 Test results typical of small gap.'

2-1, 7/8" 0.874 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'

i

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

) 2-8, 3/4" 0.744 0.030 Gap requirement satisfied
1 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" 0.876 0.025 Gap requirement satisfied

I'

Leak Tests With Fixed 0.025" Crack to TSP Gap

11-1, 7/8" 0.874 0.021 Tests show crack to TSP int.
2

; I l-2, 7/8" 0.874 0.016 TSP interaction demonstrated with
plastic plus elastic AD about.

0.023" based on supplemental
,

tests to estimate elastic AD. j
'

11-7, 3/4" 0.745 0.020 TSP interaction demonstrated with
plastic plus elastic AD about

i 0.023" based on supplemental
tests to estimate elastic AD.

; 12-1, 7/8" 0.875 0.002 No TSP interaction.

] 12-7, 3/4" 0.745 . 0.005 No TSP interaction.

,
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j Figun 1 Test Fixtum Assembly
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3,0 Data Evaluation Methods.
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Data Evaluation Methods

I

|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 the 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, i

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 differential which is a flashing adjustment, the temperature factor ( ) which adjusts for -

density and material properties and the mechanical factor (ot) which adjusts for crack opening
between two different APs. The mechanical factor is not applied in this assessment and is not;

further discussed herein.a

! = Hydraulic factor ;

i, !
i

| (p-Cp,)/bp
7-

y (p,-C p ,, yap,)

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.
i

- 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 value 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 I tests and the higher test pressure differentials.
- The use of C, is most significant for tests in which the primary pressure is close to the

,

saturation pressure at the primary temperature. In this case, the adjustment can becomeJ

! unrealistically large without including C,. The need for this term occurs primarily for
: pressures less than als > 2200 psi and temperatures above about 620'F.
i

?

h
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Data Evaluation Methods

EPRI Leak Rate Adjustment Procedure
* Temperature Factor

p ,E,a $g

Ea, % 0

where E is Young's modulus and a,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.

- Pmm temperature to 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 the4

resulting small increase in leak rate would not significantly influence the interpretation of the
,

data and the resulting conclusions.
Data points following bladder pressurization are not deleted for hysteresis effects since this* -

-

step is specifically applied to maximize the crack opening and the bladder pressures,

j . substantially exceed the leak rate test pressures.

: Averaging of Data Poina*

j- 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 inte:pretation of plotted data..

: All test data averaged or deleted for hyperesis 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 I 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 |:
t (sequence numbers I 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

,

'

s % - _, ,15 Asset 35. HDS
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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 evalcated 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 I mil of the TSP hole ID does not contribute to leakage and the leakage flow must pan |

through the effective crack area. The 1 mil distance accounts for minor elastic springback af i
!

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 cr;.ck 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") i

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.

.w . w.= a ms 3
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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 developed 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 4

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 made 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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Test 11-1: Summary of Test Results and Evaluation-
|

: !

| 'i
F |

1

Test Sequence i

i

. Order of. tests: zero' offset, offset 0.15",' bladder pressurization to 3670 psi, offset 0.15" and zero |;

j 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
. |

4

-- The crack to TSP gap _was established at 0.026" by forcing the tube to contact the TSP hole
!

i ID at 180' from the crack.
! There is no basis to question the adequacy of the data - leak test results show consistent

i . trends, without large data scatter.
'I

i :

L Summary of Test Results ,

t

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 {
'

p separated by an uncorroded ligament. The ligament is located at 0.60" from the end of the
i crack used to establish the offset condition. The crack length is throughwall except for the i

ligament.
~ TW crack was intermittently visible with back light over the full 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 a loose piece (0.046" long in axial crack direction
: by' O.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 prior 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.:

j - 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

4

of 0.755") with the large ligament remaining intact and the two small ligaments broken, the
;. maximum TW crack opning 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".

,

1 '

-- a:\apewpri\irbarcrp.new.Augu-t 25,1995
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i

- The leak rate for the offset test was about I 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 i

crack diameter increase was about 0.023". I

i

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 rate at 2560 psid of 5.0 gpm for flow and bladder
pressurization with the crack 0.15" TW outside of the TSP.
- This leak rate and the Test Il-2 results in 7/8" tubing are very similar to the bounding leak i

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. j

- 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 2150 psi..

Under flow pressurization conditions, there was about a 1 gpm difference it. 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
Indications Restricted From Burst Leak Rate Tests

(NormeIIzed to Tp= S15'F and ps = 15 pela Conditions - based on test leak rate at Ap - )
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Test 11 - 1
Indications Restricted From Burst Leak Rate Tests

(NonneNasd to Tp= Sis *F and ps = 15 pela Conditions - based on test leak rate at %)
i
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Test 11 -1
-

Indications Restricted From Burst Leak Rate Tests
(Test leak rate at Ap, , without adjustment to reference SLB conditions)

.
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Test 11 - 1
Indications Restricted From Burst Leak Rate Tests

(as measured, without agustment to reference conscions)
:
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Test 11-1 (5B403) ,
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Test II -I-
Sasumery ofImak Test and Ametysis Reselle (Based en Average Test ap) ,.

'

Specineen 5B403, Tube Deausster = 0.875", Gay = 9.026"
;+

?
.
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,
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Test 11-1 Summary of Test Dimensional Measmement Results
Specimen 58403, Tube Dia. = 0.875", Gap =0.026"

Test Temp. Total Total TW Total TW Exposed Exposed Max Dia. Min.Dia.
Condition

Bladder Angle Crack Length Area TW Length TW Area (in.) (in.)
Tube Offset length (Wax. Width) (in.) (Max. (in. )Pressure -

(in.) (in.) (in.) Width)PM
(in.) [1]

None NA Pre-test 90- 0.710 0.71121 NA 'I NA NA 0.876 0.873l

15] 0.872

None 0.0 Hot 0.752 0.749fil .00811 NA NA 0.893 0.874
Step A (.018) 0.873

8
None 0.15 Ilot 0.755 0.7 4 9141 0.01178 0.15 0.00134 0.896 0.874

Step C (.024) (0.017)

f3670 0.15 NA 0.755 0.749 il 0.01395 NA NA 0.897 0.878
Step E (0.026) 0.873

3670 0.15 llot 0.757 0.754 il 0.01439 0.254 0.00168 0.898 0.877t

Step F (0.027) (0.019) 0.874

3670 0.0 Hot 0.757 0.75441 0.01459 NA NA 0.896 0.8761

Step G (0.027) 0.873

.

s-NapeNepri\irbnrerp.new-August 17.1995.
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Test 11-1 Samunary of Test Tummmmminn 1 Measurement it.--u.
ap. 4 =.- ss4o3, Tube Dia. - 0.87P, Gap =0.038"

Test Total TotalW TotalW Exposed Exposed Max Dia. Min.
TEMP. Angle Cred I m ath Ann N M Ana Gn.) Dia.

N Length (Max. Gn.) Imagth Ga?) Gn.)umda - Tsh.
PNname Omme Gn.) width) (Mar.

. (ps0 Un.) On.) Widtle
Gn.) [1]

t
.

,

Notes: III Diameters given are a,., -- ' ' 'y the valoss' at the two edges of the TSP. Diameters greater than the initial i-
-

*

0.875* diameter indicate bulging of the tube at the edges of the TSP as a result of the tube pressurization.
121 Based on silmstic mold and dye penetrant test.
[3] Cracks are tight for specimens not pressurised with a bladder and TW area is not applicable. .

[4] Crack length f! rom toolmaker's miemscope. Minimum measurable TW crack opening -0.001".
!

151 Non-TW cracks at 0*,180* and 270" TIG welded ;

!

: 8 i

!
'

i- ,

I
i

'

.

1

;

I .!
*

i

I

I

I i
|

!

.
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i Test Plan for IRBs
Test 11-1 !

,

I
i General Test Information
.

Utilize large leak test facility testing*
'

Test 7/8" diameter, specimen 5B-403 |
*

- Crack dimensions abr 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 a 0.025"- *

,

tube to TSP diametral gap.
| ' * Leak test at about 615*F. Pnmary temperatures should not exceed 640 F.
t * Testing should be targeted to obtaming the specided 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 i

* Locate the tip of the throughwall crack found after testing with zero offset at 0.15" outside i
^i

the TSP for offset tests. The 0.15" offset shall be based on the measured throughwall i

crack.
|

| * The tube shall contact the TSP hole at the start of the test at 180" from the crack being
!' leak tested.
)
i Test Sequence
i
! 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 paid.

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'

i 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 with a goal cf obtaining 6
4 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. |,

D. Repeat Step B. j

j. E. With the throughwall crack tip 0.15" offset outside the TSP, pressunze to 3670 paid with a
bladder. If following pressurization, the corrosion TW crack tip is more than 0.15" outsideJ

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.

| F. Repeat Step C.
G. Repeat Step A.
H. Perform fractographic measurements to obtain the corrosion (corrosion plus fatigue for;

j 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 followmg allleak testing

,

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

.

s:\ ape \epri\irbarcrp.new. August 25,1996
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Test 112: Summary of Test Results and Evaluation ]

:
|

i

i Test Sequence

Order of tests: zero offset, offset 0.15", bladder pressurization to 2940 pai, offset 0.15",i *

j - bladder pressurization to 4075 pai, 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 TSPj -

hole ID at 180* from the crack.
* There is no basis to question the adequacy of the data -leak test results show consistenti

i trends, without large data scatter.

Summary of Test Results
4

*.
The start ofleak test specimen crack is a total of 0.729" long, composed of two axially*

j 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. l

TW crack was tight - not visible with back light, but determined by dye penetrant to be; -

j 0.508" TW with a thin wall ligament 0.122" long. Based on prior test experience, the
i 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

I thickness deep) that was removed from the crack following the bladder pressurization.
This specimen initially had two additional cracks that were TIG welded prior to-

,

! fatiguing to 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.
i

'

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

F Crack interaction with the TSP occurs at approximately 2400 paid 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: -
i

1 2280 pai.
Following the zero offset test, the TW length was about 0.657", the maximum TWo

i 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 a4
-

26 mil crack to TSP gap. Free span bladder pressurization to 3200 psi following all

s:\apc\epri\irbarerp.new. August 26,1996
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1

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 i

deformation and indicates that the elastic crack opening could increase the measured I

plastic opening of 0.016"to greater than 0.020" at flow pressurization of 2560 paid 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 pai, where the zero offset and offset testa 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 appruximately 70% of the predicted rupture pressure resulted in*: i

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

; pressurized leak rate. l

| The plastic crack diameter increased by 0.004" to 0.020" by this bladder pressurization j-

t which likely increased crack interaction with the TSP due to the additional elastic i
deflection of the crack faces at this pressure. The diameter increase as a result of.

'

,

j. bladder pressurization offset the small increase in crack area to result in no change in
i leakage.
! * Laak rates for the offset condition following bladder pressurization to the free span burst

i

j 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 afkr offset flow*

pressurization test) resulted in a SLB leak rate of 5.3 gpm at 2560 paid 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 pressunzation, 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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Test 11 - 2
Indications Restricted From Burst Leak Rate Tests

(Normalized to Tp= 615'F and ps = 15 psia Conditions - based on average test Ap)
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Test 11 - 2 .

Indications Restricted From Burst Leak Rate Tests
(Normalized to Tp=615*F and ps=15 psia Conditions - based on test leak rate at Ap - )
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Test 11 - 2

Isidications Restricted From Burst Leak Rate Tests
(Test leak rate at ap se , without adjustment to reference SLB conditions)
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Test 11 - 2 ,

Indications Restricted From Burst Leak Rate Tests.

I (as-measured, without aW to reference conditions)
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( 11-2 (8161B)
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After Bladder Pressurization to '4075 psid.and Subsequent;
I Leak Tests
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Test 11-2 (Sample 8161B) .
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Test 11 - 2 i
Susummary of Leak Test and Analysis Results (Based en Average Test Ap) :

Somei=== 81518, Tube Dianneter = 0.874", Gap = 0.826"
.

. ;

EvalentedTest Averages AdjussedTest Averages Eval ==s== for Plots .

Mesumed N

^ "*^""''
p 7 h r- |Test h Man. P, , P e.,, op T, ,

!W 788- AP==(r'il desist tels) (P81) M Rees(RT) Paesamse$39 (gysm)
#

(seen) (spum)

Il-2A I 9964 20S5 127 1923 624 1.56 0.88 IAl E97 1.52 3Al AvusagedI &2

withinTSP 2 1995 M55 lee 1998 633 I.98 a18 IAl iA5 2.le

3- 2tos 2:65 166 1999 6:3 2.s3 e.14 120 eM - 2.e 2.e ,

4 2154 2233 ISS 2005 630 2M e.12 lAI e.95 2.92 2.93 Avaraged4 & 5

5 21M 2285 211 2M4 605 3.55 e.28 0.99 023 2M t

6~ 2297 2454 288 2194 638 4.14 0.25 IAI CM 3.95 3.95

7 2374 2573 209 2284 654 43 e.M 124 129 4A1 4 87 i

6

Il-2C i 2354 | 2648 329 2312 626 S.23 E43 123 0.90 4.M 4.M

Othese.tS* 2_ 2497 2E63 324 2339 638 SA7 0 27 122 a.96 4M 4.97 Average d2 4 3 i

d 3 245I 2005 353 2332 615 5.82 E21 IA0 SAE 4.98 |
,

,

4 2548 2700 352 2428 623 5.62 e.11 1.el G.89 5 85 5A5
'

il-2F
2940pai I 2350 2000 330 2338 632 5.11 032 1A2 e.93 4.98 429 Average af I & 2 ,

Empseded 2 245l 2717 314 24R5 Get 439 e.42 IA3 e.98 4A7

O Gust &l5" 3 2504 2785 3tl 2474 618 SA6 e.48 IAS 839 4.53 433 j

ll-2H ,

!

4075pai I 2345 2596 388 2275 630 SA6 8 67 IA2 0 92 4.14 434

limpended 2 2434 2634 306 2335 645 4.7 e.24 IA4 IAI 4.96 4.96 3

OGuat e.15" 3 2557 2750 302 2448 653 4.49 8.26 135 126 5.03 SAS f
i

II.28 1 1se4 ano 244 Is35 687 3A2 a.23 IAs eA2 3.14 332 Averagesfl & 2 |

4875 psi 2 1975 2129 246 ISBS 631 347 0.19 IA2 SM 331 ,

Empended 3 2003 2205 255 1948 6tl 436 0.17 IA0 SAI 333 3.53 i

WishinTSP 4 2178 2379 267 2182 612 4.49 SAI 120 e.85 3.19 3.19
!

5 2339 2440 208 2148 808 4.75 83 a.99 GA3 3.91 3.91

6 2491 2000 298 2309 628 446 837 I22 E93 4.42 4.42
I
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Test 11-2 S=m of Test M-===In==a Measurement Results
E--

* = 8161-B, Tube Dia. = 0.874", Gap =0.026"

Test Total TotalW Total N Exposed Exposed Max Dia. Min.
T*=*- Angle Crad Imagth Ama W M Ama Gn.) Dia. !

'

'

0"" M'" Iangth GEax. Gn.) Im sth Gn.') Gn.)i ammaaer wb.
Pressum Osbet Gn.) Width) (Mar. ,

(ps0 Un.) Gn.) Width) [1] ,

!Gn.)

! None NA Pre-tesi. 0 0.729 0.508" NA m NA NA 0.874 0.873 -

Isl 0.630 " 0.870
|

,

i

| None 0.0 Hot 0.745 .657" 0.00284 NA NA 0.878 0.873

Step A (0.006) 0.870

None 0.15 Hot 0.748 .702" 0.00881 0.173 " 0.0g02 0.890 0.873'

II Step C (0.014) (0.010) 0.870 -

i

i

2940 NA NA 0.748 0.702" 0.00740 NA NA 0.890 0.873 ;

Step E (0.16) 0.870 !

|

|

2940 0.15 Hot 0.749 0.703" 0.00740 0.151m 0.O p 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 0.749 0.707N 0.01181 0.15m 0.0g51 0.894 0.874

Step H (0.022) (0.017) 0.870

.w.,aurbetdhwp5 A g u n 10.ISSE
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Test 11-2 Sussmary oftest h BEeamunenet Results
Spedasen 8181-B, 'Iabe Dia. = 0.874", Gap =0.096"

Test Total Total W TotalW Exposed Esposed Max Dia. ben.
TunnP- Angle Cesd langth Ama W N Area Gn.) Dia.~ ',

C " Ed'" Length GEsm. Gn.) Ideath On.") Gn.) |ansdeer who '
pwneues onbet On.) Width) SEax.

(peo Gn.) On.) Width) [1]-
Gn.)

!

f 4075 0.0 Hot 0.749 0.707" 0.011191 NA NA 0.895 0.874 j

Step I (0.023) 0.870 |4

i

! !

S .

