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ABSTRACT

Evaluations have been performed to develop repair critena for tubes with degradation in the
roll expansion and tubesheet region of the Praine Island Units | and 2 steam generator tubes.
A critenon based on maintaining structural adequacy of the tubes to resist tube pullout forces,
called F*, has been developed This criterion specifies a distance below the bottom of the
roll transition, designated F*, in which no degradation is permissible, below the F* length, all
types of degradation may be left in service independent of the number or nature of eddy
current indications. It is determined that the required F* length 1s | 07 inches plus an
allowance for NDE uncertainty

For tubes with degradation in the intended F* region or above the onginal roll transition
region, an additional criterion has been developed based on determining the length of
additional roll expansion of sound tube needed to achieve adequate pullout and leakage
resistance For tubes with degradation in or above the factory roll transition, an additional
tube roll may be applied adjacent to or above the factory roll expansion. For simplicity, the
length of sound, factory rolled tube and additional tube roll immediately adjacent to the
factory roll expansion is also referred to as F* For tubes in which the additional roil
expansion is between the factory roll and the neutral bending axis of the tubesheet (10.665
inches above the bottom of tubesheet cladding, or 10 885 inches above the tube end), the F*
length also applies. For tubes in which the top of the additional roll expansion 1s above the
vertical mid-thickness of the tubesheet, the necessary length of undegraded additional roll
expansion is referred to as elevated F*, or EF* The required EF* length is a function of
elevation and is larger than the F* length, since upward tubesheet bending during normal
operation produces relaxaton of the tube-to-tubesheet radial contact pressure above the neutral
bending axis of the tubesheet. Values of EF* length are calculated, excluding NDE
uncertainty in elevation, for several elevations ranging from the top of the tubesheet to 6
inches below the top of the tutesheet.

The evaluations demonstrate that applicaton of the F* and EF* cntena for indications of tube
degradation within the roll expansion affords a level of plant protechion commensurate with
that provided by Regulatory Guide 1.121 for degradation located outside of the tubesheet
region
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1.0 INTRODUCTION

Thus report documents the development of cntena for repainng partial depth hardroll
expanded steam generator tubes for degradation in the expanded region of the tube within the
tubesheet and for degradation above the factory roll transition but within the tubesheet.
Exisuing Praine Island Units 1 and 2 Technical Specification tube repainng/plugging criteria
apply throughout the tube length, but do not take into account the reinforcing effect of the
tubesheet on the external surface of the tube. Two repair criteria, called F* and EF*, are
developed for tubes with degradation within the tubesheet region.

For tubes with degradation in the factory roll transition region, a criterion based on
maintaining structural adequacy of the tubes to resist tube pullout forces, called F*, has been
developed. This criterion specifies a distance below the bottom of the roll transition,
designated F*, in which no degradation is permissible, below the F* length, all types of
degradation may be left in service independent of the number or nature of e 1y current
indications. The F* length 1s depicted in Figure 1-1.

An alternate repair/plugging criterion has been developed for tubes which exhibit degradation
in or above the intended F* distance, 1 ¢, above the bottom of the factory roll transition. This
cnterion uses a field-applied, additional roll expansion adjacent to or above the factory roll, as
depicted in Figure 1-2. With an appropriate qualification program (not included in the scope
of this analysis), the F* length also applies in the additional roll expansion, provided the
additional roll expansion :s below the neutral bending axis of the tubesheet The applicability
of the F* length in this region is dependent upon the results of a separate qualification or
evaluation showing the structural equivalency of the retrofit roll expansion to the factory rol!
This qualification program shall also demonstrate that the additional roll expansion of F*
length exhibits negligible leakage.

