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LEGAL NOTIC

This resort was prepared dy Combustion Engineering, Inc. as an
account of work sponsored jointly by Consumers Power Company
(2PC) and Combustion tngineering, Inc. pursuant to CPC Purchase
Order Mo, 77657-]3. MNeitner CPC, representatives of CPC, nor
Combustion Engineering, [nc., nor any person acting on behalf of
either:

3) Makes any warranty or representation, express or implied in-
cluding the warranties of fitness for a particular gurpose
or merchantability, with respect to the accuracy, complete-
ness, or userulness of the information contained in this re-
port, or that the use of any information, apparatus, method,
or process disclosed in this report may not infringe privately
owned rights; or

b) Assumes any liabilities with respect to the use of, or for
damages resulting from the use ¢“, any information, apparatus,
method or process disclosed in this repore.
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rounding brackets is proprietary to Comdustisn Engineering, Inc. Ccode
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The information reveals privileged cost or price informa-
tion, commercial strategies, production capabiiities, or
budget levels of Comoustion Engineering, Inc., its cus-
tomers or suppliers.

The information reveals data or material concerning Com-
bustion Engineering or customer funded research or develop-
ment plans or programs of substantial present or potential
competitive advantage to Combustion Engineering, Inc.

The use of the information by a competitor would substan-
tially decrease his expenditures, in time cf resources, in
designing, producing or marketing a similar product.

The information consists of test data or other similar data
concerning a process, method or component, the application
of which results in a substantial competitive advantage %o

Combustion Engineering, Inc.

The information reveals special aspects of a process, method,
component or the like, the exclusive use of which results in

a substantial competitive advantage to Combusticn Engineering,
Inc,

The information contains ideas “or which patent protection
is likely to be sougnht.
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$STRACT

A technique is presented for repairing degraded steam generator
tubes in pressurized water reactor Nuclear Steam Supply Systems (18SS,.
The technique described alleviates the need for removing steam
generator tubes from service due to loss of structural capabili-
ties. In this manner, the design generating capacity of the or-
iginal NSSS need not be reduced. This work was performed under
contract with Consumers Power Company for use in the Palisades
Plant steam generators.
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can become canaidates for plugging long before their mecnanical integrity

is lost.

The installation of a structural sleeve to span the reduced wai! thickness
region would allow the tubes %o be fully used until tre wall is penetrated

and leakace exceeds existing limits. Sleeving of such tubes would mini-
mize the number of tubes that would require plugging and maintain the max:-
mun neat transfer surface area and primary coolant flow area in the steam

generator, Sleeving would therefore permit plant operaticn at maximum cap-

acity under original design limitations without any loss of tubing mech-

anical strength.

The steam generator s

leeving concept consists of installiing, insige tne

steam generator tube, a slighly smaller diameter sleeve with 2 nominal

32 incn wall to span tne degraded area of the parent steam generator tubde.

This system is scnematically shown in Figure 1-1, 3oth encs of the inserted
sleeve are hydraulically swaged into an interference €1t with the parent tube.
This hydraulic swaging is done away from the degraded portion of the parent tube in an
I

area wnere no tube support structures exist, ensuring no effect on either the
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degraded area or the function of support structures,

stalling the sleeves in this manner is tnat the criteria for plugging a steam

generator tube is based upon ensuring that the structural strength of the

tube 15 adequate to prevent rupture du/1ng postulated accident conditions.

By installing a sleeve to span the degraded area, the structural integrity
b
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of the tube 15 reesta

seve wiili provide the reguired structural 1Nk

steam generator tudbe, the s




andg a nign restriction to l1eaaage Setween tne primary and seconcary systems,
shus ensuring that adouble ended Dreak of the tube canngt occur. Thne 0,238
inch wall of the sleeve 15 appreciably greater than the porent wall thick-
ness of 0.043 incnes with 64 percent degradation, which has Ze2n determined
acceptable under the accident loads potentially produced by 2 1055 of cool-
ant accident (LOCA) in combination with a safe shutdown earthguake (SSE).

Sleeving of steam generator tubes nas previously been undertaken Dy var-

jous organizations and several approaches to the problem have been developed.
The primary objective of all of these previous approaches has been to insure
leak tigntness after the repair. The approach taken here is that the sleeve
is to reestablish the structural integrity of the tube and that the need for
absolute leak tightness is of secondary consideration. As the sleeve pro-
vides a structural link between two ends of even a severed tube, 1t prevents
release of all but minute quantities of primary coolant to tne secondary side.

While the information and data in this report pertain to the Consumers Power
Company Palisades plant steam generators, the sleeving process is applicable
to all PWR generators. To qualify the sleeve for other applications, spe-
cific sizing and environmental conditions must be addressed and would re-

quire reanalysis to insure applicability.

1.1 REFERENCES FOR SECTION 1.0

1-1 Inservice Inspection of Pressurized Water Reactor Steam Generator
Tubes, USNRC Regulatory Guide 1.83, Revision 1, July 1375
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Region LHE

l Region 11|

Table 2-1

Maximum Allowable ggsratlggztlnits
for Sleeved Palisades Steam Generators
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Region 1

Region |

Tube:  100% degradation acceptable

Sleeve: <34% degradation

Region 11

Tube: <65% degradation

Sleeve: <34% degradation

Region 111

Tube: Per current Palisades technical specification

Sleeve: 100% degradation acceptable.
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“Tube

Regaron 11
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3.9 ACCEPTACE CRITERIA

Tne prime opjective of the repair sleeve is %0 reestanlisnh the structura.
inteqrity of the steam generator tube 53 that a double ended
oreak cannot occur. wmerQus tests and analyses were performed to cemon-
strate the capability of the sleeve to perform thnis function under norma)
Operating and postulated service conditions. Design operating conditions

for the Palisades steam generators are zefined as:

Primary Side:  600°F, 2100 psia (current)
600°F. 2500 psia (under consideration)

Secondary Side: 486°=. 600 psia (maximum -P condition)
514%, 770 psia (100% power)
518°F. 800 psia (under consideration)
70%, 1300 psia (hydrostatic test)

Table 3-1 provides a summary of the criteria employed in demonstrating that
the sleeve is an adequate method for repairing degraded steam generator
tubes. Justification for each of the criterion is provided. The section
of this report describing test or analyses which verify tube/slesve char-
acteristics for a particular criterion is referenced in the table.

3.1 REFERENCES FOR SECTION 3.0

3-1 Testimony of James Knight before the Atomic Safety and Licensing
Board in the matter of Northern States Power Company, Docket Nos. 50-2832
and 50-306

31



Taple 3-1

Repair Sleeving Criteria

Criterign

Tensile separation of
tube and sleeve by 1/4

inch to require great-
er than 1000 b force.

Rapid tube/sleeve ID
pressurization to 2500
psi without total tube/
sleeve separation.

Collapse of tube/sleeve
assembly at greater
tnan 1300 psi external
pressure.

Pressurization of tube/
sleeve ID to 5100 psi
without tube/sleeve
burst.

Thermal and pressure
cycling to 600 F/ZZOS
nsi primary with 514°F
saturation secondary
for 100 cycles with-
out loss of tube/sleeve
functional integrity

Primary coolant flowat
600%F /2200 psi, 25 gpm
for 1000 nours without
loss of tube/sleeve
functional integrity

Exposure of tube/sleeve
assembly to Palisades pri-
mary and secondary chem-
istries without loss of
functional integrity,
crevice corrosion or ag-
aravation of tube clorrc-
sion.

Justification

jreater than 3/8 incn separ-
ation allows contact between
adjacent steam generator tubes.
For a maximum P of 2500 os1
an axial load of 330 it force
results.

Prevention of double ended
tube break under MSLB condi-
tions required, 2500 psi 1is
maximum anticipated primary
pressure.

Prevention of tube/sleeve
collapse under LOCA condi-
tions required, 1300 psi is
maximum anticipated secondary
pressure.

Factor of safety greater than
three required between anti-
cipated maximum operating .P
and that necessary for burst,
1700 psi is maximum normal op-
erating :P.

Tube/sleeve joint integrity
required for startup/shut-
downs.

Tube/sleeve joint integrity re-
quired for primary flow condi-
tions.

Tube/sleeve assembly regquired
to function under Palisades
chemistries.,

Refarence

Section

Section

Section

Section

Section

Sectiagn

Section

2 0}
e

8.0

3.0

8.0

3.0

3.0

6.0
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Criterion

Tube/sleeve assembly
functional integrity
Must be maintained dur-
ing LOCA & SSE, MSLB &
35€, Reference 3-1 cri-
teria and primary and
secondary flow induced
vibrations.

Nondestructive examina-
tion of tube and sleeve

Justification eference

Tube/sleeve integrity re- section 7.0
quired under postulated
accident conditions.