Notes: (1) Dianneters given are appresimetely the values at the two edens of the 'ISP. Diameters greater than the initial !
-- s *0.875" diameter indicate bulging er b tube at the edges of the '1BP as a result of the tube

* =

;

I 21 Based on silmetic mold and dye penetrant test.
13) Cracks are tight for specimens not pressurised with a bladder and TW area is not applicable.
[4] Crack length firem toolmaker's microscope. Minhaum measurable TW crack opening -0.001".
[5] Con 5rmed TW 1ength plus 0.122" thin ligament at ID.
[6] Two essentially co-planar cracks separated by a ligament at 0.45" from the end of the longer segment. ,

171 Post test dimension; initial test setup was 0.15" odiset.
!

,

'

I i
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|
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Test Plco f:r IRBs
Test 112

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. Pnmary temperatures should not exceed 640*F.
* Testing should be targeted to obtaining the specified pressure differentials for the evaluMed

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 limit. Attempt to obtain a data point as close
; as practical to 2560 psi and to obtain a n.duced (average AP) data point below and one point

above 2560 psi.
D. Repeat Step B.
E. 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 te 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.
F. Repeat Step C.
G. 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 the TSP prior to the |
leak testing of Step F. Repeat Step B. j

* Report whether the tube is tight or looss in TSP following pressurization. !

H. Repeat Step C. l
I. Repeat Step A. |

J. Perform fractographic measurements to obtain the arrosion (corrosion plus fatigue for
fatigued spcimens) throughwall length and length versus depth profile with emphasis at I
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 followmg all leak testing
(i.e., prior to opening the specimen for fractography).

s
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Test 117: Summ ry of Test Results cod Evcluatica -

Test Sequence

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

offset. All tests are hot tests.
No intermediate pressurization step was included since the predicted burst pressure for-

the specimen was only slightly greater than 2560 paid.
Zero obt tests were performed with 'ne TSP centered on the crack to produce equal-

projection of the crack above and bet the TSP since the TW length exceeded the TSP
thickness.
The crack to TSP gap was established at 0.025" by foremg 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 ofleak test specimen had a 0.813" OD length with a TW length of 0.809".*

Shallow slope ofleak rate versus AP curve above about 2000 psi indicates interaction with| *-

| the TSP and reduced leak rates.
The obt leak rate of about 6.2 gpm at SLB conditions (extrapolated from 2450 pai data)

,

*

before bladder pressurization is essentially the same as the centered leak rate, although
both testa 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 okt test.
Since both tests had signi6 cant crack lengths outside the TSP, this test cannot be used-

to assess zero offset versus obt 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 paid 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 paid. 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-ing bladder pressurization.
The crack to TSP gap was 0.025". To assess the magnitude of elastic deformation ofo

the crack, a free span bladder pressurization to 2300 psi followmg all tests
(including prior bladder pressurization to 2900 psi) was performed, which usulted
in a crack diameter 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 abouto

20 mils are sufHeient to effectively close the crack to TSP gap and result in crack to
TSP interaction with reduced leak rates.

The TW crack length, as indicated by visible light thmugh 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)*

.

sAapc\epri\irbarcrp.new. August 26,1995
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than the pri r flow and bladder pressurization leak rate in the offs t condition. In contrast,
there was no diHerence between the centered and offset leak rates for the flow -
pressurization tests.

There is 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 signi6cantly 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 leak test since cracks of significant depth would be less than the
0.75" TSP thickness.

A 0.809" TW length is 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 meulted 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.

s:\ ape \epri\irbarcrp.new.Ausuas 26,1996
M



.

.

Test 11 - 7 -

Indications Restricted From Burst Leak Rate Tests
-

(Normalized to Tp= 815'F and ps = 15 psia Conditions - based on test leak rate at Ap - )
.
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Test 11 - 7 ,

Indications Restricted From Burst Leak Rate Tests
(Test leak rate at A e, without adjustment to reference SLB conditions)
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Test 11-7 ,

Indications Restricted From Burst Leak Rate Tests
(as-measured, without adjustment to reference conditions)
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Test 11-7
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Test 11 - 7
Samunery of Leak Test and Analysis Resuhu (Based en Maldesimus Ap)

Spechnen 2008A, Tube Diammeter = 0.745", Gap = 0.025"

Eveleased Test Averages Adysted Imk Race at Ap, Eveleeten for Mots

I''k(' A ==)
'

Pw Tem M
Avenge Race (RT) Wh Amage' ,

Test sabees M P, , P. , ap T, , Raseg , , y semp. a Leak Rene |W N- APums(Pel) Qals) (pds) (P8i) m Rese(RT) ap I- OO @A '==) hP rW(gy ) ggy ) (spm) (spa)

ll-7A I 17M 1986 242 5744 GN 2.97 9.27 3M IAl 0.89 2.M 2.M |

WiednTSP 2 1982 2148 384 , 1864 644 4A 432 4.95 IAS lAl 5.17 5.17 !

3 1975 2226 344 1852 620 5.81 0.25 6.13 IAS SA2 SAS SAS

4 2056 2350 351 1989 629 631 0.13 4A3 IAI GM 5.?P 5.M j
'

5 2228 2474 301 2093 614 638 9.45 6.75 IAS 8.83 5.de 5.00 |
| 6 2327 2007 399 2218 622 633 0.4 6.62 IAI 9.57 5.77 5.77 i

7 23M 2Ge 399 2241 ser G<a5 e32 7.23 om eA3 5.95 5.95 !
'

l

It'7C I 2258 2625 375 2250 633 6 S.28 6A5 iAl G91 5.3s - Deleet- Hyennesis

Offset 9.10" 2 2M5 2648 3M 2292 645 539 9.29 5.54 iAS 9.99 541 5 66 Averageof 2 & 3 ?

3 2347 2627 393 22M 615 6.48 837 6.16 IAO GA5 5.72 |
'

4 2416 2789 385 23M 630 634 SA 6.24 1 Al S.91 5.73 5.99 Average of 4 & 5 '

5' 2449 2741 404 2337 619 6.71 S.47 6.99 IAS 9.06 6.06 !
!

Il-7F I 21I1 2446 300 2006 638 SA7 033 5.75 8.83 9.93 531 S3I
Espeeded 2 2239 2515 M3 2172 653 5.24 0.29 5.48 1A5 125 6.07 6A7 !

29eopi 3 2MI 2652 395 2257 689 (5 e.43 6.77 IAo eA6 5.s3 5:3 j

OWese t.le* 4 2442 2M3 397 2366 635 6.24 9.46 6.44 125 9 82 6.10 6.10 !
!

11-10 I 2001 2274 309 1965 627 4.79 0.29 4.90 tAl S.88 4.38 UI ?.verage of I & 2 |
2910 pel 2 1999 2259 301 1955 648 426 S.43 4.21 1A5 l es 445

W 3 21M 2401 . 340 2061 615 5A2 9.42 SA7 IAD SA4 4.91 4.91

Witin TSP 4 2279 2533 331 2202 637 5.16 8.43 537 IEl S.95 5.25 5.13 Average of 4 & 5 ;

5 2283 252s 348 218e 613 5.7 9.29 5.94 IAB S.04 SDI ;

6 2413 2643 M5 229s 638 5.43 e39 5.7e IA2 o 93 53s 5.3s I

1
i

|
e

e

i

*

!
!

1
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Test 11 -7
Sunnmary of Leak Test and Analysis Results (Based on Average Ap)

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

Evaluated Test Averages AdjustedTest Averages Evaluation for Plots

| Messered

A"*8'! % Ap T, , Rate 7 12.4 Adjusted AverageTest Subeest Max. P, , P g ,
|

Sequence No. AP (psi) (gmig) (psig) (psi) (p) U
Rate (RT)

l (spm) Presme@f) (gpm)
(8P") (spm)

,

Il-7A I 1776 1986 242 1744 628 2.97 0.27 1.01 0.88 2.65 2.65

WithinTSP 2 1902 2168 304 1864 644 4.8 0.22 1.03 1.01 4.98 4.82 Average d 2 & 3
3 1975 2226 344 1882 620 5.81 0.26 1.00 0.80 4.65

4 2056 2350 381 1969 629 631 0.13 1.01 0.85 5.42 5.42

5 2228 2474 381 _2093 614 638 0.45 1.00 0.81 5.14 5.14

6 2327 2607 389 2218 622 633 0.4 1.01 0.85 5.43 5.45 Average d6 &7
7 1 2396 2640 399 2241 607 6.85 032 3.99 0.80 5.48

11-7C 1 2268 2625 375 2250 633 6 0.28 1.01 0.91 5.54
,

Offset 0.10* 2 2345 _2648 356 2292 645 539 0.29 1.03 0.99 5.45 5.50 Average d 1.2 & 3

3 2347 2627 393 2234 615 6.48 0.57 1.00 0.83 538
' 4 2416 2719 385 2334 630 6.04 0.6 1.01 0.90 5,50 5.62 Average d 4 & 5

5 2449 2741 404 2337 619 6.71 0.47 1.00 0.85 5.74

Il-7F I 2111 2446 360 2086 638 5.67 033 1.03 0.93 5.42 I 5,42

Expan&d 2 2239 2515 343 2172 653 5.24 0.29 1.05 1.06 _ 5.84 5.84 |

2900 psi 3 236l 2652 395 2257 619 6.5 0.43 1.00 0.85 5.52 5.52 ;

Offset 0.10* 4 2442 2763 397 2366 635 6.24 0.46 1.03 0.92 5.88 5.88 j

i1-70 1 2001 2274 309 1965 627 4.79 0.29 1.01 0.87 4.25 437 Average d I & 2

2900 psi 2 1999 2259 301 1958 648 4.06 0.43 1.05 IJ06 430
exp.n&d 3 2156 2401 340 2061 615 5.62 0.42 1.00 0.82 4.61 4.61

Within 73P 4 2279 2533 331 2202 637 5.16 0.43 1.03 0.95 5.02 4.87 Average d 4 & 5

5 2283 2528 348 2380 613 5.7 0.29 1.00 0.83 4.72

6 2413 2643 345 2298 631 5.43 039 1.02 0.92 5.08 5.08
,

TESTIt.7 XL511-7 Tshes afteTS 4:45 Pht
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Test 11-7 Snamany of Test Dimensional Measurement Results
| Spedmen 2006-A, Tube Dia. = 0.745", Gap =0.025"

! Bindder ' nae Test Total Total'1W Total'1W "W Exposed Itint Dia. Min. ,

Pnesure OGbet Ta''P Angle Cradt Im sth Area TW 'IW Area Gn.) Dia.'

I s0 ' Un.) CamEties I m sth GEax. Gn.) I m sth Gn.') Gn.)P

On.) Width) GEnx. [1]
i Gn.) Width)
| Gn.)

i

None NA Pre-test 0 0.820 0.809 * NA" NA NA 0.745 0.744
i

.. e

None 0.0 Hot 0.823 0.809M 0.01662 0.059 " 0.000268 0.764 0.747
Step A (0.030) (0.009) Ist 0.748

.

,

None 0.10 Hot 0.838 0.811 M 0.01855 0.102 0.00120 0.765 0.746 r

S Step C (0.032) (0.018) 0.751
9

.

2900 NA NA Sarne as after offset test prior to bladder 0.765 0.746 !

Step E pressurization, Step C 0.749
'
,

I
|,

2900 0.10 Hot 0.838 0.811 M 0.01857 0.100 0.00118 0.765 0.746
Step F (0.032) (0.018) 0.749 |

i

2900 0.0 Hot 0.838 0.811" 0.01910 0.061 " 0.00042 0.766 0.746 |

Step G (0.033) (0.011) ist 0.750

|
|

s. ape \epri\lrbetdim wp5 August 10,1985

- - - . -- - _ _ _ - -- - _ - - _ -- - - _ _- ..



. . .. . . - - . . - . . . - . . . . . - . - . . - - . . - . . - . . . . . - - . . . . . . - . - .. . . . . . . . . . . . . .

Test 11-7 Summany of Test Dhnensional Measurennent Results
Spedsmen 2006-A, Tube Dia. = 0.745", Gap =0.03tr'

'
Bladeur Tube Test Total TotalW TotalN Exposed Exposed Max Dia. Min.
Phmouse Olbst Tesap. Angle Cd Imagth Aren W W Area Gn.) Dia.

(P8D U'b) N IAmeth 98=w- Ost) Iangth On.') Gn.)
On.) Width) OWser. [1] -

'

On.) Width)
On.)

I -

Notes: [1]- Disraeters gfven are approximately the values at the two edges of the 1BP. Diameters greater than the initial ;

0.750" diameter incheste hulging of the tube at the edges of the 1BP as a result of the tube pressurization.
[2]- Based on silastic mold and dye penetrant test.
131 Cracks are tight for specimens not pressurised with a bladder and TW area is not applicable.
[4] Crack length from toolmaker's microscope. Minimum measurable TW crack opening -0.001".
15] Exposed length equally distributed above and bekw TSP since crack length > TSP thickness. -

16] Sum of exposed TW crack lengths above and below 'ISP

S

.

|
!

' .

I

i

ia ape \epel\lrbrtdimLwp5 August 10,1995
! !
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Test 11-7

General Test Information .

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

- Crack dimensions abr 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 TS.P with the crack centered on the TSP (at start of test) ,

i.e. equal crack tip projection outside 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 ofEset 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
the TSP) to obtain at least 5 data points between and 2000 and 2335 psi AP (recommended
APs of 2000,2100,2200,2280,2335)

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 0.10" 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.

D. hpeat Step B.
E. If the tube is not tight in the TSP following flow pressurization of step C, with the crack tip

0.10" offset outside the TSP, pressurize to 2850 paid 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.
F. Repeat Step C.

: G. Repeat Step A.
H. Perform fractographic measurements to obtain the corrosion (corrosion plus fatigue for

fatigued specimens) thmughwall 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 followmg all leak testing
(i.e., prior to opening the specimen for fractography).

s:\asc\eprNrbarcep.new-Augum 25,1996
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Test IS 1: Sumanry of Test Re:ults cad Eycluatirn

Test Sequence

Order of tests: zero offset, offset 0.15", bladder pressurization to 3310 psi, 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 foremg 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 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. 1

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 pressunzed offset condition is*

bounded by 3.2 gpm.
Flow pressurization to about 2680 psi increased the main crack TW length to about l

-

0.585"(total length of 0.646"), the maximum TW crach opening was 0.005" and the '

plastic crack diameter increase was about 0.002". Thtee was no visible TW width for
the second crack,
o' 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
,

l

resulted in an inemase in the offset leak rate to 4.2 gpm. |

Following the bladder pressurization and offset leak test, the main 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 u.rsus AP curve !
-

: does not clearly imply crack to TSP interaction. The crack has been paviously
'

plastically opened such that hysteriais affects the leak rate slope. The slope would be;

expected to be caused by some additional elastic opening of the crack and the increasing

,

sAape\epri\isarcep.new. August 25,1996
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.

pressure differential (1:ak rate proporti:nal to VAP). The slope of the birdder
! 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 this2

; bladder pressurization step.
Leak rates for the offset condition followmg bladder pressurization to the free span bursti * i

i ' pressure of about 4850 pai 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
'

i -

'
- length to about 0.630"(total length cf 0.656"), the maximum TW crack opening was

0.022" and the plastic crack diameter increase was about 0.020". The second TW crack - ;
4

i 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" r.rd 0.391" ;-

# TW cracks. It appears that both cracks contributed to the leak rate since the leakage is
'

i larger than anticipated for the single main crack.
! It cannot be accurately determined whether or not the main crack resulted in ,

-

l interaction with the TSP since the plastic diameter increase is less than the crack to [
j TSP gap. The slope of the leak rate curve is slightly flatter than obtained for the ;

| intermediate bladder pressurization step. Since the elastic crack opening could have i

increased the tube diameter to near contact with the TSP, it is expected that the leak
j 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
i flow pressurization of 3.2 gpm at 2560 paid with the crack 0.105" TW outaide of the TSP.
i The two TW cracks for this specimen are typical of what might be expected following-

; implementation of tube expansion based, full APC repair limits - a dominant TW crack
with a second, less signi6 cant TW indication.-

j 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.d

There was no significant difference in zero offset and offset leak rates followmg bladder
pressurization.

Both cracks, spaced 90' apart, contributed to the leak rate.-
1

;

i

i
|

,
J.

' i

! !
:
.

i

!
,

s:\ ape \epri\irbarcrp.new.Ausust 26,1995
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Test 12 - 1
Indications Restricted From Burst Leak Rate Tests

peonneused to Tp= sis F and ps = 15 pela Conditions - based on test leek rate et Ap ,,,,)

10.0

....... ----- --+m_

. 4::=-1' ' '
~ o,~~~

_......_.._
3'''' '~^,e-+ j,_____a

,, # ~ Test Sequence

m
-

.

f 0 --+--WINn TSP, HT

3 m
---G--05est 0.15. HT*

j 1.0 V - 0- - ONest 0.15. HT,3310
g f _

F
.3d - 4 - WIhn TSP, HT, 3310

- - + - ONest 0.15. HT, 4050

- 5 - WIhn TSP, HT, 4050

0.1

1600 1800 2000 2200 2400 2600 2800

UN
,

!

ChNorm 12-1Dpusex TEST 12-1.XLS 8/10/95 !
t
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Test 12 -1
Indications Restricted From Burst Leak Rate Tests

(Normenzod to Tp= 515'F and ps = 15 psia Condidons - based on test leak rate at Ap )
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Test 12 - 1
Indications Restricted From Busst Leak Rate Tests

(as measured, without a$ssiment to reference conditions)
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Test 12-1 (8161C)
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Test 1218===mmsy of Test nime==h-d B5easumussent Results ,'

ng 4-.- sist.C, Tube Dia. = 0.875", Gap =0.036*
,

i Test Tetal Total 'IW Total'IW Exposed Ehpased Max Dia. DDn.