For tubes which exhibit degradation between the mid-thickness of the tubesheet and the top of
the tubesheet (TTS), a criterion referred to as elevated F*, or EF*, has been developed It
also uses a field applied, additional roll expansion, depicted in Figure 1-3.  The applicability
of the EF* length 1s dependent upon the results of a separate qualification or evaluation
showing the structural equivalency and leakage resistance of the elevated, retrofit roll
expansion relative to the factory ro'l

Development of the F* and EF* cntena i1s summarized in Sections 2 and 3, respectively. In
Section 2.0, an evaluation 1s performed to determine the length of hardroll engagement, F*,
required to resist tube pullout forces during normal operation, test, upset and faulted
conditions. The evaluation uses the results of previously conducted analyses and tests aimed
at quantifying the residual radial preload of Westinghouse 51 Series steam generator tubes
hardrolled into the tubesheet holes. It is postulated that the radial preload would be sufficient
to significantly restrict leakage during normal operation and faulted conditions. The necessary
length of undegraded tubing, called F*, required to resist tube pullout forces 1s calculated On
this basis, tubes in the Praine Island Units | and 2 steam generators with no degradation
within the F* distance, measured from the bottom of the roll transiton, are sufficient for
continued plant operation, regardless of the extent or nature of tube degradation below F*



In Section 3 0, an evaluation is performed to determine the length of additional hardroll
expansion required to resist tube pullout forces during normal operation, test, upset and
faulted conditions. For tubes with degradation adjacent to the original factory hard roll or
below the mid-thickness of the tubesheet, 1t 1s shown that the F* length calculated for the
factory hard roll region also applies for the additional roll expansion region adjacent to or
above the factory roll However, for degradation between the mid-thickness of the tubesheet
and the TTS, the necessary length of elevated additional roll expansion, called EF*, required
to resist tube pullout forces must be calculated The EF* distance is larger than the F*
distance. Thus 1s because F* and EF* are directly related to radial preload, ak a interference
fit contact pressure. The EF* cnterion 1s applied above the neutral bending axis of the
tubesheet, tubesheet upward bending effects cause a reduction in the radial preioad during the
bounding conditions, normal operation (N.O ) and feedline break (FLB) In the case of F*,
applied withun the factory roll or above and adjacent to it, the tubesheet upward bending
effects are beneficial or have no effect on the contact pressure. The evaluation of interference
fit contact pressure for EF* 1s also provided in Section 3.0

These evaluations demonstrate that the F* and EF* critenia for tube degradation vathin the
tubesheet afford a level of plant protection commensurate with that provided by Reg Guide
(RG) 1121 for degradation located outside of the tubesheet region

1.1 Background

Existing plant Technical Specification tube repair/plugging criteria which have been applied
throughout the tube length do not take into account the reinforcing effect of the tubesheet
(TS) on the external surface of the expanded portion of the tube. The presence of the TS wall
constrain the tube and will complement tube integnity in that region by essentially precluding
tube deformation beyond the expanded outside diameter The resistanice to both tube rupture
and tube collapse is sigmificantly strengthened by the TS In addition, the proximity of the
TS significantly affects the leak behavior of throughwall tube cracks in this region. Based on
these considerations, the establishment of alternate plugging criteria specific to the roll region
of the tubes 1s justified.

The roll expanded length of the tube can be considered to consist of two zones, the roll
transition (RT) region and the roll region The roll transition region 1s defined as that portion
of the tube where the roll expanded length transitions to the unexpand:d length. The RT is
approximately [

]*** inch above the tube end at the bottom of the TS (ie,
above the initial tack roll applied duning tube bundle assembly). The roll region is also
referred to as the roll expansion (RE) or hardroll. Refer to Figure -1

Taking credit for the reinforcing effect of the tubesheet and the racial contact load between
the expanded region of the tube and the tubesheet, the F*, EF* and L* plugging criteria are
developed The F* criterion permits operation with any amount of tube degradation below &



calculated distance, F*, below the bottom of the factory roll transition (BRT). No
degradation is permissible within the F* distance. The F* distance 1s shown to provide
sufficient frictional force between the expanded tube and tubesheet to resist pullout due to
normal operation and postulated accident conditions. The use of the F* critenon does not
require any assessment of tube degradation other than elevation, and any type of degradation
below the F* distance 1s acceptable