Periodic examination of Section 5.0
tubes and sleeves required

to verify structural ade-

quacy




s’

vE ASSIMBLY

yos
[
Q
m
v
()
A
.
")
.
..
o
ot
>
n
o
m
v
r
"
m

The onysical layout of a tude/sleeve assemply is shown in Figure 1-1 and

¢ 4-2 drawings. The approach snown Ltilizes 3 sieve
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of sligntly smaller outside diameter than the steam generator tube insige
diameter so that it can be inserted into tne parent tube. After tne sleeve
nas been positioned to span the guestiunable area of the parent tude, both
ends of the sleeve are locally expanded until intimate contact with the
parent tube is acnieved. Then, by means of injecting a fixed voiume of
water, both the tube and sleeve are further 2xpanded approximately [

inches] diametrically so that a swaged joint is formed. The tube will then
maintain its mechanical integrity even in the event of the complete removal

of the parent tube in the area spanned by the sleeve. The sieeve wall thick-

ness is sligntly less than the parent tube wall but of greater cross section

than the minimum required for the parent tube. The sound sleeve is thus cap-

able of fulfilling the structural design requirements of the steam generator
tube. The mechanical attachment of the sleeve to the parent steam generator
tube allows for easy inspection to prove that the interference joint has
been successfully made. No cleaning or other surface preparation of the
parent tube is required. In fact, the | ]condition of the parent

tube has been shown to improve the structural characteristics of the 2s-
semply and provides an effective barrier to corrosion.

The sleeve is a seamless annealed tube of Inconel 600 (ASTM-SB-163), with
al lcoating. The Inconel 600 is the same as the steam gen-
erator tube material thus preventing thermal stress ratcheting which would
be possible with dissimilar materials. Further, Inconel 600, nas weil defined
and previously accepted performance characteristics in a steam generator.
The( | coating provides greater separation resistance between tube and
sleeve. Annealing of the sleeve tubing removes cold work effecis and les-
sens the tendency of the sleeve to spring back after having been expanded
to form the tube/sleeve joint.

The sleeve inside diameter is| | inches toc provide
a narrow clearance fit for the U-cup seals of the forming tool.




- . . - -~

he sieeve + ~'1 thickness 0f .J3Z inches is agegquate on the basis ¢f zom-
S3rson with &..2otabie stear zenerator t.oe w2lis and allowabie degraca-
) oy 2585 anc 3.".3?_/355 nave snwn tnN1s to e true 3‘.Y".C:'..Y'-:~,‘. -
sleeve iengtn of 12 incnes was seiectec to srcovide maximum cefect spanning
acilities consistent with minimum installation clearances., ~ li-inch

iength provides a margin of + 2 1/2 incnes in locating a sieeve to span
two defects an anticipated maximum of four inches apart. The lead-in of
174 inch on tne sleeve minimizes crevice corrosion and fretting difficui-
ties, but permits taking full advantage of the strength of the expansion
joint. The one inch long expanded mechanical interference joint provides
adequate strength margins for the tube/sleeve assembly, yet does not com-
promise the span length of the sieeve. A diametrical deformation of] ' E

]orovides an adequate structural fit without failing the tube
or sleeve material or unnecessarily restricting secondary coo'ant flow.

The mechanical interference joint is formed by nydraulic means, The hydraulic
fluid used i: demineralized water thuseliminating one source o f corro-
sion producing elements to the sleeve or steam generator tube. The %00l used
to form these joints is shown in Figure 4-1. The tool expands the sleeve and
tube by injecting hydraulic fluid into the region to be formed until a suffi-
cient volume has been injected to expand the tube and sleeve the reguired
amount, The fluid is maintained in the region t0 be expanded Dy two U-CuD
urethane seals. The hydraulic process was developed for its simpiicity, speed
and ease in adapting to a remote sleeve installation.

The tube/sleeve joint forming process is a three step process. I[nitially a

[ ] oressure is appliea to the system for hydrostatic leak detection, .
After confirming that there is no |eakage, pressure i1s stepped up tO approx-
imately| | to seat the sleeve against tne tube. I[f there have been A

no leaks up to this point, a carefully controlle¢ amount of hydraulic luid

is forced into the forming tool resulting in the tube and sleeve being ex-

panded into a joint, The joint shown in Reference &1 is formed at| F
), Because of the injection of a fixed amount of hydraulic €luic,

overexpansion of the tube and sleeve is preciuded. The sieeve is care‘ully

cleared in the manufacturing process, and the cleanness is maintained t0 pre-

vent the introduction of lorrosive elements.
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rring. The ability to monitor the cundition of tne instalied
sleeve and the parent tube for this potential weakening is essential to

the viability of the sleeving concept.

. SUMMARY AND CONCLUSIONS

W

[nitial inspections of the expanded portions of the steam generator tube/
sleeve assembly with the standard 540 inch diameter eddy current probe pro-
duced signals which saturated the test equipment and made evaiuation of de-
fects impossidle. Techniques have been developed for eddy current testing
Soth the expanded and unexpanded regions of sleeved steam generator tubes.
These techniques, used in combination with considerations of primary to sec-
ondary leak rates, will provide conservative criteria for determining tube
and/or sleeve wall degradation. The techniques developed are in conformance
with the guidance supplied in Reference 1-1,

For either the expanded or unexpanded reqion ¢f the assembly, it is possidle
to detect cignificant amounts of degradation penetrating from the tube outer
surface, to differentiate between this condition and any other combination
of degradation which might exist, and to estimate the depth of penetration
from the Lissajous pattern phase angle. This can be done uniqueiy on the
basis of one examination (see the phase angle ranges of 110° to 7600.
to 160°, and 210° to 310° in Figures 5-1, 5-2 and 5-3, respectively). Util-
izing the techniques developed in this program, 1/16 inch aiame’er (1n con-
formance with industry ECT standards) tube wall degracation proceeding

from

Ta

the outer surface was detected wnen the penetration reached about 307 of tubewall,

Oegradation which has nearly penetrated the tube wall, or has fully pene-
trated the tub” wail either with or without minor sleeve outside surface

degradation; and degradation of the tube inner surface with no sleeve de-
qradation are both readily detectable in either the expanded or unexpanded

-




region of the tute/sleeve assemdly. These twe classes of Jegragation
-annot, however, e MN:slinguisned from 2acn ctner during ore examinazion
N the 24515 of the zefec: 3isnal phase ang'e. -ee tne znase angls ran-
3es of 7CC ¢ 1109, 509 o 1109, ang 1639 to 2109 on Figures 5«1, 2.7 arc
33, respectively). The above Jeégradaticn situations can generally ce

3€D2"21ly on the Dasis of phase angle results from a orevious examinatian
which shows the defect. [n certain situations, consideration of primary

L0 secondary side leax rate may be useful in making the subject discrimina-

tion. Adith the program eddy current test techniques, 3/16 inch diameter f
tube wall degradation proceeding from the inner surface can be detected :
with confidence when the penetration reaches ibout 3$ percent of tube ;
wall. It is not possible to estimate the depth of legradation proceeding :
from the tube inner surface on the basis of the defect signal phase angle. ;
Degradation which has fully breached the tube wall and penetrated some dis- 3
tance into the sleeve, and degradation which has penetrated into the sleeve :
wall from its outer surface without tube involvement can be detected in either ;
the expanded or unexpanded region of the tube/sleeve assembly. Discrimina- §
tion between these two classes of degradation can be accomplished in the same L

manner described for the two classes of degradation in the orevious paragrapn

(see the phase angle ranges of 2° to 70%, 1350° to SCO, and 40° to 160° on Fig-
ures 5-1, 5-2 and 5-3, respectively). Once discrimination between these two

-

classes of degradation is made, an estimate of the depth of penetration can Se

i o T R

made from the defect phase angle for either category of degradation, A 3/16
nch diameter sleeve degradation proceeding from the sleeve outer surface can
ce confidently detected wnen the penetration reaches about 30 percent of the
sleeve wali, (See Figure 3-17 d). Samples are oeing made to investigate the

-

mnimun detectable level of sleeve degracdation,

Inspection of the expanded region of the tube/sleeve assembly and the 2d<a-
cent area at the end of the sleeve is per formed with an axially wound
differential coil probe (See Figure 5-4). This probe must be rotated 3600
with a fixed axial position, then moved an appropriate axial increment and
again rotated 3600, This procedure is repeated until the required coverage
"oleted. For operation at a single frequency, 200 KHz gives the best

verall results for the tube/sleeve assembly, The phase angle versus deoth
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of defect curve for this test applied to the subject regicn is presented
in Figure 5-1, A shortcoming of this probe design is its relative insen-
sitivity to axisymmetric defects (such as wastage of the same ceoth 3600
around either the tube or sleeve at a given axial position), This is ana-
Togous to the insensitivity of the circumferentially wound orobe to long
axial defects with gradual changes in depth.

For the tube/sleeve assembly region between the expansion joints, inspec-
tion may be performed as indicate< .. the previous paragrapgh, or the ex-
amination may be made with the standard .540 inch flex probe operated at
400 KHz. The coverage of the flex probe is limited to areas removed at
least 3/8 inch from the edge of the expanded region. The phase angle versus
depth of defect curve for the flex probe test at 400 KHz is presented in
Figure 5-3. The same type curve for the axially wound probe operating at
200 KHz in this region is presented in Figure 5-2, The final choice be-
tween these test options will consider both the required examination time
for the entire tube/sleeve assembly and the inspection advantages associ-
ated with each approach.