TeseP- Angle Cred Imagth Area TW '1W Area Gn.) Dia. ;

C*mmesen Immsth Gear. Gn.) Imagth Gn.') On.) :
an=da - Tebe
Pteemm. Osbet Gn.) Width) GEnx. :

i

W On.) On.) Width) ,

Gn.) [1] ;

None NA Pre-test 90* 0.607 .515 " NA" NA NA .876 .876 i

.875 |

0* 0.465 .360 .875 .872 ,

f.873
!
:

!

None 0.0 Hot 90* 0.633 15] <0.00058 NA NA .876 .876 !

Step A (<0.001) .875 i

el 0* NA 16] .875 .872 i
.873 ,

!
'

i i'

i

! None 0.15 Hot 90* 0.646 0.585" 0.00176 0.105 0.00010 .877 .876 |

| Step C (0.005) (0.002) :

0* NA [6] .880 .873 |
.870 i

I

!

3310 NA NA 90* 0.649 0.603" 0.00182 NA NA .878 .875 i
I

Step E (0.005) .875

0* NA [6] .879 .874
i|.873
i
;

!

3310 0.15 Hot 90* 0.652 0.004" 0.00190 0.151 0.00026 .878 .874 :

Step F (0.005) (0.004) [
i O' NA [6] .879 .874 !

!
[

P

.:apet.priuntredhmtwys August le,1998
~ !
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Test 1319=====y of Test Dissensional M.====ennent Results
ai-4 81st.c, Tube Dia. = 0.87r, cap =0.02s"

-

Test Total TotalTW TotalW Exposed Exposed Blar Dia. Min.
Temsp. Angle Crack Imagth Aren 'IW '1W Area Gn.) Dia.

M IAmsth (Mar. Gn.) Immsth On.") On.)namadme TWm
Pkesse. Osbet Gn.) Width) Gear.

(pop Gm) . Gn.) Width)
On.) til

;

i 3310 0.0 Hot Same as 0.15 offset test after bladder pressurization to
Step G 3300 W '

4850 NA NA 90* 0.654 0.629" 0.00946 NA NA .893 .874 !'

Step H (0.022) .873 I

g 0* 0.481 0.411" 0.00107 .883 .877 |;

(0.005) Sum = !'

0.01053
-

;i

i

!
.

4850 0.15 Hot 90" 0.656 0 630 0.01063 0.151 0.00181 .895 .872 i

Step I (0.022) (0.018) .673

0* 0.481 0.411 0.00112 .884 .877

(0.005) Sum =
k

, ,

.I0.01174 :

f

;

4850 0.0 Hot 90* 0.658 0.680" 0.01074 NA NA .893 .874'

Step J (0.022) .873 ;

0* 0.483 0.411M 0.00117 .884 .877 |

(0.005) Sum = |
0.01191 !

!

!

! !

i
;

espet priurtrtdistwys August 10,1995
,
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Test 13-1 Summmary of Test ns -minnan w. nesagts
ap. 4.= - sis 14, Tube Dia. = 0.87F, Gap =0.098*

. Test Total TotalW TotalW Exposed Exposed Mast Dia. Min.
T*"P- Angle Crack IAngth Ana . '1T W Ama Gn.) Din.

mandesr m C*ndiensa Iansth SEaz, Gn.) Length On ') On.) -
.

1%ssum onbet On.) Width) GEsz.
^

tysD Gm.) Gn.) . Width)'

On.) [1] .

!

Notes: [1] Dissnetere given are appewimately the values at tha two edess of the TSP. Dimmetern greater than the initial
0.87F diameter indicate bulging of the tube at the edges of the 'ISP as a result of the tube _J P=-

. [2] R====I on suestic neeld and dye penetrant test.
! 131 Cracks are tight for specimens not pressurized with a bladder and TW area is not applicable.

141 Crack length firom toolmaker's microscope. Minimum measurable TW crack opening -0.001".
151 - W 1ength could not be accurately determined due to negligible crack opening.
16] No light was visible through the crack; therefore TW 1ength could not be determined.

;

,

8
,

.

s ape \epel\lrhetdise wpS August 19, ISOS
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?

Test Pita IRBs !
,

f'Test 12-1
*

General Test Information
* Utahze large leak test facility testing i

: * Test 7/8" diameter, specimen 8161C t

Specimen has 2 cracks located at O' and 90'; primary crack is the 90' crack !-
-

'
Pnmary 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 0.900" to obtain a 0.025" tube j

j to TSP diametral gap. !

; * Leak test at about 615'F. Pnmary temperatures should not exceed 640*F. |
- * Testing should be targeted to ob+aming the specified pressure differentials for the evaluated j

data ;
:

'

* Locate specimen relative to the TSP with the crack tip (at start of test) at the inside edge of |
1 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 i
;

the TSP for offset testa. The 0.15" offset shall be based on the measured TW crack.,

i * The tube shall contact the TSP hole at 180* from the pnmary [90*] crack being leak tested.
'

1

) Test Sequence ;
; A. Hot leak test with crack inside the TSP and crack tip at edge of TSP to obtain at least 5 i

data points between and 1800 and 2200 psi AP !
B. Measure crack opening length, diameter, area (total lengths and thruwall lengths / width). ;t

i TW crack width measurements at the TW crack tips shall be measured at 20 to 30 mil ;

i spacing for 0.1" and at 50 mil spacing over the remaining TW length. Crack dia neter i

measurements shall be reported at about 0.1" intervals spanning the crack length and about i,.

| two 0.15" intervals beyond the crack. Report whether or not the tube is tight or loose in the
i 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

j (average AP) data point below and above 2560 psi.
D. Repeat Step B.-

; E. With the crack tip 0.15" offset outside the TSP, pressunze to 3300 paid 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. hpeat Step B (crack diameter need not be reported to NSD prior to4

; further testing).
; F. Repeat offset leak test of Step C.
; G. Repeat zero offset leak test of Step A.

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

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

j adjuct the =pecimen to obtain 0.15" of the TW corrosion crack outside the TSP prior to the i

leah testing of Step F. Repeat Step B.
j I. Repeat offset leak test of Step C.
j J. Repeat zero ofEet leak test of Step A.
j K. Perform fractographic measurements to obtain the corrosion (corrosion plus fatigue for
j fatigued specimens) throughwall length and length versus depth profile with emph==ia at
-

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

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

!

_

s:\apc\epri\irbercrpamew. August 25,1996

|
!
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! Test 13-7: Summary of Test Results and Evaluation

4 i
ii -

i ' \
1

.

j Test Sequence : 1
|

'
,

|
Order of tests: zero offset, ofhet 0.1", bladder pressurization to 2800 psi, offset 0.1", bladder |*

0 pressurization to 6200 pai, offset 0.1" and zero offset. ' All tests are hot tests.
. |

The bladder pmssurization to 6200 psi was an inadvertently high AP and should have !t-
,

been the target free span burst pressure of about 3950 psi. However, this target burst: '
,

,

j' pressure assumed the ligament between the two circumferentially separated (by a 0.012" i
ligament) would tear to result in a long 0.58" TW crack. The ligament did'not tear at' !s

Y 2800 psi but did tear at the 6200 psi bladder pressurization. The ligament would likely ;

;; have increased the burst pressure above the estimated 3950 pai value. |;

Intermediate bladder pressurization step is approxunately 70% of the pedicted jj -<

t : specimen burst pressure.
. .

;

1 x . 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 plannad
'

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

o 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) than4 -

,

[ normal (typically about 125 pai 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

i: The specimen tested had overall lengths of 0.590" OD, 0.580" TW with the total length*

; compnsed of two 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 wem 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 pr==ance of the

ligament. The ligament became apparent after the initial Sow pressurisation test.-.
The test results indicate that the ligamsnt between the two cracks did not tear until the-

6200 psi bladder pmesurisation test.,

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

4 interpretation of the test moults.
: * Alh-h the Sow pmesurisation offset leak rate slope is relatively flat, it is not clear from,

''

' ; the leak rate data alone, whether or not crack to TSP interaction was,d durmg this test
'

3 - sequence up to the maximum AP of 2659 psi tested.
~

The sero offset test up to 2509 psi shows no indication of crack to TSP interaction.
[ Extrapolation of the sem offset leak rates with no interaction to 2659 psi results in only

i a slightly larger leak rate than obtained from the effset leak test.
The crack diameter increase following the Bow pressurization offset test was only 5 milsL 4-

; compared to the 25 mil crack to TSP gap and no interaction would be expected.

- shapes.prNd,arep.m .Ausma sa,iees
_

.
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Th3 results indicate only a very small increase in ths 1:ak rate betw:en 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 in the offset 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.
The crack diameter following this pressurization step did not significantly increaseo
over that of the flow pressurization offset test and crack to TSP interaction would
not have been expected.-

The leak rate increase is casistent 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-

clearance 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.
.

Overall 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 flow'

; 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.
: Tlue demonstrates that the two TW cracks totalling 0.631" over an overalllength of I-

: 0.629' (ligament separates TW crack tips) do not behave in terms of crack opening and
leakage as a single long TW crack near 0.63". All other tests in this program indicate
that single TW asek lengths of > 0.5" result in crack to TSP interaction at < 2400 psi. ,

l

|

I
J

i

1

|

1

|

l

I
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Test 12 - 7
Indications Restricted From Burst Leak Rate Tests

(Ne.p ti to Tp= 815'F and ps = 15 psia Conditions - based on test leak rate at Ap - )
10.0
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Test 12 - 7
Indications Restricted From Burst Leak Rate Tests

(Norppuzed to Tp= S15'F and ps = 15 psia Conditions - based on test leak rate at Ap , )
10.0

_ _ _ _ EL
-

_ g-

A . ,______ .mm.--------**E
_

" - - ~ '
,, - Test ;::m

,,,

.

/^

; Cor. ores, HT

3
9 : +OWo.t 0.10. HTg 1.0 f' -

- - D - OWest 0.10, 2000

3
*

a -- . .o i0.ic.nr..a.

- 9 - cer uT,azoo

.

1

0.I

1600 1800 2000 2200 2400 2600 2800 i

W !

I

.

ChNorm_12-7 TBST12-7.XLS 8/7/95

. _ - _ _ - - - - _ - - _ _ - _ - _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . - _.



. _ _ . - . _ . _ . . . . .. _ . ..-._ _ .. __ . _ _ . . _ _ . . . . _ . ._. . . . . -

.-

,

.

.

'

Test 12 - 7
Indications Restricted From Burst Leak Rate Tests<

(Test leak rate at Ap -, without adjustment to reference St B condthms)
10.0

|

- Test Sequence [
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Test 12 - 7!

Indicatlogs Restricted From Burst Leak Rate Tests
(as-measured, without =="==^_i---| to reference conditions)

10
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Test 12-7 (Specimen 2008 D)
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Test 12 7 Sa====ry of Test Dbmensiemi Measuresnent Results
Spedanen 2008-D, Tube Dia. = 0.745", Gap =0.025"

Test Total Total W Total W Exposed C Max Dia. Min.
Tessp- Angle Cred Iength Aree W W Ama Gn.) Dia. ,

'
C""#88*= Length (Max. Gn.) Iength Ga?) Gn.)m edder Tube

I%ssure Oassa Gn.) Width) (Mex.
(ps0 Gn.) Gn.) Width) [1]

Gn.)
.

None NA Pre-test 0 0.590 0.580" " NA " NA NA 0.745 0.743
Crl- 0.375
Cr2-0.256

t
t

2 None 0.0 Hot 0.634 0.375" 0.00168 NA NA 0.750 0.744

Step A (0.005) 0.742
0.256" :

i(0.003)
151 3

r

None 0.10 Hot 0.635 0.375" 6.00213 0.10 " 0.00010 0.750 0.744

Step C (0.006) (0.0024) 0.742 i

0.259" ;

(0.004)
51 .

.

2800 NA NA 0.635 0.375" 0.00247 NA NA 0.749 0.744 !

Step E (0.006) 0.743 ;

0.259" i

(0.004)
51

l
|

|
,

1

|

s: ape \epel\lrbetdimLwp5 August 10,1995
|
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Test 12 7 8=====ry of Test h Measurusunt Resultst

apar4=== sece-D, Tube Dia. = 0.745", Gap =0.025"

Test Total Total N TotalW Exposed Rupammel Max Dia. Min. -.

Tes'P- Angle Crad Imagth Ann W W Ama Gn.) Dia.
candlesem Length (Maz. Gn.) Iangth Gn.') Gn.) !un-m - Tube

r wssmee onbet Gn.) Width) OKaz. ,

t

(pse Ga.) On.) Width) [1]
Gn.)

!
'

2800 0.10 Hot Same as after bladder 0.10 " 0.00012 0.750 0.%4

Step F pmesurization to 2800 (0.0034) 0.742

,' paid, Step E j
,

t

6200 NA NA .764 0.726" 0.0328d NA NA 0.771 0.743 -

Step G (0.060) 0.742 ,

';

8 .

6200 0.10 Hot 0.773 0.726" 0.03159 0.10 " 0.00215 0.769 0.744

Step H (0.056) (0.039) 0.743

i

:

6200 0.0 Hot 0.773 0.726" 0.03175 NA NA 0.769 0.745 i
'

Step I (0.057) 0.744

!

;

;

Notes: [1] Diameters given are a,,,
' " ' the values at the two edges of the 'ISP. Diameters greater than the initial |,

0.750" diameter indicate belging of the tube at the edges of the 'ISP as a result of the tube pressurization. |

[ 2] Based on silastic mold and dye penetrant test.
-

13] Cracks are tight for specimens not ywn+1 with a bladder and TW area is not applicable. !

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

15] Two essentially co-planar cracks (0.012" circumferential offset) separated by a ligament at 0.365" from the ;
end of the longer segment. :

i

16] Post test dimanalon. Test setup with 0.10 TW oSiset.

,

.: pet.priurtredistwps August 10,1995 ,

!

!
'

. ____ ___ _



. . - -.-. -_ .~ - - - - ...- - - -- - . - . - -

I Test Plnn f:r IRBs |

Test 12 7 i
i

t

| General Test Information
'

* Utilize large leak test facility testing
.i * Test 3/4" diameter, specimen 2008D ;

[ Crack dimensions a&r 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*

i to TSP diametral gap i

; * Leak test at about 615'F. Primary temperatures should not exceed 640*F.
i * Testing should be targeted to obtainmg the specified pressure differentials for the evaluated
; data (test averages)

' '

j * 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 0.10" outsicLe :

the TSP for offset tests. The 0.10" offset shall be based on the measured TW crack.'

i * The tube shall 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

i

data points between and 2000 and 2335 psi AP ii
.

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 '

J 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
j two 0.15" intervals beyond the crack. hport whether or not the tube is tight or loose in the
; TSP abr the last test step.
: C. Hot leak test with the TW crack tip 0.10" offset outside TSP to obtain at least 5 data points
j 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
j pai.
! D. hpeat Step B. !

E. 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 paid (approximately 70% of burst pressure) j:

1 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.
i * hport whether the tube is tight or loose in TSP followmg pressunzation.

F. hpeat Step C..

G. With the crack tip 0.10" offset outside the TSP, pressunze to 3950 paid with a bladder. If
; following pressurization, the corrosion TW crack tip is more than 0.10" outside the TSP,
i. adjust the specunen to obtain 0.10" of the TW corrosion crack outside the TSP prior to the

leak testing of Step F. Repest Step B.
I H. hpeat Step C.
j L hpeat Step A.
: J. Perform fractographic measurements to obtain the corrosion (corrosion plus fatigue for
i 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 specunen at the start of |
;

testing. Attempt to define the length and depth at the crack tips following allleak testing
(i.e., prior to opening the specimen for fractography).:

P

:

:
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Test 1-1: Summary of Test Results
|
<

|

Test Sequence

Order of tems: 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" i
compared to the target 0.025" based on measurements of the crack diameter following the i

flow pressurization offset test.

i

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,
o Based on estimates in Section 5, 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 43 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 length
.

increased from 0.494" to 0.595" and the width increased from 0.004" to 0.011". It i:
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 other 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 5),
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" to 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 so as to reduce the effective crack area. l

The lower leak rate with crack offset is not expected although the flow a ea !-

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 dccumented the
appropriate test condition.

m_ . tw as.ms
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Overall Conclusions

The SLB leak rate for this 0.6" TW crack is limited to about 39 gpm prior to 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-

3/4" tubing (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 pressuriration to the free span burst pressure did not increase the leak rate over that.

obtained in the prior offset tests

.

N
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Test 1-1. Summiery of Tset Irisseesfemel Measusesment Result
Specesses 8161G, Tube Dia = S.875"o Gay = 0.926"'

[>

Bledder Tube Test Teeml Teest Teest Esposed Empeeed Mas. Mit |
~

Pressese Offiset Tenny. Angle Crack 'IW TW TW TW Dia Dia |,
'

(pol) (la) CoeGGem I4aget 14aget Aves . 14egGi Aves (Im) (la) ,

|Om) (Mas. Omh (Mas. Os') M ete 1

]
Widen) Widen)

-

Gs) Hm) j"

None 0.0 Initial O' O.620 ODA 0.620 IDm N.A.m 0.0 N.A.m 0.879 0.876 ;

Seeps A,B Dime. 0.626'*8 0.875 ;
.

i Hot o' O.626 *8 0.494'*8 0.002r 0.0 N.A. ' O_880 0.875 i4

(0.004W) 0.876
,

*

!

!

None 0.15 Hot O' O.633(9 0.595(9 0.0045 0.147 0,00074 0.884 0.880
'

|Steps C, D (0.0llW) (0.007W) 0.875

!