Eddy current indications (ECI's) in the 10p portion of the roll expansion (within the intended
F* distance) and above the factory BRT but below the neutral bending axis (NBA) may also
be addressed by F* Above the factory tube expansion, F* critena will apply based on
achievement of an additional roll expansion of sufficient engagement such that pullout forces
that develop duning normal or accident operating conditions would be successfully resisted by
the elastic preload between the tube and the tubesheet. The additional roll expansion will
serve as a continuance of the onginal roll expansion

Tube degradation not meeting the elevation requirements of F* can also be addressed by the
alternate repair criteria defined as EF* The EF* crnitenion provides for sufficient engagement
of the additional, elevated tube-to-tubesheet hardroll, such that pullout forces that develop
during normal or accident operating conditions would be successfully resisted by the elastic
preload between the tube and the tubesheet. The elevated additional roll expansion is
performed above the mid-plane of the tubesheet. The necessary engagement length applicable
to the Praine Island steam generators was determined based on mechanical interference (it

(MIF) analysis



Figure 1-1.

Configuration for Tubesheet Factory Roll Region F* Alternate
Repair/Plugging Criterion for Partial Depth Roll-Expanded Steam
Generator Tubes (Single Band of Degradanon)




Figure 1-2. Configuration for Tubesheet Above-Factory-Roll Region F* Alternate
Repair/Plugging Criterion for Partial Depth Roll-Expanded Steam
Generator Tubes



Figure 1-3.  Configuration for Tubesheet Region EF* Alternate Repair/Plugging
Cntenon for Partial Depth Roll-Expanded Steam Generator Tubes




20 DEVELOPMENT OF F* CRITERION

The F* tube plugging criterion is based on a semi-empincal method of quantifying the axial
loadbearing capability of the rolled joint, resulting from the radial contact preload pressure
and the associated friction between the tube and TS The presence of the tube-to-tubesheet
(T/TS) radial pressure, s, , which consists of the as-manufactured pressure as changed by
operating loads and temperatures, also causes significant resistance to the leakage of
primary-to-secondary and secondary-to-pnimary water It has been determined by previous
tests, described in Appendix A of Reference 7, that sound roll expansions of F* length are
essentially leak tight The use of the F* cnterion obviates the necessity of determining the
ECI depth, number, inclination, length and circumferential spacing. Only the distance from
the uppermost part of the ECI to the BRT needs to the determined. In short, the nature and
extent of tube degradation need not be determined Refer to Figure 1-1.

Tube rupture in the conventional sense, as characterized by an axially or :nted "fishmouth”
opening in the side of the tube, 1s not possible within the tube/tubesheet roll expansion (RE)
The reason for this is that the tubesheet matenal prevents the wall of the tube from expanding
outward in response to the internal pressure forces The forces which would normally act to
cause crack extension are transmitted into the walls of the tubesheet, the same as for a non-
degraded tube, instead of acting on the tube matenial. Thus, axially oriented linear
indications, e g, cracks, cannot lead to tube falure within the RE and may be considered on

the basis of leakage effects only

Likewise, a circumferentially oriented tube rupture is resisted because the tube is not free to
deform in bending within the roll expansion. When degradation has occurred such that the
remaining tube cross sectional area does not present a uniform resistance to axial loading,
bending stresses are developed which may significantly accelerate failure. When bending
forces are resisted by lateral support loads, provided by the tubesheet, the acceleration
mechanism 1s mitigated and the tube separation mode i1s similar to that which would occur in
a simple tensile test Such a separation mode, however, requires the application of
significantly higher loads than for the unsupported case.