More specific results and conclusions from this test program are presented
in Section 5.4,

5.2 TEST EQUIPMENT

The test equipment utilized in this program included a number of exper -
mental probes as well as the following test hardware:

1. The Eddy Current Testor (EM 3300)

This is the signal conditioning unit which allows the selection of
necessary test parameters (frequencies), excites the test probe, and
whose output contains the eddy current information which may Je re-
corded and/or displayed on a self-contained oscilloscope. The current-
ly recommended settings on this unit are as follows:

wun
L
L



a. From .5 to 5 volts/division on /@rtical anid norizontal gchannels,

D. Sensitivity (emit gain) of approximately 5Q for the €lex prote
and 70 for the axial probe tests.

€. Frequencies of 200 KHz for the axial probe and 300 KHz for the
flex probe inspections.

2. The Data Reduction System

This consists of a vector analyzer (electronic protractor) which is
used in conjunction with the memory storage oscilloscope to measure
the phase angles from the signals of the artificial imperfections in
both the sleeve and the *ube. These phase angle readings are used to
establish a phase angle versus depth curve for predicting depths of
imperfections without actual physical measurement,

5.3 CALIERATION STANDARDS

In order to evaluate the capability of eddy current test techniques, tube/
sleeve assemblies were fabricated which contained a significant variety of
degradation denths and locations. Figure 5-5 illustrates the range of lo-
cations in the assembly for the artificially introduced defects.

For defects on the tube and sleeve outer surface fully in the unexpanded
region (defect locations 15 and 16 of Figure 5-5), the ranée of depths
studied varied from just over 20 percent to 100 percent of wall or both

the sieeve and tube. Defect location 17 on the tube inner surface was
studied for two depths. This area of the tube and sleeve represents the lo-
cation of original degradation. Inspection in this region of the tute al-
lows a record to be kept of wall thickness changes. Full degradation of

the tube wall will require special attention to any sleeve degradation se-
Cause of strength considerations (Taple 2=i).

Defect locations 3 through 14 of Figure 5-5 are located in, or close!
adjacent to, the critical tube/sleeve assembly expansion joint, It is
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For defects on the tube outer surface near the end of the sleeve (Jefect
locations | and 2 of Figure 3-3) degradation is introduced tO allow a de-
termination of how the eddy current test capabilities are influenced by the
sleeve termination. Oefects studied in these locations are approximately

40 percent of the tube wall,

Essentially all tube and sleeve degradation areas were introduced with an
electric discharge machine (EDM). [n three areas on the tupe Juter Sur-
face, wastage was simulated with a controlled acid attack. In two areas

of the tube and two areas of the sieeve, intergrarular attack (IGA) was
induced at a location which was to correspond to the middle of the buige
after expans: . Figures 5-6 and 5-7 present detailed information on thos@
calibration tube defects primarily utilized in the program to this point,

The capability to perform meaningful eddy current examination of defects at
locations 1 through 17 is sufficient to demonstrate the apility to evaluate
all probable significant areas of jeqgradation in the tube/sleeve assembly.
In certain circumstances, consideration of primary to secondary leak rates
#111 assist in such an evaluation, Initial results from the eddy current
svaluation of the defects at the subject locations are presented in Sec-
tion 5.4. (Final results including a characterization of the statistical
variation in phase angle as it relates to defect depth will be presented

later. )
5.4 RESULTS

5.4.1 EXPANDED REGION OF TUBE/SLEZVE ASSEMEL

in and closely adjacent to the expanded area of the tube/sleeve assembiy

defect locations 3 through 14 on Figure 5-3) phase angie versus jefect

depth relationships were studied for various probe concepts and various

sast frequencies. The result of these studies indicated that an axial

g






Figure 3-1 presents 2 2iot of pnase angle versus lefact dectn “or the

3xs%al wound

roge operating 1% 200 <H: on the cefects at locations |

shrough 14 [See Fijures 3-3, 3-6 and S-7). Figure 3-3 present signals

for defects of various depths penetrating from tne tube Quter surface.
Figure 5-10 presents signals for defects initiating at the tuce inner
surface and penetrating part of the way through the wall, with no sleeve
degradation. Figure 5-11 presents signals for defects which completely
senetrate the tube wall and all or part of the sleeve wall as well as sig-
nals for defects which start at the sleeve outer surface and penetrate

part of that component wall with nc degradation of the parent tube.

For the test results depicted on Figure 5.1, calibration is accomplished
by setting the phase angie of the signal from a .080 inch diameter tube
through wall hole at 909, With this setting the locus of the noise sig-
nal from the clean bulge lies essentially on the horizontal plane (phase
angle of 0). This setting is arhitrary; however, the interval between
these two signals will remain the same at this test frequency regardless
of where the phase angle for the calibration hole is set. [t should be
noted that probe motion phase angle cannot be measured consistently with
the axial wound probe.

An evaluation of Figure 5-1 indicates that there are three distinct re-
gions of the curves. Region 1 contains phase angles from approximately
1109 to 1609, These phase angles represent degradatio: in the tube only,
penetrating from the outer surface. The range of depths represented Dy
these phase angles are from aimost compliete penetration of the tube down
to degradation near the limits of detectability . Numerically this is
from about 30 percent of the tube wall (55 of combined wall) to 40 per-
cent of the tube wall '25% of combined wall). Note that in Region ]

the phase angles are unique and allow the analyst to identify the compo-
nent being degraded and make an estima’ of the depth of degradation on
the basis of a single examination,

Region 2 contains phase angles from about 70° to 110%. This pnase angle
ranqe may represent two basic classes of degradation, The first is de-
gradation penetrating from the tube outer surface and going almost come
aletely through the tube wail, or completely penetrating the tube wall




and involuing a portion of tne sleeve. The second ciass of degracation

involves senetration of the tupe fram i%s ‘nner sur<ace. As an example,
the phase angles for complete penetration of the tube wall from the outer
surface and a 30 percent of tibe wall degradation penetrating from the tupe
inner surface are essencially the same (around 30° to 100°). it is neces-
sary to use the results from a previgus examination wnich shows the defec:
to distinguish between these two classes of degradation. Once tnhis is
done, an estimate of the depth of degradation penetrating from the outer
surface can be made on the basis of the phase angle. Presently it is not
possible to make this estimate for degradation penetrating outward from the

tube inner surface.

Region 3 contains pnase angles from 0° to about 70°. This phase angle
range may represent two besic classes of degradation. The first is de-
gradation which nas completely penetrated the outer tube and a part or

all of the sleeve. The second class includes degradation penetrating from
the sleeve outer surface part or all the way througn the sleeve with no
tube degradation. As an example a phase angle of 50° could represent
either complete penetration of the tube wall and approximately 30 percent
senetration of *1e sleeve or about 30 percent penetration of the sieeve
wall from the uuter surfice with no tube degradation, Again, it is neces-
sary to use tte results from a previous examination which srows the defect
to distinguish between tnese classes of degradation. Limited selective
leak testing might also allow this distinction to be made. Once the clas-
ses of degradation are separated, estimates of the penetration denth can
be made from the phase angle for either category of degradation,

The previously described situations relative %o distinguishing between de-
gradation in various locations, and the apility to estimate their depth
exist for all test frequencies evaluated (from 100 XMz to 600 «hz).

One other point of interest shouid be noted on Figure 3-1, The data for
outer surface tube degradation at the end of the sleeve, and just deyond
the sleeve terminatior, do not fit the curve for defects "inside" the
tube/sleeve assembly, This is considered to result from the fact that

o
]
o
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testing defect locations 1 and 2 are essentiaily
testing the tube without the sleeve, and different characteristics are t0
be expected. Future work will have to define appropriate curves “or this
region by implanting a range of defect depths for testing (presently only
40 percent nominal depths of degradation are available).

A shortcoming associated with the test using the axial wound orobe rotated
in the tube is the relative insensitivity to axisymmetrical defecuis.

5.4.2 UKEXPANDED REGION OF TUBE/SLEEVE ASSEMBLY

For this region of the assembly, inspection may be performed with the

axial wound probe at 200 KHz operating with circumferential motion, This
would be the same type of inspection used in the expanded region, Figures
5-12, 5-13 and 5-14 present signals tor defects in the unexpanded region
of the tube/sleeve assembly tested in this manner. An equally valid option
is to do the inspection witn a standard .240 inch flex probe operating at
2170 “Hz. This option would only be valid for regions of the tuce/sleeve
assembly removed at least 3/3 of an inch from the edge of the expansion.
Figures 5-15, 5-16 and 5-17 present signals for defects in various areas

of 'he unexpanded region produced by tests with the ,540 inch diameter

flex probe. The choice between these swo techniques will be made after an
evaluation of the inspeciion speed obtainable with the axially wound probe
and the relative ability of the two probes to examine defects in the vicin-
ity of dents.