!

None Pree Spen Hot No change |
SeepsE F j

|
*,

,

4250 0.0 Hot 0* 0.633 0.595 0.0052 0.0 0.0 0.888 0.881 i
'

!
Steps G, H (0.012W) 0.875'

|

| 4250 0.15 Hot O* O.633 0.595 0.0052 0,147- 0.00074 0.888 0.881 i

Seep t (0.012W) (0.007W) 0.875 !i

1 \
, t

! I
'

4250 0.15 Cold O' O.633 0.595 0.0054 0.147 0.00088 0.888 0.876
Step J (0.012W) (0.008W) 0.874 |

!

:

Notes: 1. Diesessers given me appromisnesely IIne values et die two edges of the TSP. Diameters presser then she initial 0.745" diameter !

Indicene bulging of the esbe at die edges of the T3P as a seemit of the embe ,._ '_'

;

2. Oncks;are eight for specimens not ,. _a wide a bladder and "IW area is not appIlceMe. i

3. Creek langshe freen dye poseerent seses. !

4. Osck lengths freen eselmeber's - Mini ===== seeeeuraMe 1W crack opening -0.00l* |
*

|

enestapreweenhLusSJuly OIL ISBs

!

| |
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Test Plan IRBs
' Test 1-1 *

. 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
i

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
B. Measure crack opening length, diameter, area .otal lengths and thru vall lengths / width) and

evaluate crack tearing extension (beyond cerrosion crack length).
C. Hot (615*F) leak test with crack tip 0.10" offset outside TSP at 2335,2560,2700,2800 psi AP

up to facility limit
D. Measure crack opening length, diameret, area (total lengths and thruwall lengths / width) and

evaluate crack tearing extension (beyond corrosion crack length).
E. 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 5 for a cold test) or more higher than I

"

the largest leak rate obtained from Step C.
F. Measure crack opening length, diameter, area (total lengths and thruwall lengths / width) and

evaluate crack tearing extension (beyond corrosion crack length).
G. With the crack tip 0.10" offset outside the TSP, pressurize to 4150 psid with a bladder. If I

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..

H. 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

I. Hot (615'F) leak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP
J. R.T. leak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP
K. Measure corrosion throughwall length and length versus depth profde.

|

1
!

|

I

.ca ~ , . .

M
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Test 12: Summary or 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 to 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 1

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 te 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-

Based on estimates given in Section 5, the effective crack area is about equal to theo

geometrical flow area available for leakage within the TSP and leakage would be i

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 tem phase and the-

maximum crack width increased from 0.005" to 0.014"
The crack opening area increased by almost a factor of four over this test phase whileo

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 2160 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 lower 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

c,.w.1 %, a im
M



. ~ Crack dimensions by fractography following destructive examination of the specimen
Crack at start of leak testing was a uniform 0.645" throughwall (0383" 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 cased 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 |

f

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 techniques applied for crack dimensions before and during the test are adequate
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i Test 1 - 2
Suunnery ofImak Test and Amatysis Resehs

Spechnen 3161E, Tube Dienster se 0.874", Gap = 0.027"4

|
.

*

EvalueledTest Averages A4smedTest Averages Eh for Pkas
,

asesames -

A"'' A4"'''8 I'' A'*fugeTem satel nex. P,, , P% % T, , Rose p 7 semy. a w nese r-
,Sequence & MeM (,sig) (yelg) M (P) % pgesse,,gy) p) .

,

,,,, q
M (men)

< - -

!~ I-2A I 8092 1961 09 1872 622 1.24 4 13 1.08 GM l.22 8.37 Average et I & 2 ';WhWe TSP 2- 1931 2005 93 1912 627 l.46 9 13 1.08 IJES l.52 ;
3 8009 1989 39 1826 612 I.35 0.18 I.00 GM 1.30 3.38 Delene . Hyssereais !4 2022 2071 116 1955 627 1.93 0.I7 8.91 1.08 8.96 1.09 Average et 4,5 & 4
5 2000 2048 122 _1926 887 2.1 9.82 0 99 eM 1.79 S, 6 2872 2073 125 1948 689 2.05 0.1 l.08 & 93 1.92
7 __2200 2213 173 2000 619 2.85 9 85 1.00 0.87 2.46 2.46 |8 2324 2283 194 2000 62l 3.21 0.12 IM 0.92 2.96 2.96 *

9 2337 2356 196 2860 636 3.13 SM IM 1.02 3.24 3.24

1-2C I 2312 2412 193 2219 637 3.18 0.11 IJ02 1.03 3.32 3.32
Offset 0.15* 2 2346 2464 206 2258 628 2M 0.8 1.01 GM 2 08 3.15 Average et 2 & 3 !

% 3 2517 2528 235 2293 62 3.72 0 15 1.00 9.92 3.43
4 2865 2684 184 2430 631 2.85 0.0B I.01 SM 2.87 2.87
5_ 2720 W' 198 ] 2539 625 3.Il 0.22 1.01 0.96 3.98 3.09 Average stS.6 & 7
6 2708 2748 197 2543 639 2.99 0.18 1.82 1.03 3.13
7 2773 2715 212 2503 421 3.31 0.22 1.00 8 94 3.12

1-2E I 2387 2598 442 2:49 646 | 7.21 4 44 1.83 GM 6.98 em
Free Span I

i 1-2H I 2374 23M ISO 2176 635 2.6 0.24 8.9) BJD4 2.77 2.77
| 40espel 2 2374 2004 IS2 2252 646 2.31 0.25 1.04 1.13 2.78 2.71
i Espessend 3 2643 2S65 174 2398 621 2.74 0.22 l.01 0.95 2.62 2.62' ,Wiele75P 4 MS9 2649 171 2477 636 2.50 9.17 1.03 1.82 2.71 2.71

,

1-21 1 2379 2388 ISS 2280 634 2.49 0.11 1.02 1.e3 2.62 2 62
F=p== dad 2 2397 24M RSS 2288 645 2.4 0.22 1.et 1.8 I 2.77 2.77
4000 pel 3 M72 2$37 179 2358 416 2.85 8.15 1.00 9.92 2.64 2M

OEnst al5* 4 as77 M24 175 2449 632 2.89 9 15 1.02 1.80 2.75 2.75

>l-21 1 2358 2228 28 2207 70 3.93 Re4 ett & 62 1.97 8.97 IRT 2 2377 2281 21 2200 70 3.98 0 06 atl 8 63 2.03 2.03 I
Espended 3 M73 2$09 22 2487 70 4.34 0.97 aBI te? 2.M 2.37 - Average at 3 & 4 f400ppei 4 2678 2544 22 2S22 70 4.31 RSS 9.01 0.00 2.37

O mettIS* ;
'

i
;

i
s

* *

s

6

.

-. . . . _ . _ _ _ _ _ . . _ _ _ - _ . . _ , . _ _ - . - - - _ . _ . - . . - _ , _ . . - _ .
..._._.._,__!



_ . _ . _ _ . . . _ . . . . _ . _ . _ . . . _ _ . . . . - - . _ _ _ . _ . _ . _ . _ . _ . . _ _ _ . . _ . . _ . ._ _- .___________..._..___..._m._ . _ _ . . __.._

Test 12. Summeery of Test Dlueessional Messamment Cessid

! Speciumen 8161E, Tube Die. = 8.874", Sep = 8.827"

: Bledder Tube Test Total Total Toul Exposed Empeoed Max. Min
Pmesese Offset Tesey. Angle Crack 'IW TW TW TW Die. Dio.

(psi) Un) CendlSee Lengen Lenge Ana IAngt Ana Um) Om)
| Om) (Mar. Os') (Mar. Os?) Note I

Wid8i) Widdi)
Um) Um)

None d.0 Initial 0* 0.640 ODm 0.620 IDm N.A.m 0.0 N.A.m 0.876 0.873
Steps A. B Dim. 0.645m 0.874

Hot 0* 0.673W 0.574W 0.0017 0.0 N.A. 0.879 0.873
(0.005W) 0.874

|

IIone 0.15 Hot O* O.735W 0.666W 0.0065 0.145 0.00087 0.887 0.882
Steps C, D (0.014W) (0.009W) 0.875

g None Free Spen Hot No change -

Steps E. F

!

4000 0.0 Hot 0* 0.735 0.666 0.0073 0.0 0.0 0.887 0.873
Steps G. H (0.015W) 0.874

4080 0.15 Hot 0* 0.735 0.668 0.0078 0.085 0.00051 0.888 0.882
Step t (0.015W) (0.007W) 0.874 -

4080 0.15 Cold 0* 0.735 0.668 0.0079 0.085 0.00055 0.888 0.880
5Step J (0.015W) (0.008W) 0.874

Notes: 1. Diamesers given are approximately the values et the two edges of the TSP. Diameters greater then the initial 0.874" diameter
indicate belging of the tube et she edges of the 'ISP se a resak of the tube presserization.

2. Cracks are tight for specimens not pressurized with a bladder and 'IW area is not ,, T 1*:
3. Crack leasthe from dye peneerent tests.
4. Crack lengths front soolmaker's m' .ww Minimum unessarable TW crack opening -0.00!*

.w.,ni,u a.,su,es ises

.
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I
Test Plan for IRBs j

Test 1-2 i
t

i

i

General Test Information
)

Utilize large leak test facility testing= ,

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

Silasuc mold dye penetrant - 0.64" OD with 0.62" ID
.

j-

leak test at 615'F except as noted. Testing at > 615*F is acceptable. j-

Locate specimen relative to the TSP per requirements for crack locations within TSP and j=

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 &
.

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

C. Hot (615'F) leak test with crack tip 0.10" offset outside TSP at 2335,2560,2700,2800 psi
;

AP up to facility limit
,

D. Measure crack opening length, diameter, area (total lengths and thruwall lengths / width) and i

evaluate crack tearing extension (beyond corrosion crack length).
E. 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 teanng 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 5 for a
cold test) or more higher than the largest leak rate obtained from Step C.

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

G. 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 1

of Step G. Measure the tomi 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. 1

-

H. 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

' 1. Hot (615'F) leak test with crack tip 0.10" cffset outside TSP at 2335 and 2560 psi AP g
J. R.T. leak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP
K. Measure corrosion throughwall length and length versus depth profile.

)
|
'
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- Test 1-6: Summary of Test Results and Evaluation
.

;

.

| Test Sequence

Order of tests: mro offset, offset 0.1", freespan, bladder pressurization to 3220 psi, mro offset< ..
# '

' and offset 0.1".' All tests are hot tests.
'

Freespan test, performed at lower & than prior tests, includes hysteresis effects - test-

performed only to demonstrate magnitude of difference in leak rate between free span and

i crack within TSP
Data points below maximum & of 2439 psi were deleted in zero offset test at end of ten' --

sequence and offset test at beginning of sequence
Leak test results show consistent trends with modest fluctuations in data - no basis to question.

data adequacy. The crack to TSP clearance for this test was 0.026" compared to the target,

4 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 slope of leak rate versus & cmve above about 2000 psi indicates interaction with 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--,

i maximum of 0.024"

} Leak rates at SLB pressure differential witii 0.10" offset are bounded by about 5.5 gpm prior to.

and after bladder pressurization!

1 This test, performed with a 0.026" tube to TSP gap, resulted in the widest crack openings-

' .
of all tests performed (except subsequent bladder pressurization for this specimen) with
maximum crack opening widths of 0.044' inside the TSP and 0.024" outside the TSPt

L o This specimen was the only crack that was tight in the TSP collar following flow
! 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
4 Plastic deformation iacreased the crack opening diameter to the ID of the tube over about-

0.25" at the center of the crack3-
*

Leak rate increased from about 3.1 gpm for aro 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 Ms. At comparable Ms, the offset leak rate was

"

about 30% higher than found for zero offset. .,

o Consistent with detectable (visible light through crack) increases M TW crack
length (0.619" to 0.724"), maximum crack width (0.024" to 0.044") and cracki'

opening area (iztor of 2).<

o Based on estimates in Section 5, the geometric flow area is less than the effective
[; crack area for this test and an increase in leakage for the offset condition would be

expected.

.. Leak rates for the crack within the TSP and offset 0.1" following bladder pressurization to the
,

1 - free span burst pressure of about 3220 psi at 0.10" offset are approximately equal te that
.,

'^

_ q--- ,_

*
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. ..

! i. .
,

| .

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

! pressurization is approximately independent of the TSP offset position. i

'

The bladder pressurization had no significant influence on the leak rate even though the-
t,

'

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 5

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 throughwalli *

lengths of this magnitude would not be expected even with the full APC repair limit with tube,

j 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-l and Byren-1
A 0.74" 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*

;

i 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 1-6. After Bladder Pressuristion to 3320 psi and Leak Testingi
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Test 1 - 6 i

.% etImmit Test amII Aanlysis Rasmits

|
Speram-sen 200SE, Tube IMenester = 9.745", Gap = 0.036"

i EvalumeedTest Avernys A4ussedTest Averages Evelmation for Ploes
'

.

'
Desammed 1mak" " ' ''

Test h ? P% % % T, , Avesage IAEk IlmEE I ' '"E *

I
ge$g truls) tulel 980 (P) h8'F'"88 38E

4,
'

14A I lede see6 lee Iss? ese im e.19 |48 IA6 s.el 1.06 ;
WlassTSP 2 1938 2005 829 1938 838 B.OD 4.11 At

'

7 T4 2.29
5.13 2.88 2.23 Avenge it 2 & 3 iW 2001 iM 1915 639 iM S 12 I S23 l,

4 ~ Nii- 2341 IM ~3529 639 2A6 9 Il I e2 1.30 2.32 2.46 Averageof 4 AS |
5 MSS 2172 146
6 2298 3809 173-

1926 645 2.86 til 143 1.It 2 68
'

22M GS$ 2.44 0 86 124' t.28 3 83 3 97
7 M70 3650 211 M3D 6M 2.M e.23 tal Ett 2.92 2.92 [
t Hii- 2est 3B4 ' 2257 632 3.38 0.12 let att 3 38 - Desses.Ilysemusis
9 DC 2447 212 ~iiii- SII 3.S3 E29 l et ' M 3.30 - Osteer.Ilysements,

-~

~ii ' 2495 - 238 2273 423 3.4$ 9 12 -~~i5i - E93 3.23 - Dieser-Ilyenssents !23
~

I le

|
'

143 1 2272 2Sil 252 2239 est 3.8$ EM 1.03 148 4.25 - Dessee. Ilyssersees
019 set &W 2 ~ 2294 2524 254 2270 665 3.45 8 49 1 85 8.25 4.34 - Detsar. IIyeaussis

3 2336 3e93 287 2206 631 4.75 E71 141 4.M 4.53 - Datene. Ilysesums
4 3M 3092 298 2002 6et d es ESS 143 144 4.99 4.95 Average er 4 & S
S 2500 27M 316 MN 629 3.23 E93 141 E93 4.99 |6 2732 _ 2877 3M 2543 63$ _ S.64 0.32 iA2 E9$ $ 46 S.42 Averageet 6 & 7 .

? 2780 2000 M7 2S28 630 S.74 E70 1 91 E93 S.39
-

I

!

I4C i 1530 2397 | 902 1495 646 1323 4.51 123 IAS 22.86 22.86
,

Fussisse I

14F I 2272 sete 253 2237 GSe 4.37 E77 iAS Im 4.99 4.57 Avesage et 1.2 & 4
eBag=maad 2 2292 2Sl0 N4 22M Ge6 4.30 R44 144 125 4.42
3239 pel 3 2306 3486 290 2148 622~

4.33 RM I.St R93 4.58
-

AvesineetT&T

4.72 4 00 tAl RSS 4.99 4.19 -

-

WintaT5P ~3~ ~Bli'' ~~}iSD 296 ~ iii- Gli2 '
-

-~ i - TSii - 2963 1s6 ~iS2T 686 4m em im ts? 4.M 4m
6 2$02 2792 299 3083 GM 4.79 9 05 Iat 1 96 4.00 4 GD

i ? 2SM 2579 315 2384 613 SA7 GA6 IAS 6.85 4.32 -
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Test 16. W of Test Dimensional Measureuseet Eeeules j
Specisnes 2000E, Tube Dia. = 0.745", Gap = 0.926"

Bladder Tube Test Teest Teeml Teemt Exposed Exposed Max. Min
Fweesse Offset Tesop. Angle Crack 'IW TW 'tW TW Dia Dia.

'

(psi) Os) Cemeten LeagGi IsegGi Aves IAngt Area (Im) (Im)
8Om) (Mar. Ga) (Mas. Osi8) M een 1 ,

!Widen) Wides)
Gm) Gm)

None 'O.0 Initial O' O.735 ODm 0.760 H P N.A.m 0.0 N.A.m 0.746 N.A.m ;-

Seeps A, B Dim. 0.738W4

Hot 0* 0.738W 0.619W 0.0115 0.0 N.A. 0.760 0.743

| (0.024W) 0.747 f
i
;

None 0.10 Hot 0* 0.751m 0.724W 0.0249 0.070 0.0013 0.772 0.765
Steps C, D (0.044W) (0.024W) Tight in 0.741;

collar

'

8
: None Free Span Hot Not noensured

.

|
! Steps E, F i

-
.

|

f
'

3220 0.0 Hot O' O.750 0.726 0.0257 0.004 0.000012 0.773 0.752
' Steps G.H (0.050W) (0.003W) Tight 0.755 |
I .

|
|

| 3220 0.10 Hot 0* 0.756 0.726 0.0262 0.070 0.0016 0.772 0.765
Step I (0.052W) (0.025W) Tight 0.742 i

.
;

3220 0.10 R.T. Not snessured

|
Step J |

'

Notes: 1. Desmesers given are appromhnetely the values at de two edges of de 't3P. Diannesers grenser shan she initial 0.745" deemeter imhesse

| bolsing of the tube at the edges of the 13P as a resek of the saim ._ !
~-

r
'

2. Cracks are tight for spechmess not - M wide a hiedder and 1W men is not g "' ;'
3. Crack Idagshs tout dye penseramt esses.
4. Crack lengths hem soolemaker's - " _ Mini ===== assesurshis 1W crack opening -4.001"

,

_,

.

h

W MIMM % M%

?
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Test Plan for IRBs
,

Test 1-6 !