In order to evaluate the applicability of any developed criterion for indications within the
tubesheet, some postulated type of degradation must be considered. For this evaluation 1t was
postulated that a circumferential severance of a tube could occur, contrary to existing plant
operating experience However, implicit in assuming a circumferential severance to occur 1s
the consideration that degradation of any extent could be demonstrated to be tolerable beiow
the location determined acceptable for the postulated condition

When the tubes have been hardrolled into the tubesheet, any axial loads developed by
pressure and/or mechanical forces acting on the tubes are resisted by friction forces developed
by the elastic preload that exists between the tube and the tubesheet For some specific

length of engagement of the hardroll, no significant axial forces will be transmutted farther
along the tube, and that length of tubing, 1., F*, will be sufficient to anchor the tube in the
tubesheet In order to determine the value of F* for application in 51 Senes steam generators,
a testing program was conducted to measure the elastic preload of the tubes in the tubesheet



The presence of the elastic preload also presents a significant resistance to flow of primary to
secondary or secondary to pnmary water for degradation which has progressed fully through
the thickness of the tube In effect, no leakage would be expected if a sufficient length of
hardroll i1s present. This has been demonstrated in steam generator sleeve to tube joints made
by the Westinghouse hybnd expansion joint process

2.1 Determination of Elastic Preload Between the Tube and Tubesheet

Tubes were installed in the Praine Island steam generators using a hardrolling process which
expands the tube to bring the outside surface into intimate contact with the tubesheet hole
The roll process and roll torque are specified to result in a metal to metal interference fit

between the tube and the tubesheet

A test program was conducted by Westinghouse to quantify the degree of interference fit
between the tube and the tubesheet provided by the partial depth hardrolling operation. The
data generated in these tests have been analyzed to determine the length of hardroll required
to preclude axial tube forces from being transmutted farther along the tube, 1., to establish
the F* cntenon The amount of interference was determined by installing tube specimens in
collars specifically designed to simulate the tubesheet radial stiffness A hardroll process
representative of that used during steam generator manufacture was used in order to obtain
specimens which would exhibit installed preload characteristics like the tubes in the tubesheet

Once the hardrolling was completed, the test collars were removed from the tube specimens
and the springback of the tube was measured. The amount of springback was used in an
analysis to determine the magnitude of the interference fit. which is representative of the
residual tube to tubesheet radial load in Westinghouse 51 Series steam generators

211 Radial Preload Test Configuration Description

The test program was designed to simulate the interface of a tube to tubesheet partial depth
hardroll for a 51 Series steam generator. The test configuration consisted of six cylindrical
collars, approximately [ ]*“* inches in length, [ ]*** inches in outside diameter (OD), and
[ ] inch in inside diameter (ID). A mill annealed, Alloy 600 (ASME SB-163 ), tubing
specimen, approximately [ ]** inches long with a nomunal | ]*“* outside diameter before
rolling, was hard rolled into each collar using a process which simulated actual tube
installation conditions

The design of the collars was based on the results of performing finite element analysis of a
section of the steam generator tubesheet to determine radial stiffness and flexibility The
inside diameter of the collar was chosen to match the size of holes drilled in the tubesheet
The outside diameter was selected to provide the same radial stiffness as the tubesheet

The collars were fabricated from AISI 1018 carbon steel similar in mechanical properties to
the actual tubesheet material The collar assembly was clamped in a vise during the rolling
process and for the post roll measurements of the tube ID Following the taking of all post
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roll measurements, the collars were saw cut to within a small distance from the tube wall.
The collars were then split for removal from the tube and tube ID and OD measurements
were repeat:d.

Two end ooundary conditions were imposed on the tube specimen during rolling. The end
was iestrained from axial motion in order to perform a tack roll at the bottom end, and was
allowed 10 expand freely dunng the final roll

212  Preload Test Results: Discussion and Analysis

All measurements taken during the test program are tabulated in Table 2-1. The data
recorded were employed to determine the interfacial conditions of the tubes and collars.

These consisted of the ID and OD of the tubes before and after rolling and after removal from
the collars, as well as the inside and outside diameters of each collar before and after tube
rolling. Two orthogonal measurements were taken at six axial locations within the collars and
tubes. Additional data of interest were calculated from these specific dimensions. The
calculated dimensions included wall thickness, change in wall thickness for both rolling and
removal of the tubes from the collars, and percent of spring back.