Figure 5-2 presents a plot of phase angle versus defect depth for the axtal
wound probe operating at 200 sz or deqradation in the subject region. All
the results and conclusions for this situation are virtually unchanged from
those presented in Section 5.4,1, except that the phase angles for Regions

2 and ] are sligntly different. The similarity between Figures S-1 and 5.4

wadicate that resuits for tne axial probe are not strongly influenced by

the narticular axial position of the probe along the tute/sleeve assemply
during the test, except thal the influence of axial position is 3trong at

the end of the sieeve.
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i€ the cecision is made %0 examine the uJunexpanded are3 of the t.be/sleeve
assemply with a standarg .34J inch dtameter flex prote, t"en the pnase an-
gle versuys cesth of cefect Curve presented on Figure 3-3 is acoropriate

for a <00 KHZ test. From an examination 0f Figqure 5.3, 1t 15 covious tnat
the conclusions relative %0 distinguisning between degradation in various
areas and the capability to estimate degradation depth from Section 3.4.]
are alsc apgplicadble for this test. The calibration for the tests whicn Je-
fine Figure 5-3 is accomplisned by setting the pnase angle of a signal from
a .100 inch diameter nole through the tube and sleeve at approximately a0°,
Wwith this initial setting the probe motion 1ine has a phase angle of acout
100. Definition of the phase angle for the probe motion line is mure un-
reliable in a sleeved tube than in a standard steam generator tube because
there is little actual motion cf the probe in the sleeve. Because of this,

it is not used in the calibration approach.

In several areas it has been noted that certain pairs of Jegradation condi-
tions give essentially the same phase angle (tube through wall nole and tuoe
inner surface degradation without sleeve degradation or tube through wall
nole plus some sleeve outer surface degradation and sleeve outer surface
gegradation with no tube degradation). It is considered that these situa-
tions resylt from the degradation at the tube/sleeve interfac. shadowing
the material behind it so that the presence or absence of that material has
little influence on the interface degradation signal.
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Figure 5-4
AXTALLY V/CUND DIFFIRENTIAL COIL
ECT PROBE

NOTE COIL CRICNTATION
IS PARALL:L TO TUBE-
SLEZVE AXIS DURING

SECTION OF TUBE IN
INDICATED TRAVEL

ke
EXPANS ION AREA
C

SECTION OF SLEEVE
IN EXPANSION AREA




Figure 5-5
DEFECT LOCATIONS IN CALIBRATION SAMPLES

Ty et \J
. 3 -—| 38" I"AT LEAST 1“—1

1. DEFECT LOCATION No. 1 HAS THE EDGE OF THE DEFECT 1/8" FROM THE
END OF THE SLEEVE

2. DEFECT LOCATION 9and 12, 10 AND 13, AND 11 AND 14 ARE SPACED
3/8" FROM DEFECT CENTERLINE TO DEFECT CENTERLINE, RESPECTIVELY

3. DEFECT LOCATIONS 15, 16 AND 17 ARE OFTEN CONTAINED IN SECTION
OF TUBE/SLEEVE ASSEMBLIES WITHOUT AN EXPANSION JOINT. THIS
ALLOWS THESE DEFECTS TO BE MOVED WITH RESPECT TO EACH OTHER
SO THAT SITUATIONS VARYING FROM ALIGNMENT TO COMPLETE
SEPARATION MAY BE INVESTIGATED




S ~_.At...t. ) ._

AbPISPM pLOy

Wil
W1

W
Wal

Wi
Wi j

2k

mv
£s
(9

oc_
00l

v6/001
001/001
6¢

001

LIPM
Juaundmny
Jo

P ———

v>uu_n\ua:_

agn|
aqny
aqn|

EYERTES
CLEETES

ELEETRNED LT
anda|g/aqn|

aqny

1uauodno)

4 . -

t.o01°
.601°

azac_

*=\:.
R

" —O:
§=na:

__=n.:

4:\\_
9-—N\-
azx\_

UR——

:uo:

m,zoao
1t,.660°

HoLIPHUoOju] 12490

bR

T
tant

5t.590°

w6207
w620°
:?«.: =

w1107
._ﬂu—:.

WHv0’
wbh0*
WHh10°
W0720°
..,—: =

L9907

o-wgn

+.690°

w1207
-ON:-
WLEO°

.-N”c-
wek )’

ML
« 180"

..a_:

.S;y:
Lenny

WOLIPULIOJU] 10243() PAPPURIS oI PIqLP)

9- aanby 4

Aaquny
uo13 1504

Aaqmny
3| dueg




Qf

{IPM
|P10|
jo 2

66

LIPM
1uauoduo
JO ¥

.:_: _
AN
ann _
ETEETES
aqn |

BLICE] BN
Au;: _

U;:—
U.:.—

aqn|
aqn |

L EETEN
CLERTES

aqn |

Juauoduon

uoiLyvrm ._.;_:

‘ :..,.::_.-::C
uoLienojul 3 f:;: pJaepueilc uoije ___,_ (L]

:ﬂ.\_
wb/ |

W601°

Ho1123a¢g
SS049)

] ‘..ﬁ;._

urdan
|Pn oy

13qUINY
uoLl 1504

|




Humber

L ——

Saimp le

o

46
a7

—

48

. > ——

Figure 5.7
Lalibration Standard Defect Information
el T e i R L UL Y —— e
Defect Information
Dimens ions R e o ST  SOR ~- - ——
b % of 1 of
A B Position | Actual Cross Component | Total
Inches Humber bepth  |Section Component Wall Wall Type
It 174 16 014" sy Sleeve 44 17 LM
SR SO o ST A W esi NERGE: s S CUNRASINUI S
1+ 174 2 019" 1 187y Tube 39 23 EOM
r—-—-O—- ------- . St e et L -—1-~— ———— et e G < — p— B S E—— ———
1+ 1/4 9 | 049" | 25% 4 Tube 100 60 LOM
1 LOI5" 1181y Sleeve 47 19 LDM
I+ 1/4 6-7-8 081" s el Tube/Sleeve 1007100 100 tOM
7 L0185 L ey Tube 47 28 LDM
I+ 1/4 4 009" 187" Tube 39 23 LDM
10 019" L8727y Tube 39 23 LDM
13 L0109 1187 Tube 39 23 £OM
Wl S o r—— Y e e ST Ut e
Not 15-16 081" [,098"y Tube/S)eeve 1007100 100 tDM
Applicable 16 025" 1095 Sleeve 78 31 LM
16 0e2" 095"y Sleeve 68 27 tOM
16 023" [.050"¢ Sleeve 71 28 EoM
16 L015" 1,095 Sleeve 46 18 LDM
16 009" 1,095" Sleeve 28 1 LM
16 010" ey Sleeve 32 13 LOM
16 O3z 098"y Sleeve 100 40 EOM
15-16 071" 1,095/ Tube/Sleeve 100768 88 LDM
098"y
15-16 064" 1,095/ Tube/Sleeve | 100746 80 LOM
.098"y
15-1u 059" 87" Tube/<leeve 100732 /3 EOM
1 098"y J
5-18

Comments

Rounded #nd

Rounded [ nd

..

..
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LIZVE CORPOSICN BESISTANCE

JEjective 9F tnis Drograt was 0 zercrstrate U3t tme s'ee,ir3 sr2sass
708 aggravate the [orrasicn of steam jeneratir t.tes, ~or ci.3e t.oe sleeve
v 3

srevice Zarrosion,

5.1 SUMMARY AND CONCLUSIONS

Corrosion tests of sleeved steam generatsr tubes are in progress =0 corfirm

trat installation of a sleeve 2ces not lead %o corrosicn problems., The est
cangitions include a variety of nomal anc “aulted secondary siae cnemistry
conditions ana nominal primary sice ccnditions. These tes:s are co~cucted in

pot boilers wnich provide the capadility of determining susceptibility to
corrosion in the presence of heat transfer and two-pnase secongary side
conditions., Results of the planned tube and sleeve examinations will be ircluced
In 3 report after these tests are completed; Nowever, no Zetrimental effecss

of sleeving have zeen noted to date during the zomguct of tnese ests.

Beqinning in 1975, several sleeves were installed 'n a 7ot Soilar like the anes
used for tne corrosion tests. This boiler operates for several Auncred nours
uncer <ransient and steacy-state conciticns with normal volatile secondary
chemistry and primary cnemistry conditions., Visual and metallograpnic
examinations following this test snowed nc tendercy “or tne sleeve insta’lation
to promote corrosive attack from eitner the primary or secondary sice. The
results of these examinations are detailed selow.