!
!

fGeneral 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 ,

! contact the TSP hole at 180* from the crack being leak tested. ;

f- Test Sequence I

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;

| B. Measure crack opening length, diameter, area (total lengths and throughwall lengths / width) and

.

evaluate crack tearing extension (beyond corrosion crack length).
,

! C. Hot (615'F) leak test with crack tip 0.10" offset outside TSP at 2335,2560,2700,2800 psi AP >

up to facility limiti

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

E. 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,

j 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 more3

higher than the largest leak rate obtained from Step C.
F. Measure crack opening length, diameter, area (total lengths and thruwall lengths / width) and

| evaluate crack tearing extension (beyond corrosion crack length).
G. With the crack tip 0.10" offset outside the TSP, pressurize to 3200 psid with a bladder. If i

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 Stepy

j 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..

| H. 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

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

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

K. Measure corrosion throughwall length and length versus depth profile.

i

9

y---y-- $

i
, - , . . , , .
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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.- [

-

I.cak test results show consistent trends with modest fluctuations in data - no basis to question.

data adequacy. However, the effective crack to TSP hole ID clearance for this test was 0.020" i

based on the crack diameter at the end of the flow pressurization offset test rather than the
target 0.025".

:

I

Summary of Test Results
,

,

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

Initial slope 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 j.

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 introduce some uncertainty in the data adjustmeni.
o 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 less 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 i

the crack (diameter measurements indicate about 0.2")
The lack of leak rate dependence on the crack offset position indicates that leakage is more-

dependent on effective crack area than on geometrical flow restrictions. This is expected
since the crack area is less than the geometrical flow area.

I
.
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?

i 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.
ILarge (> 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 obtained for the 0.10" offset.

condition with prior flow pressurization and are essentially independent of the TSP offset
position

|
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Test 1-7
|-

Indications Restricted From Burst Leak Rats Tests
(= . m M, wahout adjusammt to reemenos conditions)
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fTest i -7
Sesamery of14mk Test and Analysis Results '|

Specineen 2051 A, Tube Diesseter = 0.747", Gap = 0.8M" [

EvaluatedTeel Averages Adposted Test Averages Evaloslson for Plots f
t

nesammes !
'

Average MAW Aveenge
Test seinese m. P P% % ap., Tm Rane

, y sur% a w name wW b #=W) (pels) (pois) (Fei) (r) Rose (RT) Plumme$$ (psm)
(Wea) (gag |

I-7A i 1948 19M 134 1842 635 1.M 0.18 1.02 1.09 1 28 235 Avesage of I & 2
WiddaTSP 2 1998 2027 139 1000 GM 2.23 0.21 1.02 1.09 2.48

3 2B24 2170 151 2019 M7 2.48 RI9 1.03 1.20 3 Of 3.06 Avesage of 3 & 4 t

4 2048 2192 152 2040 647 2.48 0.23 1.03 1.19 3.05
5 2204 2424 169 2255 650 2.65 0.17 1.03 1.15 3.16 3.16 .

6 2392 2$21 839 2382 664 2.22 ROD 1.05 131 3.07 3 07 !

g I-75 1 2162 2343 280 2133 648 36 0.37 1.02 B.05 3.06 Delete. Hynesseste
.

-

a ONues0.10" _2_ 2309 25M 239 2297 666 2.7 & 44 _ig_
.

1.27 342 4.11 Avesageet2 & 3 .

'

3 2370 2504 236 2348 670 3.29 RI9 1.06 131 4.60 *

4 2482 2004 239 2445 648 3.79 0.51 1.03- 1.06 4.16 4.16
,_

s Ele 2709 als asse ess 3.le 3.le 1.04 1.14 3.77 3.M Avesage s(S & 6 ,

6 2002 ~2782 223 2559- 669 3.16 R22 1.06 1.24 4.13 !

~ I2 677 2.99 03 I.M - 1.29 4.14 4.14 I

7~ 2036 3001 ~
2127 2824 2924 27
201 2000 690 1.43 & 21 1.13 1.44 3.96 3.96 (

I-7F l 2348 2471 217 2254 652 238 0.27 1.05 1.13 2.M 2.83 Avesage of I & 2 [s= W 2 2322 2409 198 2211 641 167 R33 1.03 1.05 1M j
2970pel 3 2632 2613 282 2408 6M 2.06 9.4$ 1.03 1.01 2.9$ 3.04 Avesageef3& 4 i

ONuet0.10" 4 2622 2002 206 2396 631 3.12 0.8 1.02 0.90 3.13
- ~ ~

!

5 2598 2886 197 2469 638 2.99 0.3 1.03 8.82 3.15 3.15

1-70 1 2130 2328 236 2092 639 235 0.13 1.03 1.01 2.46 2.46 ,

2970 poi 2- 2338 2304 las 2298 649 2.S95 RI9 1.05 1.18 3.21 3.20 Avesage of 2 & 5 !

May== dad 3 2304 2334 139 2195 623 2.7 0.09 1.01 E97 2.64 2.64
WI0daTSP , 4 2$44 2S65 139 2426 640 2.65 0.12 1.03 1.07 2.92 2.92 1

, S 2542 2531 249 2282 622 345 0.14 1.01 0.98 3.35 - I

f
.

t

i

. . -

!

TWTI-72LS 17Tates1rtMS tes Fee i
i

i
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Test 17. Someiary of Test Dismessiesel Messenment Results
Specismes 2951 A, Tube Dia. = 0.747", Gap = 9.926"

Bisoder Tube Test Total Total Total Exposed Exposed Max. Mim
Pweswe Offset Tessy. Angle Crack *1W M TW TW Dia. Dia.

(pel) Um) Ceemden Lenge Lenge Ana Lenge Ana Om) Um)
Om) (Mas. Ga') Max. Osi) Note 2

wide) Wim)
Um) Um)

None 0.0 Initial O' O.60 ID m 0.58 ODm N.A.m 0.0 N.A.m 0.748 0.747
Steps A. B Dim. 0.748

Hot O' O.609W 0.530 *) 0.0043 0.011 0.000055 0.759 0.749l
'

(0.011W) (.005W) 0.748

,

None 0.10 Hot 0* 0.621 0.602 0.0071 0.091 0.00064 0.767 0.755
Steps C, D (0.014W) ( .007W) 0.745

9
*

2970 0.10 Hot 0* 0.625 0.613 0.0087 0.100 0.00087 0.766 0.756 i

Seeps E, F (0.022W) ( .01IW) 0.747 i

!

2970 0.00 Hot 0* 0.625 0.613 0.0090 0.0 0.0 0.764 0.748
Step G (0.022W) 0.746

Notes: 1. Diameters given are approximately the values at the two edges of the TSP. Diameters greater than the initial 0.747' diameter !
indicate bulging of the tube at the edges of the 'ISP as a result of the tube pressurization.

2. Cracks are tight for specimens not pressurized with a bladder and '1W area is not applicable.
3. Crack leasths from dye penetrant tests.
4. Crack lengths front toolnisker's microscope. Minimum measurable 'lW crack opening -0.00l* '

!

!
,

5

b
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Test Plan for' IRBs |
Test 1-7 |

,

*
,

t

General Test Information |
Utilize large leak test facility testing i.

. Test 3/4" diameter, specimen 2051A 4

~ 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 pmssurization or, as a minimum, the tube shall i

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
B.' Measure crack opening length, diameter, area (total lengths and throughwall lengths / width) and ,

evaluate crack tearing extension (beyond corrosion crack length). !'

C. Hot (615'F) leak test with crack tip 0.10" offset outside TSP at 2335,2560,2700,2800 psi AP i
.

up to facility limit :

D. : Measure crack opening length, diameter, area (total lengths and throughwall lengths / width) and
'

. evaluate crack tearing extension (beyond corrosion crack length).
E. 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 wall length / width, the exposed throughwall i

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

G. Hot (615 F) leak test with crack inside the TSP and crack tip at the edge of the TSP at 23355

: and 2560 psi AP *

H. Measure corrosion throughwall length and length versus depth profile.,

4

,

s

4

I
|

.

' I

E
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Test 2-1: Summary of Test Results

Test Sequence :
.

l
_ Order of tests: zero offset, free span, offset, offset cold, bladder pressurization at 4500 psi with j

.

0.15" offset, offset, zero offset, offset cold. l

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

Leak test results show consistent trends with modest fluctuations in the data - no basis to.

quenion data adequacy. However, the effective crack to TSP hole ID clearance for this test
was 0.010" based on tha crack diameter at the end of the flow pressurization offset test rather
than the target 0.025" clearance.

Summary of Test Results

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 1

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.

I.

i
Overall Conclusions j

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. i

* - This 0.52" TW crack demonstrated interaction with the TSP between 1900 and 2300 pm. *

However, the crack to TSP gap was only 10 mils and interac: ion with the TSP for the bounding |
0.025" gap would be expected to occur at higher pressure differentials. |

cu -- .os. ms
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Test 2 - 1
i
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Test 21. Suunnery of Test Diamensional Messereinent Cesul3
Specinwa 8161 A, Tube Dia = t.374", Cap = 0.927"

.
*

Bladder Tube Test Total Total Total Esposed Exposed Mar. Min.
Pressere Offset Temep. Angle Crack TW TW TW TW Dia. Dia.

(psi) (Im) Ceedidae Leng$n Leugh Area Lengde Area (in) (Im)
(Im) (Mar. (Is') (Mar. (lap) Note I

WIddi) Widen)
(in) (in) !

None 0.0 Initial O' O.640 ODm 0.515 IDm N.A.m 0.0 N.A.m 0.877 0.875
Step A Dim. 0.522W 0.874 '

Hot O* O.522W < 0.00lW 0.0 N.A. 0.877 3.875-
,

0.874

None Free Span Hot O' O.575W 0.230W 0.00058 - - 0.879 0.871
Step B (0.003W) 0.876

i

g None 0.15 Hot O' O.586 0.504 0.0033 0.134 0.00060 0.884 0.879
Step C (0.010W) (0.006W) 0.876

I

None 0.15 Cold O' O.588 0.504 0.0033 0.134 0.00060 0.885 0.881
Steps D, E (0.010W) (0.006W) 0.876

P

4500 0.15 Hot 0* 0.588 0.504 0.0038 0.132 0.00073 0.885 0.880 t

Steps F, G (0.01IW) * (0.007W) 0.875 f

4500 0.00 Hot O' O.588 0.509 0.0041 0.0 0.0 0.886 0.874
Step H (0.01IW) 0.875

l 4500 0.15 Cold O' O.619 0.509 0.0041 0.137 0.00082 0.886 0.881
Step I (0.01IW) (0.007W) 0.876 |

Notes: 1. Diameters given are appromirnately the values at die two edges of the TSP. Diameters gresser than the initial 0.874* diameter [
indicane bulging of the tube at the edges of the 'I3P as a resuk of the tube pressurization

'

2. Cracks are tight for specimens not pressurized whh a bladder and "IW men is act m-A-iL !
-

3. Crack lengths from dye penserant tests.
,

4. Crack lengths from N adcroscope. Minissem enessarable "IW crack opening -0.00l*

.w.,mes-na -,saw, se, asas
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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 8161 A,.

- 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 psecurization 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 simulated crack inside TSP and crack tip at edge of TSP at 1800,

1900 and 2000 psi AP 1

B. Hot (615 F) free span leak test at 2000,2150 and 2335 psi AP
C. Hot (615'F) leak test with crack tip 0.15" offset outside TSP rit 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

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

E. Measure crack openinb ength, diameter, area and evaluate crack tearing extension (beyond jl
corrosion crack length).

F. With the crack tip 0.15" offset ontside 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..

G. Hot (615"F) leak test with crack tip 0.15" offset outside TSP at 2335 and 2560 psi AP
H. Hot (615 F) leak test with crack tip located at the edge of the TSP at 2335 and 2560 psi AP
1. R.T. leak test with crack tip 0.10" offset outside TSP at 2335 and 2560 psi AP
J. Measure corrosion throughwall length and length veisus depth profile.

.: ,: : _ m , n. m
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Test 2-4: Summary of Test Results
,

!
.

Test Sequence

j

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, cold offset, cold zero offset, hot offset.
- No data points were deleted from the data base..

f Leak rates show consistent trends with modest fluctuations in the data and the test data area
;

acceptable. The consistency of the data, even though testing was divided between two leak test i

j 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-

i acceptable since they do not influence the bounding leak rate assessment.

3 )

Summary of Test Results j
.

i

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

i free span behavior

| - The flow pressure increases extended the length of the initial TW crack to 033" and opened
4 a second TW crack of 0.12". High slopes of leak rate versus AP indicate ligament tearing up
! to about 2200 psid
i - Maximum tube diameter of 0.878" after test also indicates a low likelihood of tube to TSP
i contact at test conditions
. - Small slope of room temperature tests up to 2716 psid may be due to hysteresis effect on 1

| 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
i pressurization at the estimated free span burst pressure of 5550 psi
j - Test 4-1 results show that further increases in bladder pressurization above the free span

burst pressure do not result in increased leakage:

i For this indication, the leak rates following bladder pressurization to 4125 lisi with the crack.

j inside the TSP are only slightly higher (0.76 vs 0.53 gpm for comparable room temperature j
tests) than cbtained 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
i TSP and the crack tip at the edge of the TSP

- Pressurization opened the longest throughwall crack to 0382" (> 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..

,

7- y-

:. |

1- |
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4

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 poi 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

i
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Test 2-4
Indications Restricted From Burst Leak Rate Tests :

(NormaRzed to 815 F and 15 pel Secondary Pressure)
+
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E Test 2 4 Samunary of Test Dimeestemel Measusessent Result
Speelsmes 4C-218, Tube Dio. = 0.875", Gay = 0.026"

.

'
Bladder Tebe Test Teemi Teest ~ Teeml Espeeed Exposed Men. Mia

1- Feessese Offset Teamp. Angle C sek TW TW TW TW Dia Dim
"

. psi) Om) Ceemsee Least Image Asee I4 age Asee (Im) (Im) ;(
Om) (Mas. Osh - (Plas. . Osh Noen i

Widd$ WidA0 j
Gs) Hm)

.

.

None 0.0 Inielal 270* 0.6(93 0.29m ' ''N.A.A 0.0 N.A.A 0.875 N.A.m f
Seep A Dist.

,i

Hot Test O' O.60m - 0.0
; -,

| \
.

None Free span Hot Not asessmeed i- - -
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.
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!,.

I
F
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.
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Test 2-4 Samunary of Test DInnualemal Measmsement Result },

Specismes 4C-218. Tube Dit = 0.875", Gay = 0.026"
:

Bledder hhe . Test TeesI Tesel Teest Espwed ' Esposed Men. Mlac [
'

ptuseuse Oftset .. Tessp. Angle Creek TW TW TW TW Dia Dit .;

q- (psi) Om) Commsen Lenge Lengd. Asse Lengt Ases - Om) Om)
i, Da) (Mas. Geh (Mar. Osh Meer I

-!| Widh) Widh)
Gs) Hm) - ;

'

5550 0.15 After 270" 0.617 0.382 0.00382 0.076 0.00076 0.897 0.885 i

Seeps bindeer (0.010W) (0.010W) 0.876

1.J & L press. :

. 90" 0.588 0.284 0.00114 0.0 0.0 >

(0.004W) -

After 270" 0.617 0.35188 0.0035 0.067 0.00067 0.897 0.885 t

I
! Seep L (0.010W) (0.010W)

- 0.876

2 Hot &
90" 0.588 0.2418 0.00099 0.0 0.0

.

E Cold Teses| -
(0.004W) |

,

i.
'

| t

!

'
| 5550 0.0 Cold 270* Sesmo se above for 5500 pel Mad 4mr pressuse wilk 0.15" ofilmet 0.897 _ 0.817 5

Seep K 0.876 |

90*
,

<

Notes: 1. Diesseners given are appro imasamly the values et she t .2 edges of the 15P. Dioniseers grenser shes she inielal 0.875* diameter ,

c_ _ i
_
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indeceae bulging of the tube et the edges of the TSP se a resuk of she sube ;

2. Cracks are tight for p-a==== not c __ _ _M with a bladder sad TW seen is not m - .. ;

3. Crack lengths froue dye penseront teses. j

| 4. Crack lengdes frons techneher's microscope. Miniasses assesorable IW csack opening -0.001". i
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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

3

. Ten 7/8" diameter specimen 4C 218
- Crack length: Dye Penetrant - 0.60" with 0.29" TW; UT - 0.62" with 0.40" 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 i

I
A. Leak test with crack centered at 1500,1700 and 2000 psi & I

B. Free span leak test at 2000,2335 and 2560 psi AP >

C. 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.

D. 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). i

Decontaminate the specimen
The following tests are to be performed in the large leak test facility with a collar that 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..