Using the measured and calculated physical dimensions, an analysis of the tube deflections
was performed to determine the amount of preload radial stress present following the
hardrolling. The analysis consisted of application of conventional thick tube equations to
account for vanation of structural parameters through the wall thickness However, traditional
application of cylinder analysis considers the tube to be in a state of plane stress. For these
tests, the results implied that the tubes were in a state of plane strain elastically. This is in
agreement with historical findings that theoretical values for radial residual preload are below
those actually measured, and that axial frictional stress between the tube and the tubesheet
increases the residual pressure. In a plane stress analysis such stress is taken to be zero
(References 2 and 3). Based on this information, the classical equations relating tube
deformation and stress to applied pressure were modified to reflect plane strain assumptions

The standard analysis of thick walled cylinders results in an equation for the radial deflection
of the tube as:

u=C *r+C/r (1)

where, u = radial deflection
r = radial position within the tube wall,

anc the constants, C, and C, are found from the boundary conditions to be functions of the
elastic modulus of the matenal, Poisson's ratio for the matenal, the inside and outside radu,
and the applied internal and external pressures. The difference between an analysis assuming
plane stress and one assuming plane strain is manifested only in a change in the constant C,.
The first constant is the same for both conditions. For materials having a Poisson's ratio of
0 3, the following relation holds for the second constant



C, (Plane Strain) = 0.862 * C, (Plane Stress) (2)

The effect on the calculated residual pressure is that plane strain results are higher than plane
stress results by slightly less than 10 percent. Comparing this effect with the resuits reported
in Reference 2 indicated that better agreement with test values is achieved. It is to be noted
that the residual radial pressure at the tube to tubesheet interface is the compressive radial
stress at the OD of the tube.

By substituting the expressions for the constants into Equation (1), the deflection at any radial
location within the tube wall as a function of the internal and external pressure (radial .tress
at the ID and OD) is found This expression was differentiated to obtain flex.>i!ity values for
the tube deflection at the ID and OD respectively, e.g, dU/dP, is the ratio of the radial
deflection at the ID due to an OD pressure. Thus, dU/dP, was used to find the interface
pressure and radial stress between the tube and the tubesheet as:

S, = -P,= - (ID Radial Springback) / (dU/dP,) (3)

The calculated radial residual stress for each specimen at each location is tabulated in

Table 2-2. The mean residual radial stress and the standard deviation were found to be

[ I*““psiand [ ] psi, respectively In order to determine a value to be used in the
analysis, a tolerance factor for [ ]*“ percent confidence to contain [ ]*“* percent of the
population was calcuiated, considering the [ ]*“‘ useable data points, to be [  ]*** Thus,
a| |*“* lower tolerance limit (LTL) for the radial residual preload at room temperature is

[ ]I.G.C pSl
213  Residual Radial Preload During Plant Operation

During plant operation, the amount of preload will change depending on the pressure and
temperature conditions experienced by the tube. The room temperature preload stresses, 1. e ,
radial, circumferental and axial, are such that the matenal is nearly in the yield state if a
comparison is made to ASME Code (Reference 4) minimum matenial properties. Since the
coefficient of thermal expansion of the tube is greater than that of the tubesheet, heatup of the
plant will result in an increase in the preload and could result in some yielding of the tube.

In addition, the yield strength of the tube material decreases with temperature. Both of these
effects may result in the preload being reduced upon return to ambient temperature conditions,
1.e, the cold condiion However, as documented in Reference § for a similar investigation,
tube pullout tests which were preceded by a very high thermal relaxation soak showed the
analysis to be conservative

The plant operating pressure influences the preload directly based on the application of the
pressure load to the ID of the tube, thus increasing the amount of interface load:ng. The
pressure also acts indirectly to increase the amount of interface loading by causing the
tubesheet to bow upward, 1 e, placing the roll expansions near the bottom of the tubesheet in
compression for normal operating and feedline break (FLB) conditions (FLB results in a
higher primary-to-secondary AP than steamline break, hence FLB is used to bound the FLB
and SLB cases for this analysis) For the loss of coolant accident (LOCA) event, the
tubesheet bows in the opposite direction, producing dilation of the tubesheet holes and
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reducing the amount of tube to tubesheet preload. Each of these effects may be quantitatively
treated.