6.2 TEST FACILIT

Corrosion evaluation tests are conducted in the Combustion Engineering Nuclear
Laboratory, utilizing a high temperature, high pressure facility capable of
supplying primary coolant t 600°F, 2200 psig. BSoilers simylating steam
generators in an NSSS, containthe secondary cremistry Seing investicated.
Sleeves are installed in the straight portion of shor® U-benc sections of

is

steam generator tubes and primary chemistry similar to that at Pa’isades
passed through the tube/sieeve assembly, 3y ~eans



v
8
A

. canEsar *AAAHICA *n R g . ;
0f neat transter thrgugn w8 LUBe8S, 3200 . =dlf/ «Jb C

mately 20C7° to 3407F at saturation gressdJra. Sacondary o

maintained by aliowing the steam to fiow TNrougn 3 —oncenss

2rature are
and returning the condensate to the j0iler 3% a point Ceneain tne we'c

;econdary water

~ e
-

The tubes are xeot covered witn a ninimum of six inches

times week-

a- all times. Samples of the secondary chemistry are taken tnree
wolume essantially

ly with cnemical additions as necessary. Cue to the small

little fluctua-

closed loop system and the steady state nature of the test,

4
avigencead,

tion in chemistry conditions {s

Primary chemistry is sampled weekly. Again little necessity for chemical ad-

ditions is found due to the sealed nature of the test 1c0p.
sents a schematic of the steam generator simulation test system. A flow rate
of 2 to 4 gpm per four tube test boiler 1S naintained for primary coclant.

Figure 6-1 Jre-

The tubes in the boilers are as configured in Figure 6-2. Zach boiler
houses four U-bend steam generator tubes with two sleeves installed per

tube, one in each leg. The sleeves installed are eight inches in length,
but otherwise identical to that pictured in figure 1-1. One virgin tude

and three partially laboratory degraded tubes are studied under each chanistry. These
samples represent the range of gefects anticipated for sleeving. Thesamples are

present in each of the four cnemistry tests. One tube defect is a 70 per-

cen: of wall circumferential phospnate wastage midway Detween the Two 2xpan-

sion joints. This simulates a tube which would regquire plugging Dy

current tecmial pecifications. A second tube with 30 percent 2] liptical wast-

age at center span is studied. The final tupe gefect is a 13 oercent of

wall intergranular attack (IGA) located in the expanded joint region. The
[GA is introduced prior to tube/sleeve expansion processes. Tnis gefect
is representative of expanding a sleeve in an area where a tube defect 1s

not detected dy non-destructive eddy current examination, gach of the de-

fects is encouraged to propagate Oy means of an umbrella concentrating
device affixed %0 the tube just above the defect. These concentratars,

coupled with the savere pnosgnate chemistry, provide a simuiation of the

Palisades corrosion characteristics in a much shorter time (typically one

month) than is expected or nas been found in the Palisades generitors.







TAe orimary system chemisiry erf eaq 3 tests 1 tnat
Taole %-3.

6.4 RzSLUL’S

The tests of various tube/sleeve assemoiies under four aqiffe
chemistries were designed to show the effect of the sieeving
tube corrosion and to determine whether tube TO sleeve crev
might occur. reliminary results of a virgin tube teste¢ for
nours under volatile typ nemistry conditions 1ndicated no
the tube as a result of the sleeve nstailation Jrther po
allographic sectioning showed no evidence of norros |
corrosion cracking. The expanded reqions of ¢t~ “rhe ere .
the umbreila style concentrators t0 accelerate .. rosion eff

indicates the acceptadility of the expansion joint empioyed
resistance standpoint, Final acceptability will be verified
tests still in progress.

Longitudinal and transverse sections af the tube and sieeve
microscopicaliy for signs of corrosion txaminations focuse
sansion a~eas. Figures 6-3 and ¢-4 present typical microstr
+*ube and sleave in the expansion area artar 700 nours of <
of pitting or cracking 1s seen.

Axial looseness testing of the assembly after tnis Test SNOw
from the pretest values of one to three mils movement with 2
soplied. Leakage rates of 1-10 c¢/minute were determined fo
samples of the tube/sleeve assembly by arilling a Teak ho'le at
the tube. This is comparable to the rate determined for sam
not been corrosicn I
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Third Generation Palisades Z2corndary CFomistry

PHa Chemistry Contral

oH (3 25%)

Phosphate

Sulfite

Aet Layup

oH (@ 25%C)

Hydrazine

Ammonia

[nert Gas Overpressure

Transition to Volatile

pr (2 25°%

Hydrazine addition for
oxygen control

forphaline for pH control

Additions of Palisades
cooling tower water

set Layup
o (@ 25%C)
Hydrazine
Ammonia

Inert Gas Qverpressure

9.5-10.0
30-60 ppm
5-10 ppm

9.8-10.2
150-250 pom
<10 ppm

8.2+9.2

To the 2xtent neces-
sary to maintain pH
of 3.2-3.0

9-8’]0-2
150-250 ppm

<10 ppn

duration

i Month

1 Month

3 Months

1 Month
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iaple g-d

F+]lisages Secongary Chemistry with Condensate ?olisners

Chemistry
P0g Chemistry Control
oH (@ 25°C) 9.5-10.0
Phosphate 30-60 pom
Sulfite 5-10

Transition to Yolatile

w/S0dium Loncentration
rrom LUs

pH (@ 25%) 8.2-9.2

Feed and vent of CDS ef-
fluent to concentrate

sodium in the bulk water
to0 approximately 400 pplL

Hydrazine addition for
oxygen control

Morpnaline for pH contro!

Aet Layup

oH (@ 25°C) 9.8-10.2
Hydrazine 150-250 ppm
Ammonia <10 ppm

Inert Gas Overpressure

Duration

1 Montn

4 Months

1 Month



Table 6-5
Falisades Primary Chemistry

Controlled

Variable Limits
pH (@ 25°%) 4.5-10.2
Hydrazine 1.5 x (02), max. 20 pom
Ammonia <0.5 ppm
Oxygen <0.100 ppm
Chloride <0,15 ppm
Fluoride <0.10 ppm
Boron $00-4400 ppm
Lithium 0.2-1.0 ppm
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STRUCT AL 24ALYSIS OF TUBE.SLZEVE ASSEMBLY

-

it is tie intantion of this analysis to establisn the structura’l integrisy

'

0f the tube-sleeve assemdly for post. atad worst cise accident corditions.
The accident corcitions corsidered are main steam line break and laoss of

Lulia

colant.

Surmary and Conclusions

4 qualification analysis is performed to insure the structural integrity
of the tube-sleeve assembly during a main steam line break accident. There
exists a radial gao in the expansion joint of the sleeved tube. This re-
sults in an axial gao which allows the parent tube to separate a finite
amount before the sleeve comes in contact with both ends of the narent
tube. The geometry of the exoansion joint is determined from an optical
comparator plot of a typical exoansion joint. The rate at which the
sieeve engages the parent tube is extracted from axial oul] test results.
This amount of tube separation is then incorporated into a simplified
dynamic analysis of the tube-sleeve assembly. From this dynamic analy-
sis, a maximum, equivalent static, axial load on the sleeve is determined.
This maximum axial load on the sleeve is compared with the axnerimentally
determined load regquired to pull apart a severed tube-sleeve assembly,

and a factor nf safety of 2.4 for sleeve disengagement is calculates.

ext, the mode of failure for sleeve disengagement is analytically de-
termined and compared to experimental test results. A strain energy
analysis is used to determine the force required to oull the sleeve aut
of the parent tube. This force was determined to be 4522 1b. which
agrees closely with the experimentally determined failure load of 31795
e, The stress in the sleeve due to a static axial lnad indicates

that the mode of failure for the tube-sleeve assembly will be a neck
down of the sleeve if sufficient force and freedom for the tube to
separate axially were available. This agrees with the experimental
test results.

Next, the effect of a tube-sleeve assembly with 100" degraded tube or
orevigus anmalytical assessments of oostulated loadings is looked at,

7-1
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A vibration response test will be conducted 3n &4~ ang 1039~ .egradeg sleeveqg
tules 1n grder to obtain a gqualitative assessment of the preserce 2¢ sleeved
tubes “rom the standpoint of dymamic tube response. [nformation wish regard
0 the natural frequency and damping cf the sleeved tubes will alsg .e
obtaired. These measured natural frequencies will be compared with the
frequencies of virgin tubes in order to assess the effect of the presence
of sleeves. The predominant vibratory forcing function in the secondary
fluid bundle entrance region is fluid elastic coupling, For Palisades
steam generator virgin tubes, no vibration problem due to fluid elastic
vibration is anticipated. Unless there is a large aivergence in aynamic

n

respense or natural freguency between virgin tubes and sleeved tutes, no
vibration problems are expected for sleeved tupes.

Pressures considered in this analysis are those originally specified for
operating conditions, Higher primary and secondary pressures corresponding
t0 the "stretch rating” will be considered at a later time. A c.namic
analysis of Main Steam Line Break plus Safe Snutdown Earthauake il te
performed and the results provided at a later time.




The amount of tube separation before

soth ends of the parent tube 15 conse

which the sleeve engages the tube 1S

- 1¢e
AU iILI.

e

A dynamic analysis of the s i ¢t ' s performed

mum,equivalent static, axial ¢ P ¢ s determined.

The maximum axial load is compared with ¢ )ad required to
a severed tube-sleeve assembly, which has been determinec Dy

The compar f the failure load with the maximum applied

dynamic analysis) @ esent t of safety for sleeve d
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A &
tan _ 001 = .
- w ‘p " - 7
100
Let X = axial gap of which there are two between the sleeve and tube
0007441

tan - J] - —;_T___.