G. R.T. leak test with' corrosion crack tip 0.15" offset outside TSP at 2335 and 2560 psi AP
*

H. 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

I. Repeat Step F with a bladder pressurization of 5500 psid
.i. R.T. leak test with corrosion crack tip 0.15" offset outside TSP at 2335 and 2560 psi AP j
K. R.T. .eak ten with crack inside the TSP and the crack tip located at the edge of the TSP at |

2335 and 2560 psi AP I

L Hot (615'F) leak test with corrosion crack tip 0.15" offset outside TSP at 2335 and 2560 psi AP j
M. Measure corrosion throughwall length and length versus depth profile. i

.

v 7 ,_~~k$N
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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 point 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 at 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
i

|

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 ne 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.-

|

Pressurization 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.3

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 leak 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

c_ m.. a ms

'
, , .



!

' 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 i

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 TSPa

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.

,
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| Test 2-7
I Indications Restricted From Burst Leak Rate Tests

(as measured, without adjustment to reference condithms)
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Test 2 -7 {
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Test 2 7. Samsmary of Test Dimenstenal Messenment Cesult
Specimies 2951E, Tabe Dia. = 8.747", Cap = 0.026"

Bladder Tube Test Total Total Total Exposed Exposed Max. Min
Passwe Offset Temp. Angle Crack 'IW 7W TW TW Dia. Dia.

(psi) (in) ComdlSee Lengda langIIe Area Length Area (In) (in) *

8 8(In) (Max. (la ) Mar. Ga) Note I
Wid&) WIddi)

,

(In) (in)
''

None 0.0 Initial Dim. O' 'O.66m' O.577m N.A.M 0.0 N.A.m 0.749 0.748
Seep A Cold Test 0.648"3 0.748

None Freespas Cold O' O.667"I 0.515"3 0.00090 0.756 0.748- -

Step B (0.002W) 0.749

None 0.10 Hot O* O.671 .636 0.0085 .088 .00048 0.769 0.757
g Steps C ? (.020W) (0.007W) 0.747

3700 0.0 Hot 0* 0.672 0.637 0.0092 0.0 0.0 0.766 0.748 '

Steps E. P (.020W) 0.748

3700 0.10 Hot 0* 0.674 0.637 .0095 0.087 .00052 0.766 0.758
Step G (.020W) (0.008W) 0.748

.

3700 0.10 Cold 0* 0.674 0.637 .0104 0.087 00070 0.765 0.759
Step H (.021W) (0.01IW) 0.746

|

Notes: 1. Diameters given are approximately the values at the two edges of the 'ISP. Diameters greater than al a initial 0.747" diameter
indicate bulging of the tube at the edges of the ~13P as a resak of the tube pressurization.

2. Cracks are tight for specimens not pressurized with a bh and TW area is not applicable.
3. Crack len' frosa dye penetreet tests
4. Crack les froni toolmaker's niacroscope. nam assesurable "Iw crack openias -0.001"

.

.

- ___________ _____________



. . ... _ - -. .. . .. -. .- - . - . - - . -. -

1 .

!
1

Test Plan for IRBs
Test 2 7

'
i

:
4 ,

1 General Test Information
Utilize large leak test facility testing-

j 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. 1- -

'

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 shalli *

- contact the TSP hole at 180* from the crack being leak tested.

Test Sequence,

A. R.T. leak test with simulated crack inside TSP and crack tip at edge of TSP at 1800,1900 and,

2000 psi AP <

B. R.T. free span leak test at 2000,2150 and 2335 psi AP
I' C. 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,

| D. Measure crack opening length, diameter, area and evaluate crack tearing extension (beyond
j corrosion crack length).
] E. 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.

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

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

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

1. Measure corrosion throughwall length and length versus depth profile. i,

'

1
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Test 2-10: Summary of Test Results !
'

!

ITest 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 i

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 i

hot offset test. ,

Leak rates show consistent trends with modest fluctuations in the data and the test data are j-.

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 i

.

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 i

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 i

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.4
'

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 leak rate trend
'

-

between the offset, free span and offset tests. i<

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 i

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.1

.

Overall Conclusions
. - The initial TW crack length of 0.425", OD = 0.551" (Average length = 0.488") for this test does

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.

ca_ _ _w aim
E
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,

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

i 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 condtlens)
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Test 2- 14
: Siummary ofIAnk Test and Amelysis Results
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| Test 210. Seanmary of Test Deuseastemal Messesessent Eeesta i

Speclamen 20 SIB,1%e Die. = 0.746", Cap = 0.025"

BisNer Tue Test Teeml Teeni Total Espeeed Exposed Men. Min
Pressuse Offset Tessp. Angle Crack M TW 1W TW dis Dia ',,

(psi) Om) Ceemsee Lenge Least Asee tsage Asee Ga) Um) !
8. Om) (Mar. Om) (Man. Os') . Note I

) Widh) Widei)
,

um) dal,

None 0.0 Inleini Dini. O' O.551m 0.42$# N.A.A 0.0 N.A.m 0.749 0.746
Step A Hot Test 0.746 i

i
.

!I None I%ee span Hot - Not Measured
Step B ,

'

None 0.10 Hot Not nuessured-

g
i

i
None 0.10 Cold O* O.554m 0.42588 N.A.# -0.005 N.A.m 0.7 6 0.747

Seeps D E 0.546# 0.747 ;
;

!

!3850 0.0 Hot 0* Not anessuraMe. Qack widih not sufficiemey wide for 0.7# O.746
Steps F, G unitann light poseeration to snessure crack. 0.746

I !.

3850 0.10 Hot 0* Not smeasuraMo. Qack widdi mot sufficleady wide for 0.7 6 0.7 6
Step H unifona Ilght penseration to snessure crack. 0.746 )

wwu=== s** = uss
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}

Test 219. Susumery of Test Dimensiemal Messernment Cesults
Specismen 24515. Tube Den = 0.746". Gap = 0.025",

I !
Bladder: Tnske Test Total Teest Teeml Exposed Exposed Mar. His
peessese Offset Temp. Angle Creek TW TW TW TW Dia Dia , ;

(pol) . Om) Cws5See Lenge Image Aves 14ege Area (Im) Om)
C2) (Mas. Ou') (Mar. Oe') Note I !

.

Wldh) Widen) i

ilm) dal !

4960 . 0.0 Hot 0* .562 .492 ' .0331 0.0 0.0 .755 .7 M !
Steps I. J (.010W) .7 M

'-

r

i

i
4960 0.10 Hot O'- .575 .492 .0038 .081 .00048 0.7 M . .752

Step K - (.01IW) (.006) 0.7M
.h !

i :

4960 0.10 Cold ^ *
" somes as aber Step K O.10" offset test., ,

Step L
.

!

I ;
,

| Notes: 1. Diamesers given ese approximasely slue veless at the two edges of alte 'I3P. Demuseeers greener than the initial 0.7M" de
; indicase bulging of the tube at the edges of the 'I3P as a seemit of Ilie tube ,,_ "

- 2. Cracks are sight for =p==4==== not ,. . _'a wieb a bindder and 'IW area is not applicaNo. ,

|. 3. Crack lengths from dye penetraat esses
| 4. Crack lengths from toolmaker's amicroscope. M=Imamma snessurabis "IW crack opening -4.001" ;
!

| |
i'

f

i

.

|

|

<

!

I -|
| a

,

e.,see as use,

;I
,
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Test Plan for IRBs
'

Test 210
i

General Test Information
_ :

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

Test 3/4" diameter, corrosion specimen 2051B
.

.

- Crack lenph: Silastic mold dye penetrant - 0.551" OD with 0.425" TW !

. leak test at 2 615' with selected room temperature tests j

Locate ;pocimen relative to the TSP per requirements for crack locations within TSP and offset i-

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 time 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 pressure3

obtained in Step C and increase the AP to the highest AP obtainable at room temperature.
E. Measure crack opening length, diameter, area and evaluate crack tearing extension (beyond

j 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. If4

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-

i 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

!

j based on most efficient completion of the tests. '

j G. Hot (615'F) test with crack tip located at the edge of the TSP at 2335 and 2560 psi AP
H. Hot (615'F) leak test with 0.10" offset outside TSP at 2335 and 2560 psi AP
I. Repeat Step F with a bladder pressurization of 4920 psid

;

J. Hot (615 F) test with crack tip located at the edge of the TSP at 2335 and 2560 psi AP |
K. Hot (615'F) leak test with 0.10" offset outside TSP at 2335 and 2560 psi AP,

i

L R.T. leak test with 0.10" offset outside TSP at 2335 and 2560 psi AP
M. Measure corrosion throughwall length and length versus depth profile.

.

T

4

'

;

cw r a ms i
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# Test 4-1: Summary of Test Results
|
\<

l

; Test Sequence

|
Order of tests: All bladder pressurization tens - at about free span burst pressure of 5800 psi.

j insido b 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 at which time the specimen ruptured like a free span indication outside the TSP. Room
j tempcature 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 excluded from the data base.*
,

12ak 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.c

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
I maximize the leak rates. The initial bladder pressurizations expanded the two 180 crack
; openings to close the 0.023" tube to TSP diametral gtp for this test. It is believed the test !

1 results are fully representative of limiting leak rates expected for multiple TW cracks |
j following bladder pressurization with the offset leak rate differences increased by exposing i

two TW cracks 180 apart.
4

;

Summary of Test Results
;

leak rates with the crack within the TSP decrease significantly (about 2.4 gpm at 5800 psi.

t bladder pressure to about I 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" of4 -

the 0.626" TW length. The two largest cracks are 180 from each other and both are<
i

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 0388 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- '

w m= a ms ,
a
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maximum crack openings of 0.022,0.018 and 0.009 inch. The maximum tube 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
away from the edge of the TSP.

This burst pressure for a TW crack 0.14" outside the TSP is approximately 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 hrst 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 multiple 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 aren 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 burst 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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Test 4-1

Indications Restn'ined From Burst Leak Rate Tests
-

;
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Test 4 -1 ;-

Suomunary ofImak Test and Analysis Results |
Specimien 48-214, Tube Disaneser = 0.876", Cap = 0.023" ;

i

EvalussedTest Averages A4mstedTest Averages Evaluation for Plots ;

f

h8eessmed k
Imk Agassed for *

a. T ^',"','' am map. A Avance -|Tai sames usu. p, p, ns % g , y
I38"8'I'IF hessmeOr) tmk aan commasen |W h 8F=dP811 gagg gsqq (Pel) p)

asse(RT)
(EPIB) (gyse) (sym)

|
,

-

i gg,.)
!

4-18 8 men 2175 4 281$ 2 3 86 uts G 88 4 68 8.91 8.88 Avesussefl & 2
Beneder 58100 2 aAs 2ND G 2ie 19 3.# mas eSi e68 8.72 j

'

Widsin TSP,R1 3 man 2210 0 2218 10 3.91 aAs 4 88 9 63 2 80 lea Avesnes of 3 a 4
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4 .An nts e nts 1e 3 91 man e tt e64 2m
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Teet 4.s Samunery cf Test Dlaureelesel Messamment Results
Sperines 43 214, Tube Dia, = 9.876", Gay = V.023"

,!
Cladder Tebe . Test Teest Teeml Total Esposed Exposed Max. Mla.>

Phasese Offset Temp. Aegie Creek TW .TW TW 1W Dem Die.
(pol) - On) -| Coendee ~ Imagt % Ases _ Lengen Asee Gm) Um) :

Un) (Men. . GeP) (Mar. . (leP) Note 1 -p.
Wid&) ~ Wicit) i

H2.) Ha) ~ -

_ _ - -

| '
I

11350 0.15 NA Tebe herst cesside TSP et iIse SEP crack with about a I" crack eeCag essession
i

Seep L2 ;

i
!

!

:

i

i

| Notes: 1. Diesneters gives ese epprasimissely the veless et the two edges of she TSP. Disasseers grosser then the inhiel 0.876" diesneter indiceae
'

belging of the tube et she edges of she TSP es a reauk of the sabe '

c_--
2. Crack lengshs freni dye poseerent miessereinents prior to bladder

'

c- --

3. Crack lemsshs freen War's snicroscope. Minisness aueseurable TW crack opening -0.001".
|
.
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Test Plan for IRBs 1

Test 4-1

General 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 specifically noted j,

* Tube to TSP diametral gap of 0.025" except per adjustments noted
i . 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. j

<
.

J

!Test Sequence4

|

.
A.' 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 opening and the TSP hole. This i

requirement applies following all bladder pressurizations of this test sequence.
'

B. Rcom temperature leak test at 2335,2560 psi AP'

L C. Measure crack opening length, diameter, area and evaluate crack tearing extension (beyond
'

; corrosion crack length). Estimate corrosion throughwall length.
D. Move crack to 0.15" outside TSP and pressurize to the same pressure as step A 1

IMove tube by 0.15" relative to the TSP.

:- E. Room temperature leak test at 2335,2560 psi AP. If high temperature facility is available,
i repeat leak test at 615'F.

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

; corrosion crack length).
2 G. With the 0.15" crack position, pressurize with a bladder (and foil if necessary) to c 'ut 1000

psi above the prior pressurization step
H. Room temperature leak test at 2335,2560 psi AP
1. Repeat steps G and H with increases in bladder pressure of 1000 psi increments until

bladder / foil pressurization of about 9000 psi is achieved
J. At bladder pressurization of about 8900 psi, also perform R.T. leak test with crack centered in.

: the TSP
'

K. 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 *

#

i L 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 effic.iency) at-

2335 and 2560 psi with 0.15 inch offset following each pressurization step. Terminate testing
. when the indication bursts outside the TSP.

M. Measure crack opening length, diameter, area and evaluate crack tearing extension (beyond
corrosion crack 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. |
*

i.

!

|
. _ w.,

W
-

. -
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[ ' Test 2-8: Summary of Test Results - '

; Laser Slot Specimen
y

*

,

- Test ' Sequence
,

Order of tests: zero offset, freespan, offset, cold offset. No bladder pressurization tests were |*

'
perfonned 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 consic'ered 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. |

I

The crack to TSP gap of 0.027" for this test, as demonstrated by the increase in crack diameter,*

is consistent with the target gap of 0.025".

!

l

Summary of Test Results '!,

!

The shallow 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 gym in the offset

'

*

condition.
' The maximum crack width for this specimen increased from an initial about I 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-test 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 slot 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 0.0021 in2-

is 60% higher than the largest corrosion specimen in Test 1-6 (0.74" TW vs. 0.55" for laser
slot)

' '

TI e leak rates for the 0.55" TW laser slot are significantly higher (factors 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,

, .. _
M
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,

,

interaction 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 too 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

(Leak Rate Test Data Normauzed to 515'F and is psi Secondary Pressure)
10.0
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Test 2-8
Comparison of Leak Rates Based on Average and Max. Dp

-

Indications Restricted From Burst Leak Rate Tests .

-

(Look Rate Test Data NormaHand to 815'F and 15 psi Secondary Pressure)
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Test 2 - 8 ' :
'

Saumssary atI4ek Test esed Amelysis Results
Speclusen LC-2, Tabe Die = 0.744", Gap = 0.025"

|

Evalussed Test Averages AdysseedTest Averages Eysheetson for Flots

"''""' test t.ast Adjessed sw
Avesage Average Co m

Tem sabece nez. Pm P% ap. T,,s., Itsee semp. A j
, ,,,,

18'""'"'F '"""*'8segmence peo. af6trei) I,sig3 q, sign (psi) sp)
mans (RT) (sym)

(arm) (Arm) Lg,,,3

2-SA 1 1986 1828 97 8738 616 IAS tt$ IM RSS t.48 8.48

WielnT5P _2 ISIS _ 1982 IGE _ISIG 650 B.75 GAD tAl IA6 iA9 I.92 Average of 2,4 & S
Duises- Hysanuses1985 let 1153 681 1.97 at? IAS 4As BASNT 3 1004~ i956~ 114 1824 628 2A7 9 84 IAI 123 2.14 -

-

] i 3604
S ~IMS 1994 112 8002 618 BA7 0.18 IAS 4 92 8.72

6 1900 2005 119 19M 632 I SD &lt I.91 IM 225 8.93 Average of 6&7
7 2D00 ~2017 114 1983 649 8.99 4.12 ISO 8.M 1A1

8 NSS 2004 507 1977 632 l.10 ti IAl iA7 iA4 8.M !

2-OS I 1832 1939 195 1744 681 3.30 9.8 IM 8.79 2.45 - Dutsse- Hysamaals

Fier Span 2 1933 feet 206 8796 GI 3.28 0.88 i AS_ 1 06 2.05 - Detsee- Mysamesis i

HT 3 1997 1928 2M 9897 004 3.78 0.13 0.99 9.71 2AS - Duesse - Mysemesis !

Ds6see-flysemesis [I3 4 2012 2038 22$ 1812 6t3 3.73 R16 IAS GAB 2.99 -

'Dusas-Hyamesisd S $see 1977 255 1722 596 4.41 128 e.99 EAT 2.96 -

Duesas-Hyssessais ;6 2118 2198 389 IMI #7 S 24 0.2 9 99 EN 3 87 -

7 _ 2127 2244 38S 1929 854 $30 623 E99 RM 3M 3M ;
'

9-
-2 95 2399 396 20B3 622 146 9.24 BAR R$1 S.20 SM Average ef 8& te8

22S9 23SS 45$ 1995 604 Ret 43 4.99 R10 $36 - Duares-Mysemesis

le 2n3 25t6 el 2025 65 e42 te IM eM 433 - ,

!

2-SC i 2196 2409 20 2846 648 3Je GA7 IA2 1A2 3.83 4J3 Average of I & 2 i

Offsa tie" 2 2317 2405 245 2lde 455 3A4 Ett BAe 1.16 4A3 !

NT 3 2304 2326 273 20$3 m2 4A7 0.25 4 99 em 3at Dalmas- plysements-

4 2SBS 2209 352 2209 $2B 5.M 937 BAB IAS 623 6.16 Average ef 4&S i

S 2619 2270 382 2270 GOS 647 SJS eM e.95 6.29 !

6 2590 2799 383 MI6 Gl 6AS 432 IAt & 98 S.S9 S.39 |

Dalme- Blysemesis2-M i 2SM 2305 33 ,2272 75 6AS 4 16 GM EG 4. s2 -

- Oftest &l0* 2 MS4 2387 36 2358 75 4.3 til 0 98 4AS 4J9 438 Average of 2 & 3 |

ar 3 ass 2 24ee se 23s6 75 6.7s his eM e6 438 ;

4 31N 2744 Si 2893 75 7.42 0.24 SM t.10 $49 $22 Average of 4 & $ t

fS ^~3lif - 2748 33 2895 71 1.28 9.2 SM S.75 4.M
.
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Test 2 8. Sounmary of Test Disseeslensi Measuseinent Results
Specimien IRB-LC2, Ttsbe Dim = 0.744", Gup = 0.025"

!

Bladder Tshe Test Teest Teest Teeni Esposed Exposed _ - Mas. Min !
Pressese O Nuet Tessp. Angle Crack TW TW TW TW Dim Dia. - ;

'(psi) On) Ceedleen teosth Image Asee IAggill Asee Om) Om)
- Om) (Mas. Gui') Man. Geh . M eee I i.

Widen) Widen) j
Gm) Gm) [

None 'O.0 ' 1mielet Diss. 0* 0.553m 'N.M.m 4.00053 0.0 0.0 0.744 0.745 i
'

Seep A 0.744 :
!

Hot Test 0* 0353# 0.525# 0.0029 0.0 0.0 0.748 0.744 !
I

(0.007W) 0.744 |

None M Hot 0* 0.554m 0.5478 .0.0093 0.764 0.742- -

'

Step B (0.021W) 0.743 i

N

None - 0.10 Hot 0* 0.565 0.558 - 0.0164 0.104 0.0021 0.774 0.763 i

Seeps C D (.035W) (0.025W) 0.745 |
!

i

None 0.10 Cold O* O.569 0.558 0.0164 0.097 0.0020 0.773 0.760 |
'

Seeps E. F (.035W) (0.025W) 0.744 !

I
1

I
i

| Notes: 1. Diesnesers given are ,, _ *- ", the values at the two edges dIIne 13P. Diameters grosser then te initial 0.749" dismeser !
* ' 'i=dic== bulging of she tube at she edges of the T5P as a result of she sube _ -

2. Not seemsurable. Irregular light penetration ilwoogh slot. Maximsuun asensuraMe widde of laser slow - 0.0015".
3. Crack lengths frosa dye pensersat tests !

4. Crack lengths froen toolnesker's microscope. Minunmaa asensurable TW crack opening 4.00l"
!
:
i
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'

.

Test Plan forIRBs
'

'

Test 2 8 .

- Genemi Test Infomandon
* Utilize large leak test facihty testing -
* Test 3/4" diameter, laser cut specimen IRB-LC-2: 0.55" TW
* U.ak test at 2: 615'F with selected room temperstme tests.
* Locate specunen relative to the TSP per requirements for crack locations within TSP and offset !

4

from TSP
'

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

l

Test Segmence
- A. . Hot (615'P) leak test with simulatad crack inside TSP and crack tip at edge of TSP at 1800,1900

'and 2000 psi 6P
' B. Hot (615'P) free span leak test at 2000,2150 and 2335 psi AP
C. 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
D. Measure crack opening length, diamatar, area and evaluate crack tearing creaanian (beyond conesion :

!

crack length).
E. Room Temperstme 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 |-

P. Measure crack opening length, diamatar, ama and evaluate crack tearing extension (beyond conesion
crack length).

G. Measure corrosion thmughwall length and length versus depth profile.

i

j s' -

'
4

- .

4

e

:
.

A
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5.0 Trend Analyses
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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 length
- Good agreement between correlations for zero offset and offset leak rates
- Except for laser slot used in Test 2-8 which has twice the leak 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 about 3950 psi).
Test 12-7 has been deleleted from the correlations with crack opening area.,

- Some spread in the data about the regression curve can be expected due to uncertainties in the
i throughwall crack area measurements
t . 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 tests
! following pressurization to the free span burst pressure

. The leak rate trends for the laser slot 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 cor'rosion cracks in leak

| rate testing.

] Summary conclusions.

SLB leak rates for IRBs 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-
4

free span cracks, since the larger openings interact with the TSP hole ID to retard leakage
i flow from the largest 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.

t

}
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- - - --------J, --, - _- -- .



. . -._... . - - - . . - - . . _ - . . . - . . . - . _ _ . . . - . - -

Summary of SLB Leak Rates"'(2560 psid) and Crack Length / Area Data

Onset Test Zero Onset Tests *

Total O Nset 2560 psi 2560 psiInitial Lengths
. , . , , , ,

TW Leak TW ** 'Test Specimen ,

TWLength TW TW Rate Length RateA a
Length Area (gpm) (gpm)

Flow Pressurization Tests

2-4 7/8 4C218 0.600 0.290 0330 0.00033 0.000 0.00000 037 NM. NM. 037
2-10 3/4,2051B 0.551 0.425 0.425 0.00043 0.000 0.00000 1.70 NM. NM. 1.70

2-1 7/8,8161 A 0.640 0.515 0.504 0.00330 0.134 0.00060 1.65 0.230 0.00058 0.93 !g
2-7 3/4.2051E 0.660 0.577 0.636 0.00850 0.088 0.00048 4.10 0.515 0.00090 N.R.* i

2-8 3/4,lRB-LC2 0.553 0.550 0.558 0.01640 0.104 0.00210 6.10 0.525 -0.00290 2.30

1-1 7/8,8161G 0.626 0.620 0.595 0.00450 0.147 0.00074 3.70 0.494 0.00200 230
1-2 7/8,8161E 0.645 0.620 0.666 0.00650 0.145 0.00087 3.20 0.574 0.00170 N.R.
1-7 3/4,205I A 0.600 0.600 0.602 0.00710 0.091 0.00064 4.10 0.530 0.00430 3.20

| l-6 3/4,2008E 0.760 0.740 0.724 0.02490 0.070 0.00130 5.50 0.619 0.01180 3.40

| 4-1 7/8,4B214 0.670 0.240 - - - - NM.* - - NM.m
j 11-l* 7/8,SB403 0.710 0.600 0.620 0.01178 0.150 0.00134 5.00 0.620 0.00811 4.00

0.110 0.129 0.129 '

i

11-2 7/8,8161B 0.729 0.630 0.720 0.00681 0.173 0.00102 530 0.657 0.00284 N.R.,

| 11-7 3/4,2008A 0.813 0.809 0.811 0.01855 0.102 0.00120 6.20 0.809 0.01660 6.20
|

12-l* 7/8,3161C 0.607 0.518 0.585 0.00176 0.105 0.0001 320 NM. NM. 3.20
1 0.465 0360 NM. NM.-

| 12-7* 3/4,2008D 0.590 0375 0375 0.00213 0.100 0.0001 3.90 0375 0.00168 3.90
| 0.256 0.259 0.259 |

e%m,- 25. ms
(

,

_ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ,_ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -- -
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Summary of SLB Leak Rates'"(2560 psid) and Crack Length / Area Data

c

Offset Test Zero Onset Tests

Total Offset 2560 psi 2560 psiinitial Lengths TM ;

TW * **Test Specimen TW TWength ' "I **Total TW Area Area
Length Area (bpm) (gpm)

_ _ _ _ _ _ __. _ __ -- - - - - - sammmmmmmmmuumumummmmmme _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ . _ _

L

Bladder Pressurization Tests

2-4 7/8,4C218 0.600 0.290 0382 0.0038 0.076 0.00076 1.9 0.382 0.00380 13

2-10 3/4,2051B 0.551 0.425 0.492 0.0038 0.081 0.00048 1.6 0.492 0.00310 1.6

2-1 7/8,816iA 0.640 0.515 0.504 0.0038 0.132 0.00073 3.1 0.509 0.00410 3.2

2-7 3/4,2051E 0.660 0.577 0.637 0.0095 0.087 0.00052 3.7 0.637 0.01040 4.2

2-8 3/4JRB-L62 0.553 0.550 - - - - N.M.m - - N.M.")
1-1 7/8,8161G 0.626 0.620 0.595 0.0052 0.147 0.00074 2.4 0.595 0.00520 3.5

1-2 7/8,816iE 0.645 0.620 0.668 0.0078 0.085 0.00051 2.8 0.666 0.00730 2.7

1-7 3/4,2051 A 0.600 0.600 0.613 0.0087 0.100 0.00087 33 0.613 0.00900 3.2

1-6 3/4,2008E 0.760 0.740 0.726 0.0262 0.070 0.00160 5.0 0.726 0.02570 4.8

4-1 7/8,4R214 0.670 0.240 0.606 0.0099 0.099 0.00110 4.2 0.606 0.00990 2.5

11-1") 7/8,5B403 0.710 0.600 0.754 0.0144 0.154 0.00168 5.0 0.754 0.01460 5.0 !
0.110

|
- 11-2 7/8.8161B 0.729 0.729 0.707 0.0116 0.150 0.00151 53 0.707 0.01140 4.9

11-7 3/4,2008A 0.813 0.809 0.811 0.0136 0.100 0.00118 6.2 0.811 0.01910 5.7

12-1") 7/8,8161C 0.607 0.518 0.630 0.0117 0.151 0.00181 5.7 0.629 0.01053 5.7
0.465 0360 0.411 0.411

12-7* 3/4,2008D 0.590 0375 0.726 0.0316 0.100 0.00215 33 0.726 0.03175 3.2
0.256

,

.ww,,m,. a im

- _ _ . _ _ _ _ _ _ _ _ _ _ - - _ . _ _ _ _ _ - - _ _ - _ _ _ _ _ _ _ _ _ - _ - - - _ _ _ _ _ _ _ - - -
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Summary of SLB Leak Rates")(2560 psid) and Crack Length / Area Data
_

;

=

Offset Test Zero Offset Tests

Initial Lengths Total Offset 256 psi PdTotalTW Les TW "Test Specimen TW TW
! '"I TW TW Rate ' Length Rate jTotal TW Ares

Length Area (gpm) (gpm) '

Notes:

(1) Approximate leak rees at 2560 pid based on linear extrapolmion of log leak rate vs op plots.
,

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

(3) N.M. - not measured. Test not perfonned.
(4) Specimen hm two throughwall cracks 90* apart
(5) Specimen has two parallel throughwall cracks separated by a circumferential liganent 0.012" at the crack tips
(6) Specimen has two aligned axial cracks separated by a liganent

;

8

1.

?

i

%

e.W16Augues 25,1999
,

?
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Offset Leak Rate vs. Total Crack Opening Area for Bhukler Presswkation Tests
~**
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Offset Leak Rate vs. Total Crack Opening Area for Flow and Bladder Pressurkation Tests
~

s

7 '

/=
, .

/
D

E
+

. .
5 : :"

.w

$ 4 e el
*

g 1 . o

| * *a3
O

D

2 o
* .o

1 -

.
~~

O

0.000 0.005 0.010 0.015 0.020 0.025 0.030 >

Total TW Ares
.

Reposelon Flosustmeter g FigurPrwesulesilon D Beneter Prenewtusen

|

IR8tRCORJCLS:Tesal TW Asse-Cent *13e5

.
.. _ _ _ - _ _ _ - - . _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ - - _ _ - . - - - _._ _ _ _ -



-. -. .. . . . - . .... . .. - .. . . . . .- .- .- . .-

. Zero Offset Leak Rate vs. Total Crack Opening Area for Fkry Pressudzation '
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N Leak Rate vs. ThroughwaN Length Outside TSP for Flow Pressurizadon
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Offset Leak Rate vs. Throughwall Length Outside TSP for su m.,Pressurhation
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Offset Leak Rate vs. Crack Gpening Area Outside TSP for suh Pressurization
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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 (at4

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
,

i significantly with AP due to increased crack opening widths.
. Interaction with the TSP as inferred from leak rate trends is consistent with that obtained 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 pressurization (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.

,
,

i
'

!

Throughwall Crack Lengths Outside the TSP for Offset Tests

| . Leak tests were performed for the crack tip offset frotn 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 through4

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

f 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-l and Byron-1. i l

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.

;

4
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Estimated Pressures for Crack Face to TSP Contact

Specimen Crack Length-in. Predicted'" Leak Test
Test Flow Stress Burst Crack Face Implied

ksi Pressure to TSP Tube to TSP
Number Diameter OD ID ksi Contact Interaction

inch AP AP - ksi,

ksi

3/4" Diameter Specimens

j 1-6 2008E 0.745 0.735 0.76 78.2 3.061 2.1 - 2.0
1-7 2051A 0.748 0.58 0.60 80.5 3.981 2.7 - 2.2

| 2-7 205IE 0.747 0.66 0.577 80.5 3.800 2.7 > 2.2, < 2.6

2-8 IRB4 C2 0.750 0.55 0.55 72.5 3.822 2.7 - 1.9

k 2-10 2051B 0.746 0.551 0.425 80.5 4.700 33 >23 max. tested

I l-7 2008A 0.745 0.813 0.809 78.2 2.850 2.0 - 2.0

12-7 2008D 0.744 0.590 0.580'" 78.2 3.950 2.7 >2.6 max. tested
! 7/8" Diameter Specimens

1-1 8161G 0.875 0.62 0.62 76.6 4.141 2.4 - 2.0,

1-2 8161E 0.875 0.64 0.62 76.6 4.084 23 > 2.1, < 23

2-1 8I6iA 0.875 0.62 0.515 76.6 4.462 2.5 > 1.9, <23j

i 2-4 4C218 0.875 0.60 0.29 783 5.470 3.1 . >2.6 max. tested
-

i
'

4-1 4B214 0.876 0.67 0.24 81.9 5.635 3.2 Not tested

Il-1 5B403 0.874 0.71 0.70 76.6 3.670 2.1 - 2.2

Il-2 8161B 0.874 0.73 0.63 76.6 4.075 23 - 2.4,

12-1 8161C 0.875 0.607 0.515 76.6 4.850 2.7 >2.7 max. tested

Note 1. Specimen has two cmcks separated circumferentially by 0.012" which affects estimated burst pressure.
Note 2. Based on Belgian test data for crack opening disneter vs AP; includes only plastic 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
Test<

| SLB AP Freespan SLB AP Freespan
Burst AP Burst AP

3/4" Diameter Specimens

1-6 0.070 0.070 0.0016 0.021
'

1-7 0.091 0.100 0.021- 0.025

) 2-7 0.088 0.087 0.0II 0.014
:

i
i 2-8 0.104 [2] 0.012 [2]

j 2-10 0.005 0.081 0.003 0.024
i

j 11-7 0.102 0.100 0.009 0.009

3 12-7. 0.100 0.100 0.045 0.183")
i *

]

Test TW Outside TSP at 0.15" Offset Crack Extension - inch

1 SLB AP Freespan SLB AP Freespan
o 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

1- 2-1 0.134 0.132 0.064 0.097
I

| 2-4 0.0 0.076 0.011 0.017

! 4-1 [3] 0.099, 0.112 [3] 0.015 -
i

i 11-1 0.150 0.154 0.045 0.047

j 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.
j Note 2. Bladder pressurization condition not tested.
; Note 3. Flow pressurization condition not tested. Initial test was bladder pressurization at
| > SLB AP.