(= 01441 in
Let d = maximum amount of tube separation

1=2X = 2(.01441 in) = .02882 in
For conservatism, multiply 4 by 5

i=1.5 )2882 in) = .043 in

The tube separates a maximum distance of .043 nches before the

;| eeve engages the parent tube
Maximum Equivalent Static Load on Sleeve
The maximum axial load on the sleeve is determined from a simp fied
lynamic analysis of a severed tube-sleeve assemb y
The tube-sleeve assembly is modeled as a Spring-mass system using the
ANSYS" computer program (Reference 7.3 The lower part of the
severed tube and the sleeve are modeled as sorings using the
spring element F 14 The mass of the sleeve and the mass of hoth
ends cf the severed tube are modeled using the general mass element
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d reedom problem. ne above Zescribed location is 215

the face of the tubesheet.

Now assume that a tube in Tube Row ! is sleeved at this defect
tion and sustains an instantaneous circumferential failure at this
location during an MSL8 accident. A reduced linear t-ansient analy-

e
sis 1s performed using the spring-mass model. F(t) is the blow-off

o
]

load on the severed tube. This force is conservatively assumed to

applied instantareously to the severed tube. A force-time history is

given below.

F(t) (Ib)

ime (sec

8low-off Load for Main Steam Line Break

- = R1a At E s D
v ) = Blow=of Load = PA; =

’
W




o P & .
¥, % 3@cordary °Prassure =
s &N Y o' YIBHA ~s
2 = 2150 281 =) osi = U 23
F{t) = 2150 psi x .336 in- = 722 'y

Mass of Severed Tube, Lower Pars

-I————————- «r Rupture
Point

216

rorry " GIF B i T'Jbesheet

"L = Mass of severed tube, lower part

ML g (AT‘:T ‘ AiTci s CAQTOQL) :'=

S+ = Density of tube material .305 1b/in?

0, ®= Density of water in tube = .026 1b/in?

P, = Density of water displaced by lower part of tube = .J11 b/ in3

A, = Area of tube material = .106 in-
A.+ = [nside area of tube = .136 in‘

A, = Qutside area of tube = .442 in°
C = Virtual mass coefficient = 1.0
LL = Length of tube lower part = 216 in
g = 386 in/sec?

M = .026 1b-sec?in
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Jbe-3lsaye issemn’y Parameters

iS = [nside radius of sleeve = 281 in

? o = Qutside radius of sleeve = .313 in
= Sleeve wall thickness = .032 in

= Length of sleeve = 12.0 in

A. = Area of sleeve material = .059 in®
= [nside radius of tube = .327 in

= Qutside radius of tube = .37% in

by = Tube wall thickness = .048 in
L, = Length of tube from face of tubesheet to defect = 216.7 in

A. = Area of tube material = .106 in’

T
E = Elastic modulus = 29.4 X 10° psi, 5000F
!(s = Sleeve stiffness
KT = Lower part of severed tube stiffness

AS £
KS = = = 144530 1b/in

S
A, £

>
4
"

= 14423 1b/in

—
-9

Pate of Sleeve Engagement

ow the rate at which the sleeve comes in contact with both ends of
the parent tube will be determined using Figure 8-2. Figure 8-2 gives
a load-displacement history for a tube-sleeve assembliy as determined

from a tensile pull test.



Tangila Pyll Tese

1
L e————

A N 1
g Fulisl o4
4 3
§ hengagement
| i (E = 2ate of sleeve engagement
sleeve :
i (S = Sleeve stiffness as tested
¢ K, = Tube stiffness as tested
; tube
!
YT

FIGURE 7-9

From Figure 8-2:

N

. F . 2100 1b

. 3400 1b/in

(A conservatively stiff spring coefficient
for the tube-sleeve assembly is chosen.)

A E
—=— = 144550 1b/in
-5

AT £

T; = 173133 1b/in

Area of sleeve material = .059 in‘

Length of sleeve used in tensile test = 12.0 in
Elastic modulus = 29.4 X 10 1b/in*

Area of tube material = .106 inf

Length of tube used ir tensile test = 18.0 in

. 14
-
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Ke = 3400 1b/in

Coefficient of Viscous Damoing

C = Coefficient of viscous damping

C'ZH:JQ‘

M = Total mass of spring-mass system

5 Viscous damping factor = 1% = .01 (Ref. 7.6°
wy * Natural frequency of spring-mass system

s/ 5 s 775 rad/sec

g M
K = 3400 b/in

1 n : T

1b-sec’ \(99e rad
2 (.014 T—;LOH(?;S sec)

L)
"

1h-s8c
-.zz—,.n—

[}

Maximum Equivalent Static Load on Sleeve

The results of the dynamic anmalysis of the spring-mass system are
shown in Figure 7-15. The peak force in the sleeve is taken to repre-

sent the maximum equivalent static icad on tne sleeve.

F = 1560 1b =

Paak "S1aeve
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This maximum axial 12ag will now Se Cmgared w1th tme lgac requires

to cull apart a severed tybe-3leeve assembly, ang 2 ®ac*sr of

afar,

w1

far sleeve disengagemerst will He zetermined. Thic failure 'cac was
letermined from unpressurized exgerimental tensile

Jull tests.
F 37
P st ture 3795 b
Frai 3795
Factor of Safety = F-Sl_EIE *{mzy 2.8
s leeve
This or of safety shows that there is a large margin of safety

for sleeve disengagement.
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FAILUBE MODE JETEAMINATION

In thés section, 2 comparison is made between the ca'lulated moces of
“3i7yre of the ftube-sl2eva axzansiaon igint ind axceriTental test re-
s41t5. Sample severad tube-slasve assemplias wnich "ave been 2xneri-

mentally pulled apart are stucied to determine the mcde of failure.

Figure 7-17 shows 3 tute-sleeve assemblv that has Seen ouylled

apart.

*his specimen indicates that the sleeve yielded and the tube did not.
The specimen also indicates that the sleeve necks i0wn when the
assembly is pulled anart. This neck-down at the tube-sleeve exoansion
joint reduces the normal force between the sleeve and tube, thus lower-
ing the friction force and allowing the sleeve to be pulled cut of the

tube.

‘low 3 mode of failure is analytically determined.

7. 3.1 Stress in Tube Sleeve

The siress in the sleeve is determined assuming an instantaneous
circumferential failure of the narent tube during a MSL3 accident.
The stress is calculated for the static case using the maximum
squivalent static load on the sleeve as cetermined in Section 7.2.2.
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7.3.2

- * 1360 15 (Section 7.2.2
sleeve <
o ] e * Nutside ragius ,:v.' S)eeve - :.: A
oS
.. * Inside ridius of sleeve = .221 ip

wy

~

t. = Sleeve wall thiceress = 232 in

wy

. : w08 . & A
45 = area of sleeve material = - ( oS Ris }

P 2P, - P =2150 osi - 0 = 2150 psi

>, np~ s 268 kst

S, * == = 19.9 ksf
Where R = {Qos * Rig)l/2 = .295 in
e g L0 ks

r

S'I'max *3. "%, * 264 ksi + 1.1 ksi

3 g * 7.3 ksl < = = 0.7

ma “allow “ultimate

Yote: S.lI. = 27.5 ksi < = 27.9 ksi

ma x “yield

* From Appendix F of Ref, 7.1.

Strain Energy Analysis

Assume that an instantaneous circumferential failure has occurred in a
sleeved tube. The force recuired to pull the sleeve out of the otarent
tube is determined.

= 56.0 ksi
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ne energy required t0 rm the eeve ¢ In-
wQ types Of work are done by oulling the sleeve a distance 4 -
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Of the three criteria, the first and second cne are the most
restrictive. For these criteria, the allowable sleeve wal!

degradation is S53%.

Combined LOCA + SSE Analysis

The LOCA + SSE analysis considers stresses produced by varijus hydrau-
11c phenomena associated with rapid flow through the tubes, :the dynamic
responses due to the impulsive Toad occurring at the pioe bHreak ooening,
safe shutdown earthquake induced accelerations, and differential ores-
sure. Stresses resulting from these loadings are combined elastically
in a conservative manner and evaluated against an allowable for faulted
conditions, determined from Anpendix F, Section [II of the ASME Code.

The elastic analysis is intended *o arovide justification for establisn-
ing the allowable sleeve wall degradation. At some later *ime. a
olastic analysis will be performed to srovide additional evidence in
supoort of the conclusions drawn from the elastic resulss. A staric
plastic analysis will be performed on a3 legraaced 51eeve using the
ANSYS computer orogram. Etxperiment work will pe ocerformed to iemon-

A0 TaAm
Jw i Q.

3
strate the conservatism and accuracy of the ANSYS computer

From Reference 2:
(1) Tube Row 110 exhibits the most severe moment due to *he
lateral LOCA + SSE loading.

e

(11} The value of *his moment is 202.5 in-

TN

) Py =0

P, = 770 psi



TABLE 741 .
SL .032 in

Healthy Sleeve i .281 fin
.0284 in?

Lgading Type of Stress
v

f
LOCA + SSE . T

. (Pi-PalRis
s

Pressure « (01 PolRis

Stress Intensity = (47.3 » 3.4 + 0.3)

Point A 32.1 ks1 < allowable = 80.6 ksi

Stress intensity = (-47.3 » 3.4 . 6.3)

Point B 51.3 ksi < allowable




“Qw 30ive fur tne requiread slzeve wal!
sleeve 24 an iterative solutian.

TABLE 7.2
TABLE 7.2

. S
cegradeq Sleeve 2i5 = 23] ¢a

Lcading Tyoe of Stress Stress [(ksi}
x -

i g S

LOCA + SSE TTY +.2025 -.4025
: - =

2 [Pi - PplRis +. 108 - 108
2'.5 t t

Pressure Ji = ;p" - Pn'ly +.215 +. 216
ts t t

Stress Intensity = ;.4025 + 108 | ; 8
Onint A | & t y

- -

-~ 80.5 ksi

piahey o 8 0.8 <80.6 ks

—_

74.3 ksi + 5.1 ksi = 79,3 kgi < 79.9 ks i

-

tg = .302 in-.281 in = 021 in
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Summary of Allowabla Slseye Jegradation

(i)

NRC Staff's Criteria

5 Allowable sleeve dagradation = 53

(i) LOCA + SSE

% Allowable sleeve degradation = 34

Based an these rasults,
should be 347%.

the maximum sieeve wal!l deqradation permit*ed
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~ test wil' se 10rCuctes wnich “gde's & c'uster 3¢ sever SUSHS with
“alisades clate arc e23C"1%e "’ tule 5.5007ts. Tre sertica) $2raigng
tute region from tre tide snee: t3 *ne fI3rest "eggcrate” suocort will
~e represented. Several tubes wil!l ce s'eeved in 3 prazanle sieeving
location, Zircumferential Jefects of 645 and 1005 degragaticn will e
simulated in the sleeved t.bes. The tests will e zonducted with
shell-side water at room femperature. Using secondary sice water at
room temperature (p = 62.4 Ib/'tjl 'S conservative since the cperating
secondary coolant is less dense ‘; = 49,3 ib/‘t3 maximum) and theredy
decreases the virtual mass. Primary caolant is omitted from the test
Sut a compensating density correction will pe made t0 the tes: data.
At the completion of these tests, an examination of the tute/sleeve
J0ints will be made to ensure that vibration has not caused wear of
metal surtaces or ioosening of the joints.

A mechanical shaker wil! 'rRUt a Tateral acceleration of 1 5 nto the
base olate, which 15 connected %3 the tubesneet, sweeping ‘rom 20 o
to 200 ﬁz. The 1 G base plate acceleration is a more severe farcing
function than that anticipated in service. The selection of 1 3 1
predicated cn control of test eCuipment and accuracy in the ‘nterore.
tation of response data. Tupe responses will be measures at severa)
Tecations in each tudbe spar as we'' a5 at support locations for four
of the seven tubes in the cluster ‘see Figure 7-18), Even numbereg
sunnort plates are .sed 'n tre test Sunale to provide thre lorgest
span from the tubesheet ty tre 'owest t.oe suppors plate, I+ 's
conservative %o mode! tubes which cass tArough alternate tute suzpore
slates since longer spans croduce 'ower natural freauencies. Jata
from these tests would dssess the effect of the oresence of the tube
sleeve from the stardpoint of agyramic t.pe respense, [n - ditian
infarmation with regard to natural frequency ang aamping would e
cbtained, For virgin tubes the “urdamenta! natura! ‘requencies are
a5 *ollows (Reference 7,17):




AL ftne i tesrest

18]
Bg

‘Fixegedim

7,8.2

(A4

ang “Sggcrates’ (Simple-.irmple)

detween Orilied Support Slates

i o B 1X
n z' q 72,

* 33.5 "

shere L = 38,0 in [Typical)

A compariscn of the measured sleeved tude natural frequercies with
the freguencies of virgin tubes will provide a qualitative assessrent
0f the presence of the sleeved tubes.

ihellside Flow Vibration Test

A test wnich models the dundle entrarce regior of secondary fluid

‘4t the tubesheet, has been tompleted and is jeneric %2 all CE steam
jenerators, The test was run at ~oom temperature with i Taximum flow
rate of 4507 GPM. Tube "otion was recorded with intermally mounted
strain jages and accelerometers. (0 aadition oressure 3rop, veloctity
srofiles and water temperatures were recorded, Several tules in the
i"ray were monitored simylitaneously to Jetermine t=e relationship of
one tube's movement with regard to another., Al 2ata was viewed 'n

2 real time mode as well as being recorded on tace., This test

enabied 3 cuantitative appraisal of tuce vibration in water crass *ow

see Figure 7-19). Since tne tube external geometry is only siigntly

affected oy the presence of 4 sleeve, this test data is valig for
predicting farcing functions on 4 sleeved tude.
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T3 the estatlismment of i “eecdack "ecranism, Tnis ca.ses ever
increasing amslituce of vidration Jnti) either 2 Sa'ance is reacned
setweer 1,13 energy acscrded ans arergy 3issicaced tnrIugn sampirg
Sy the t.Ce Or TmMpacting ensues. Tre certinent relationsnic is as

‘0l ows:

K &

‘eritical "I s 8%’

where:

< « Cxperimental Constant = |
oF - Length Factor - 16,48 = 0,33
¢, = Tube 3Span Natura! Freguency = 6.9 M,
3 - Tube Outside Diameter - 0.75 in = L0625 #¢
m. = Tube Virtual Mass = 0,745 1h/°¢
- Legaritimic Decrement = 0,157 (4 ® &g
- Jamping Ratio = 2.5%
- Flute Sensity = 45,3 1b/%s)

o
O O

For Palisaces the secondary fluic bundle entrance velocity in the
tube jJap was calculateg %0 bde 11.0 feet/seconc at 100% sower,
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iSME Boiler and Pressure ,essze’! Toce, Sectienm Il foe N.olear

Letter from David A, Bixel, Consumers Power Companv, %0 he Jirector

of “uclear Reactor Requlatior, Jnerating Reactor Branch ‘0. !, J.3.
“uclear Pequlatory Commission, da%ted February '2, 976, Carcerning
Cocket 50-255, License 2PR-20, Palisades 2lant, Steam Ceneritor T.be
Plugging Criteria - "Analysis to Determine Allowable Tube Wa!! Te-
jradation for Palisades Steam Generator," January 29, '375, and

Revision 1, March 15, 1976, Revision 2, March 20, 1974,

AMSYS, Engineering Analysis System, User's Maryal, John A, Swanson.
1971.

CENC-1120 (Palisades Steam Generatar Firal Report).

Engineering Specification for a Steam Gererator dssembly, Scec. ‘0.
70P-002 (Palisades).

Regulatory Guide 1.61, Damping Values for Sefsmic Jesign of ‘iuclear
Power Plants.

"Mydrodynamic Inertia Coefficients for a Tube Surrounded by 31314
Tubes,' Moretti and Lowery, June 23, 1975, ASME Publication TE-PYRLLT,

Testimony of James Knight before the Atomic Safety and Licensing
S0ard in the Matter of ‘lorthern States ower Zompany  Parir=ie [sland
luclear Generating Plant, Units | and 2). Docket “os. 50-282, 50-306.

1

‘Flyidelastic Vibration of Tube Arrays Excited Dy Cross Flow,” M. J,
connors, Jr., Westirghouse Sesearch and Nevelocment (enter.
“echanical yibrations (Fourth Edition', Sy J. P. Den =artog; Mcgraw-
i1l Book Company, ‘lew York, ". Y.
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Materlal $B-166 (1~nconet)
Vendor Standard Stecel

Heat No. EO-4217

Code No. M-4323

A= ‘009315)/2 x (.on-.om):-_ LM xSl = 494 FL
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FIGURE 7-16 Stress-Straln Curves to 0.0S In/in Straln
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B/SLESYE ASSEMEBLY

ting 2f the t.oe/sleeve asserbly was ger<o

characterization of its performance .nder a ranje of normal

accident steam generator Qgerating conditions,

SUMMARY AND CONCLUSIONS

The looseness, leakage and reaction to thermal/pressure cyling properties
of the tube/sleeve assembly were characterized. The capadility of tne as-
semoly to withstand postulated conditions of loss of coolant and main steam
line preak were demonstrated. Preliminary tests indicate potential a«ial
movement of the sieeve in the unpressurized tube of 0,007 to 0.203 incnes
end %o end, with application of a 25 pound load. Leakage rates of 1 to 10
cc/minute were evident in early internai pressure tests. The preliminary

tnermal cycling tests indicate no change in joint characteristics (leakage or

looseness) resulting from that environment, Uniaxial tensile testing of a
sleeved steam generator tube with a through wall ¢ ircurferential
defect, indicated that more than three times the axial load resulting from
the internal pressure effective during a main steam line break fs required
to separate the tube from the sleeve. Pressurization of a sleeve sample
inside diameter resulted in material yielding at greater than 135 percent of
the normal operating pressure differential (Criterta 1, Tatle 3-3) and
durst at greater than four times the normal Palisades reactor operating
oressure differential (Criterta 2, Table 3-3), wshile a1l of these results
are preliminary in nature (results of “inal testing will be reported later)
all indications are that the repair sieeve 15 an acceptable technique for
reestablishing the structural integrity of a degraded steam generator tube

CONDITIONS TESTED

Mechanical tests are 0f Doth & characteriZing and a gualification nature,

inmtially parameters of tube/sleeve mechanical and leak tightress
ire measured at room temperature And pressure, This Infaormation oroe

vi1des 3 standard against which tubes tested under accident cangiticns 2an




he compared. Adaditionally, the axial strength of the tube/sieeve joint

in resisting separation is Jetermined. These three parameters, tnen,
characterize the tube/sleeve joint.