!

i
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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,

i. 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. I.engths
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 i

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 50 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 co,ntinuous 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. i |
'

t

i

Flow Area and Crack Offset Considerations for Influence on IRB Leak Rates i

. The leak tests following bladder pressurization show almost no differences (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 I
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 |

.e,12 m.m ms l
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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 I 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 0388" and pressurization increased
the diameter of the tube. The significant increases in the tube diameter (not across crack
opening) occur only 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 180 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 180* 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 lland 12), tests 11-2,11-7 and 12-7 showed somea

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 presentin 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 increasede

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 effset 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

,

i
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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 13 for Tests 1 - 1, 1-6, 1 -7,
11-1) represent the increase in leakage with TSP offset that requires further evaluation. The

i larger ratios result from increases in the crack opening area. The increases in leakage for the - '

j 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-

l crack length in or near contact with the TSP from the diameter measurements, the effective crack '

j 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
i 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 table shows the estimated effective crack
; area, the geometric flow area and whether or not the test leak rate increased for the offset test
i 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
j 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
j. with offset) and 4 showed no increase in leakage. Only for Tests 1-7 and Il-1 are the
j 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
y 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, Il-1 and Il-7), the geometric;

j 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 !

i 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. I

.

j 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;
i

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
i

j than the range found for flow pressurization tests. The bladder tests do not include si nificant |E
changes in crack opening due to the prior pressurization above the leak test pressure and thus are i
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;

i 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 disetting the crack outside the
TSP. has a secondary influence on the leak rate.
Overall conclusions*

i~
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- The principal factors influencing IRB leak rates are:
~

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

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.

o IRB leak rates are primarily dependent on the effective crack opening area with a modest I

(<30%) effect of limited TSP displacements on leakage.
o . For long cracks which result in relatively 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 increas:s in leakage with
throughwall cracks outside the TSP compared to the crack within the TSP
Bases for conclusions-

o 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 i

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.

o 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. I

i

Considerations of Multiple Throughwall Cracks on Leak Rate 1

I
Following Tests 2-4 and 4-1, which used specimens prepared under another program and i

-

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 I

length is much shorter than the dominant crack. Even when two comparable TW length's are
present, such as Byron-1, R20C7, TSP 3, 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, leakage 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 i

is about three times the leakage of the smaller crack. Thus, even for this exception to a single
'

" dominant crack, the leak rate is principally due to the longest crack.
Burst tests of parallel EDM slots have also shown that the dominant 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. s

Based on the above leakage and burst dependence on the dominant crack, expected multiple*

throughwall IRBs would have leakage dominated by the doininant 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 '4

edge of the TSP. Of 16 throughwall indications on pulled tubes with I to 16 volt indications :
having sufficient data to locate the end of the throughwall crack relative to the edge of the TSP, i

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-l 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 one TSP with a factor of two conservatism applied to the TRANFLO loads).
Therefore, the likelihood 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, i

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, I

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 pressurization) plus a smaller secondary TW crack (0360" at start of test and
0.41" 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 multiple throughwall indications. This conclusion is based on
the high likelihood of finding a single dominant throughwall 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

Test Leakage Ratio Approximate Total
Throughwall Area Ratio

1

2-1 1.8m 57

2-8 2.6m 5.7

1-1 1.1 to 1.6 * 23

.1-2 - 1.0 3.8
,

1-6 13 to 1.6 2.1

1-7 1.2 to 13 1.7

11-1 1.25 1.5

11-2 1.0 2.4 ;

Il-7 1.01 1.1

12-1 1.0 3
No TSP Interaction

12-7 1.0 13
No TSP Interaction

Notes:
i

1. 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 small 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 zero' offset and -

offset tests overlap. Larger ratios are based on leakage at 2560 psi AP.

o
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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 Flow Area Flow Area Rate

2 2 2TSP Gap Area (in ) Length (in.) (in ) (in ) Increase In
(inch) Offset Test

Before Bladder Pressurization
'

Tests With Crack to TSP Interaction

l-1 0.009m 0.0045 0.10 0.0034 0.0030 - Geometric Yes, ~10%

1-2 0.013"' O.0065 0.12 0.0050 0.0050 No difference No
$ l-6 0.026"' O.0249 0.25 0.014 0.0098 Geometric Yes, ~30%

l-7 0.020") 0.0071 0.05 0.0065 0.0084 Crack Yes,-20%m

2-1 0.010"8 0.0033 0.10 0.0024 0.0020 - Geometric Not Rel.m

2-7 0.022* 0.0085 0.05 0.0075 0.0102 Crack No

2-8 0.027"' O.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 030 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 CrackfrSP Effective Geometric Limiting Test Leak
.

Crack to Opening Contact Crack Area Flow Area Flow Area Rate
TSP Gap - Area (in ) Length (in.) (in') (in ) Increase in

2 ,

(inch) Offset Test ;

1

After Bladder Pressurization

,

1-1 0.013"' O.0052 0.20 0.0029 0.0058 Crack No, decrease ;

l-2 0.014"' O.0078 0.20 0.0050 0.0056 - Crack No
1-6 0.026* 0.0262 0.28 0.013 0.0080 Geometric Yes, small

g 1-7 0.019"' O.0087 0.05 0.0079 0.0072 - Geometric No
2-1 0.012"' O.0038 0.10 0.0027 0.0030 - Crack No |
2-7 0.019"' O.0095 0.10 0.0075 0.0084 - Crack No, decrease !

|

i11-1 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, -10W2>

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
P

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. It 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 1-7.BS 11-1 for flow pressurization and 11-2 for bladder 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 Prussurization
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Offset Leak Rate vs. Effective Crack Opening Area - After Bladder Pressurization
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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 is 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 .12 in each
case. The estimated standard error of the integrated leak rate is then obtained from the standard
enor 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 i3.1%.

. 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 a leak rate measurement uncertainty of 8.2% with a standard deviation of 5.6% for the hot
tests and 2.4% 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 mterest (1.5 to 6.5 gpm) for this test
program, the hot measurement uncertainty becomes 7.2% with a standard deviation of 6.8%.
These results show that the uncertainty on the Test 1-6 leak rate measurement is about 3% higher
than the average for a'l 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
is reported as the average value over the data collection period and is lower than the maximum
applied to the test specimen. It would be expected that the maximum AP adds plastic crack i

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 limiting Test 1-6.
- The test leak rates were adjt'sted 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 i

AP. There would only be small differences in the adjusted leak rates if it was also assumed j
'

that the secondary pressure was lower at the time of maximum AP.
,

: - The differences between maximum AP and average AP tend to be the highest for the largest
'

i 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 psi 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
2 the average AP case. The average test leak rate of 5.5 gpm should be reduced to 5.0 gpm or a
i 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. For other corrosion crack
specimens with leak rates of 5 gpm or larger, the differences in SLB condition leak rates between
average and maximum AP are smaller than that for Test 1-6. For these specimens, the leak rates

q reported in the individual test evaluations (Section 4) are the largest obtamed 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.
| i

Leak Rate Adjustment Uncertainty - EPRI Leak Rate Adjustment Procedure>

| Assessment for limiting leak rate test: Test 1-6 at 2543 AP psi
i

-

} - The evaluated test point is an average of two data points differing in the measured leak rates
j 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 dataa

j 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
3 8Pm is negligible for the EPRI leak rate adjustment procedure and would be a maximum of a

few percent.. e

j 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

j in the leak rate adjustment procedure.
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Test Loop Flow Rate Orifice Test Measurement !
|

. The test loop uses calibratud instruments such that the uncertainty for instrument error can be |
considered to be negligible. j
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
. fifferential 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

1.7% lower than measured in the Westinghouse loop. j

- 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 i

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 j

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 pressures) 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 131 to 1.55 for the small orifice (see Hot Orifice Test
Analysis Summarv) 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 agrekiment 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.

o

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: i3.1%
- 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
'

.u- . w.m. ms
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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 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%-

confidence bound of -5%.
The minimum uncertainty is obtained as [(0.9)-(1.001)-(0.%9)-1] 100 or -13%.-

* The net uncertainty adjustment is negative in all cases, i.e., the bounding leak rate would be
reduced, thus, it is conservative to not apply an uncertainty adjustment.

. .
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! Test 16

i Cesaperfaos of Leak Rates Based on Average AP and Manhnnn AP
I=dl=h Rest:4cted frons Barst Leak Rate Tests

:
-

1

Leak Rate with Avg. Ap (ggua) yng, y Leak Rai.e with Max. Ap (m m) |; gyg, gy
Test h

; g,g , ,,,g gga g,,g3 ,,,g gg ,
,

i Sequence # O d itions O d 4tions Canditions r'd 4tiens |

! l6A i 1837 1A9 1.51 1848 1.71 1.32

i Connesed 2 1920 1.89 2.15 1928 1.90 2.19

1 3 1915 1.96 22 1930 1.99 2J1 i

I
4 259 2.06 2.32 2044 2.05 2.3)'

5 2036 2.16 2.61 205D 2.3D 2.64 ,

!

1 6 2236 2A4 337 225i 2A7 3.09
' '

{ 7 2' # 2.96 2.92 2474 2J9 2.95
,

'

i 8 2257 3.2 3.30 TA4 3.30 3J1
-

i 9 2235 3J3 3.10 2388 3A4 3.25

j 10 2N3 3.45 3.23 2370 333 333

.

I l 6B 1 2259 3.55 4.25 2H2 3.M 4.26

| Oftest Tesee 2 2270 3AS 4J4 2294 3JO 4Js
; 0.10" 3 - 4.75 4J3 2326 4J7 5.17
' 4 2402 4A6 4.99 2554 5.10 4.35

7 242D 5.23 4.91 2565 5.39 537
6 2543 5.64 5A6 2732 641 5A9 j

| 7 2521 5.74 5R 2710 SJ9 5m

I 6C 1 1495 13A5 22.16 152D 13.17 22.12

: n.eese.

l 6F i u.n 4.37 4.99 2272 4A4 5m
;

; WW 2 2234 4.1 4A2 2292 4.19 431

i 3220 3 2148 4.71552 4.19 2386 4.97 4J3
I contared 4 2213 433 4.31 2396 4.74 4J7
'

5 2257 4.39 4.24 2524 5.12 4.57

| 6 2405 4M11 4.40 2552 4.88 4.30
7 22M SA7 4.32 2536 5.29 4.36

~

.

|

I 1 60 i 1980 4.19055 4.29 2106 4A6 4.56

j Expanded ' 2 2028 4 45764 4.05 2226 4.74 4A0
oftest 3 2095 4.36554 4.28 2362 4.75 4.72

;
4 4 2159 4.94577 4.27 2370 5.17 4.59

{ 5 2300 4.94 4.76 & 5.25 5.12

6 2309 5.41 437 2560 5.61 4.3p
;

1

16H I 2054 8.14 3J2 2255 8J9 4A2
,

Bapended 2 2129 8.34 4.05 2416 SJB 4.75''

1 offset.RT 3 2261 RA6 4.32 2571 - - 9.02 5Al
l 4 2264 BA2 4.30 2576 8.98 4.99

.

;

.
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Test 1-6
Indications Restricted From Burst Leak Rate Tests

.

(Normalized to Tp=615 oF and Ps =15 pela conditions ,
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; .iSummary of Hot Orifice Test Evaluation

|
Purpose'

. i
*

i

9 To compare the leak rates measured in the hot orifice tests against predictions based un two phase
j flow models/ correlations often used in nuclear safety analysis.
!

Acoroach
;-

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 |

1 calculate leak rates at the hot test conditions. 'Ihe version of Zaloudek empirical correlation
'

uced 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.) -

l

' Calculations based on the Henry-Fauske model assumed same contraction loss coefficient.

(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 IJD > 12, where as the L/D ratio for the three orifices
tested here varies from 1.2 to 4.1.

Overall, based on the calibration tests at room temperature and the above comparison berua.

measured and theoretical leak rate, it is concluded that leak rates were measured sufficiently
accurately during tests with crack specimen.

t
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1) Fauske, H. K., "The Discharge of Saturated water Through Tubes," Chemical Engineering
Progress Symposium Series, Vol. 61,1965,p.210.

i

2) ' Zaloudek, F. R., "The Critical Flow of Hot Water Through Short Tubes," HW-77594, Hanford
Works,1963.

3) Henry, R. E. and Fauske, H. K., "The Two-Phase Critical Flow of One-Component Mixtures in
Nozzles, Orifices, and Short Tubes," Journal of Heat Transfer, May 1971, pp.179-187.
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Test Plan for Indications Restricted from Burst (IRBs) |

Loop Orifice Calibration Test
i

4 ;

i
J

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
i

1 Tests at multiple pressure differentials for both hot and cold tests are to be performed |.

The test sequence given below can be modified to 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. Small orifice, cold test, minimum of six pressure differentials between 1400 and 2700 psid,
l

including as close to 2335 and 2560 psid that can be attained. '

B. 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.

C. Large 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.

D. 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.

E. 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.

F. 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.

G. 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 and 2560 psid that
can be attained. '

-

H. 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. '

l. 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 1
can be attained. Test to highest pressure differential within facility limits.

J. 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 j
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.

K. Return orifices to NSD for further laboratory calibration of the flow rate as a function of the !
pressure differential.

1

5
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Cam of the WoomghmMrTest't. cop e Room Temperature ' .

I
|1

' Hola Die o.020':
Or==aanison of W Loop to Celtwation !Calibration Lab. .- _ - .

;

AV9- @ W Lo P W M
t

dP (psi) Leak Rate dP (psi) Leak Rate Test tosa taom) o cauw
!

t

__1400 _ 0.305 _ 1000 0.269966 A1 1435 0.3038 0.3096 1.019 _

1800 0.345 3000 0.452287 A2 1445 0.3065 0.3105 1.013

A3 1685 0.3303 0.3324 1.007
| ii55-_ ] 0.370 _

A4 1700 _0.3303 0.3338 1.011 ,

2335_ ._ 0.390
AS 1935 0.3567 0.3552 0.9962400 0.401- i

5 2560 0.410 A6 1960 0.3567 0.3575 1.002 '

Regression of Cal Data A8 2155 0.3699 0.3753 1.015

| b.1 9.12E-05 0.178806 b.0 A7 2175 0.3725 0.3771 1.012 ;

'

SE.b1_ 2.62E-06 0.005591 SE.b0 A10 2330 0.3831 0.3912 1.021

_, r^2 _ _ _ 99.7% _ 0.002533 SE.y S9 2380 0.3884 0.3958 1.019

F 1213.071 4 DoF A11 2455 0.3989 0.4026 1.009

SS. reg 0.007785 2.57E-05 SS.res A12 2460 0.3989 0.4031 1.010 i

F. Prob 4.06E-06 936820.8 SS.X Count 12 :

P1.Value 4.06E-06 5.7E .06 P0.Value Conf. t Sound Average 1.011 |

6 1.166667 1 + 1/N 95.0 % 1.7959 1.0242 St Dev 0.007 ;[[N _
__187364.2 2099.167 mu.X Max 1.021 ,

var.X
Pred. % 0.95 2.131846 t. val Min 0.996 i

!
| Median 1.011

:
.

!

i

:

! Pa8e I nne ames.4:34 m
..- .. w e . - r '
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t

ce of the weeNnchesse TWst' Loop - Room Temperature *
'

;

i
i Hole Die 0.0401

;

CaNbration Lab. . 4_- ::M Compartoon of W Loop to Caubrepon"

Av9# W Lo0P W Ra8o
dP (psi) Leak Rate dP (psi) Leak Rate Test (ps0 faam) Q Cal /W .,

'

._1400_ 1.287 1000 1.139458 B2 1440 1.2972 1.3076 1.008

1800_ 1.450 3000 1.90375 B1 1440 1.2972 1.3076 1.008

. 2100 1.572 B4 1855 1.3712 1.3898 1.014 .;
i

2555~ 1.639 B3 1665 1.3976 1.3936 0.997

g _2400 1.670 B6 1920 1.4875 1.4910_ 1.002

2560 1.739 B5 1920 1.4875 1.4910 1.002
3

Regression of Cal Data B7 2105 1.5165 1.5617 1.030-

b.1 0.000382 0.757311 b.0 B8 2120 1.5509 1.5675 1.011 -
-

SE.b1 9.58E-06 0.020472 SE.b0 B10 2280 1.6196 1.6286 1.006

r^2 99.7 % 0.009276 SE.y B9 2290 1.6275 1.6324 1.003 i

- F 1589.82 4 DoF B12 2390 1.6592 1.6706 1.007

SS. reg 0.136809 0.000344 SS.res B11 2395 1.6724 1.6726 1.000 :

_ F. Prob 2.36E-06 938820.8 SS.X Count 12 ,

P1.Value 2.36E-06 3.19E-06 P0.Value Cont t Bound Average 1.007 |
- N 6 1.166667 1 + 1/N 95.0% 1.7950 1.0225 St Dev 0.000 |

4
~

7.F 187364.2 2099.167 rnu.X Max 1.030 i
va

Pred. % 0.95 2.131846 t. val Min 0.997 :

Median 1.006 |

;..

.
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Mn of $ WNW :floosnT6-*9W
I

.

M QIn p.0001! .

Compartoon of W Loop to CaEbradonCaNbragon Lab. . .
,

^
dP (psi) Leak Rate dP (psi) Leak Rate Test C

I 1400 5.350 1000 4.748086 C1 1303 5.4769 5.2421 0.957

1800 6.090 3000 8.008581 C2 1330 5.1757 5.2861 1.021
;

~
! ~~2100 6.610 C4 1535 5.6962 5.6203 0.987

2335__ 6.930 C3 1545 5.7622 5.6366 0.978

2400 7.010 C5 1730 6.0000 5.9382 0.990
i | 2560 7.250 C6 1765 6.0000 5.9952 0.999

; Regression of Cal Data C8 1875 6.2774 6.1746 0.984

b.1 0.00163 13.117838 b.0 C7 1950 6.3091 6.2968 0.998'

SE.b1 5.37E-05 0.114695 SE b0 C9 2005 6.6711 6.3865 0.957

f _ r^2__ 99.6 % 0.051972 SE.y C10 2025 6.7054 6.4191 0.957

| F 921.7869 4 DoF C11 2160 6.6711 6.6392 0.995

| SSTrog 2.489796 0.010804 SS.res

! F. Prob 7.01E-06 938820.8 SS.X Count 11
'

P1.Value 7.0iE-06 1.09E-05 P0.Value Conf. t Sound Average 0.984

N 6 1.166667 1 + 1/N 95.0 % 1.8125 1.0210 St Dev 0.020

~iai.X~ 187364.2 2099.167 mu.X Max 1.021

Pred. % 0.95 2.131846 t. val Min 0.957
Median 0.987

i .

.
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