T.oe/sleeve samples are exposed to !0ss Of coolant accizent LJCa

steam line sreak (MSLS), repeated startup/snutdown and primary flow 1n-
duced vibration conditions, The irtent of these tests 15 to Jemonstrile
the integri-, of the tube/sleeve joint unaer simylated normal operation and
accident envircnents. Post test examinations are made to demgnstrate that
the characteristics of the joint ¢Q not vary significantly and the p=i-
mary pressure boundary 15 not violated.

Looseness testing is conducted in a fixture which applies & 235 pounas
axia) force to a sleeve which has been installed into a steam generator tube
saple. The tests are performed at room temperature and pressure, Temp-
erature effectscan be ignored since sleeve and tube materials are
identical. Pressure was not included in the screening test for ease 1n
nandling. Motion is approximately linear up to a force of 25 pounds At
25 pounds, a large increase in force is required for additional sieeve mo-

tion,

Leakage testing, for screening purposes, 'S conducted at 153
internal, 1550 psig external and a repeat of the 1550 psig internal, The

two internal pressures are representative of effective maximum normal oper-
ating and accident pressures. The external pressure is in excess of the
maximun anticipated oressure of 13100 ps! for a secondary nydrostatic fest and
is used to provide for ease in testing, The internal pressure test 15 re-
peated at one condition to ver:fy that pressure cycling of the Asserd |y does
not alter leakage rates. All tests are done at room temperature due O tute

sleeve matertal identity

Jniaxial tensile separation tests are performed at room temperature and

«An0 : .

§00°F for unpressurized tube/sleeve assembiies The assemblies a re mounted
in a test fixture and pulled to separation, Recordings of load versus separa-

tion are nade The test ‘s performed to demonstra that under operating

sanditions. 4 tube degraded 100 percent circumferentiglly at 185 cenfer wi
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Tuoe ileeve asserpiies are exposed %0 3 orimary flow of .5 gpm at 500/
2alC peig *for 10CC nours. This tast is performed %0 investigate the like-
11hood of fretling at the tube sleeve joint region as a1 resylt of primary
flow 1nduced vidbratins, A test period of 1000 hours is adequate for the
investigation of fretting.

8.3 RESULTS

The results presented in this section are the initial ones or incomplete
due to the fact that many of the tests were performed for development rea-
sons. They are presented for information and will be supplemented with
controlled condition tests, later, All tests discussed, herein, will be
repeated. The results found substantiate the capabilities of the sleeve
4s an acceptable repair structure for a degraded steam generator tube.
While these results are preliminary, the trends shown and the magnitude of
the results presented are expected to be repeated in final tube/sleeve as-
sembly testing.

Testing for axial looseness has shown a zero to ,003 inch axial motion unger
a reversing load of approximately 25 pounds for all of the 11 tube/sleeve as-
sembly samples tested to date. Free floating looseness, as such, has not
been found. The 25 pound applied load greatly exceeds service conditions,
Figure 3-1 presents looseness test information for two representative sam-
ple assemblies. [n addition to providing a characterization of tube/sleeve
joint properties, the tight nature of the joint indicates that sleeve free-
play is minimal. This is beneficial in preventing any tude to ileeve wear

ar f‘retting problems.

Ledkage rates across the tube/s!eeve joint were characterized. For internal
pressures of 1000 to 2500 pstig, leakage rates of | to 10 cubic centimeters
per minyte (ce/min,) of ambient temperature water were found with most sam-
ples at about ! cc/min, For external pressures of 500 to 1550 pstg, leak.
age rates of 0 to 20 cc/min, were found. After the external pressure leak-
19¢ tests, 4 second internal pressure test at 1000 to 1530 psig was conducted,



Leakage rates of | to 10 cc/min. again resulted. Additional tests are
being performed to characterize the nature of the scatter in leak rates.
The data indicate rates well below the steam jenerator acceptable cperating
rate of 1136 cc/min, (.3 gallons/min.), Thus, in addition to its strength
characteristics, tne sleeve provides a significant barrier to leakage.

Uniaxial tensile separation testing of sleeved tube assemblies has shown
full separation loads in excess of 3700 pounds force. Separation of tube
ends by 1/4 inch required a minimum of 1350 pounds force which is in ex-
cess of the 1000 pound level established in Section 3.0 criteria. All tests
were performed on sleeved tube assemblies with a 100 percent circumferential
defect at the tube mid-span. This indicates that even under worst degradation
conditions, the maximum anticipated pressure loads will not result in an
axia) force sufficient to elongate a sleevea steam generator tube far enough
to contact its nearest neighbor, which is 3/8 inches away.

The mode of tube/sleeve failyre in the separation tests was either the
sleeve necking down plastically then sliding through the undeformed tube;

ar the sleeve necking down and the tuce expanding siightly as the two were
pulled apart, Figure 3-2 shows the applied load versus axial tube separa-
tion. Table 8-2 presents diametrical measurements of separated tudbe/sleeve
assemblies. This information provides the basis for establishing the poten-
tial assembly failure mode,

A single sleeve has been internally pressurized to failure in an SLS sime
Jlation, This too provides preliminary information on sleeve burst pressure
margin in satisfaction of Reference 3-1 criteria, The tube indicated yield-
ing, by visual observation, at approximately 4000 psig internal. This ex-
ceeds the Reference J-1 criteria (the first in Table 3.1) of 3125 psin.

Burst of this sample occurred at 3250 psig. Since these tests were conducted
at 700F, a burst pressure in excess of 3610 psig shows 3 safety margin of
qreater than three for the Reference J-1 second criteria of Taple 3.3,

Preliminary thermal cycling tests “ave been completed w»ith more dJetay lec

torseratures and oressure cycling tests scheduied, The netler dhslusted
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Assemb )y
No .

e

h.,l( A

»

2semblies |

ssenb lres 2

Separation

Luad at
1/4 Inch

\“n‘, )
1350

1800

and

lotal
Jepdration
lUJ\‘
&ll);.
4293
4512
4387

Ji
3 /9%

Diameters of Separated Sawples

Table 8-2

Sleeve
"

Nominal
Sleeve
ub
Linches)

Nominal
Tube
0D
{1nches)
. 7146
. 746
. 746

147

6-8

[ op]

A
5932
5826
.6005

5131

and 3 separated due to plastic sleeve neckdown .

o

Tube

‘L._

.5943

. 2856

K
Diameter
(Inches)

G
£ (max)
5955 6490
L6156 L0493
L5992 L6501
.6148 0526

4 separated due Lo plastic sleeve neckdown and minor tube expansiun,

1 (st x )

’4% ) . /76U
1478 16
LR 11V

/445 L4



Table 3.:
Lriteria for Minimum Acceptabie 4all Thickness
Reference -
] Tubes with detected defects w11l rot e stressed during the

S
full range of normal reactor operation beyond the elastic

range of tube material.
2) The factor of safety against failure by bursting under normal
operating conditions is not lecs than three at any tube loca-

tion where defects have been cdetected.

Crack-type defects that could lead to tube rupture either dur-

{5

ing normal operation or under postulated accident concitions

1

will not be acceptable.
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[, A. £. Scherer, depose and say that [ am the Manaqer, Licensing of
Combustion Engineering, Inc., duly authorized to make this affidavit, and
have reviewed or caused to have reviewed the information which is identified

that 1dentified

as proprietary in the enclosure document referenced below; that the
information includes trade secret and commercial or financial information
belonging to Combustion Engineering, [nc., which we believe to be privileged
or confidential; that the identified information has been maintained as
privileged or confidential by Combustion Engineering, Inc. and zannot be
obtained from public sources without the expenditure of significant amounts

of time and effort and is information the release of which would be likely

to cause substantial harm to the competitive position of Combustion Engineering,
Inc.;, and that this information is of a type customarily held in confidence

or transmitted in confidence by Combustion Engineerinag, Inc.

Enclosure: Palisades Steam Cenerator Tube Repair Sleeving; CEN-42(P)P

December 10, 1376.

Sworn to before me this // _ L

10th day of December, 1976 A. t.
Manager, Licensing

]

- -
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otary Public