The maximum amount of increase in preload due to tubesheet bow for primary-to-secondary
pressure differentral will occur at the bottom, central part of the tubesheet. Since F* 1s
measured from the bottom of the hardroll transition (BRT) and leakage 1s to be restricted by
the F* region of the tube, the potential for the tube section within the F* region to experience
a net nghtening or loosening during operation 1s evaluated. However, the central locatien
case 1s not the most stringent case for normal operation and FLB, rather, the most stringent
case for normal operation and FLB involves a peripheral tube, which expenences little or no
increase in radial preload due to tubesheet bending

The effects of the three identified mechanisms affecting the preload are considered in the
following sections. In order to obtain a value of radial preload which accounts for the current
operatung conditions as well as future vanations in normal operating temperatures and
pressures, the radial preloads due to the three idennfied mechanisms have been considered for
several levels of steam generator plugging Operating parameters from the Power Capability
Working Group (PCWG) for plugging levels of 0%, 3 67% (representing the current operating
p wrameters at Praine Island), and 15% have been useu.

214  Increase in Radial Preload Due to Thermal Expansion Tightening

For conservatism in determining the total residual preload for normal operating conditions,
ughtening of the tube/tubesheet joint due to differential thermal expansion 1s minmimized by
applying the SG outlet temperzture to the tubing From the cases identified in Section 2.1.3
and Table 2-3, this corresponds to a cold leg temperature of 528°F  The mean coefficient of
thermal expansion for the Alioy 600 tubing between ambient conditions and 528°F 1s
approximately 7.74*10° in/in/°F. That for the steam generator tubesheet 1s 7.30*10° in/in/°F
These values were reconciled as conservative with respect to the 1965 ASME Railer and
Pressure Vessel Code, which was the code of construction for the Prairie Island Units 1 and 2
SGs Thus, there is a net difference of 0 44*10° in/in/°F between the expansion properties of
the two matenials. Considering a temperature difference of (528 - 70) = 458°F between
ambient and operating conditions, the increase in preload between the tube (t) and the
tubesheet (ts) was calculated as

S,; = (0 44E-6)*(458)*(Collar ID) / 2 / ((dU/dP), - (dU,/dP,)) (4)

The results indicate that the increase in preload radial stress due to thermal expansion 1s
[ ] psi. Note that this value applies for both normal operating and faulted conditions

215 Increase in Radial Preload during N.O and FLB Due to Differential Pressure

The normal operating (N.O ) differential pressure from the primary to secondary side of the
steam generator during the most imiting PCWG condition 15 1593 psi. The internal pressure
acting on the wall of the tube will result in an increase of the radial preload on the order of
the pressure value. The increase was found as




Sp=-P,=-P (dU/dP) / ( (dU/dP), - (dU/4P,)) (5)

Ia actuality, the increase in preload will be more dependent on the internal pressure of the
tube since water at secondary side pressure would not be expected between the tube and the
tubesheet However, the primary to secondary AP 1s used for conservatism.

The increase in radial contact pressure due to differential pressure was evaluated for both
normal operating (AP = 1593 psi1) and faulted (AP = 2650 psi) conditions. The results indicate
that the increase in preload radial stress is [ ]** psi for normal operating conditions and

[ ]*** ps1 for faulted (FLB) conditions.

216  Change in Radial Preload due to Tubesheet Bow

An analysis of the 51 Series tubesheet was performed to evaluate the change in preload stress
that would occur as a result of tubesheet bow for interior tubes. The analysis was based on
performing finite element analysis of the tubesheet and SG shell using equivalent perforated
plate properties for the tubesheet (Reference 3). Boundary conditions from the results were
then applied to a smaller, but more detailed model, 1n order to obtain results for the tubesheet
holes Basically the deflection of the tubesheet was used to find the stresses active on the
bottom surface and then the presence of the holes was accounted for. For the location where
the increase of preload 1s a maximum, the radial preload stress would be increased by

( ]*** ps1 during normal operation and [ ]*“* pst during faulted (FLB) conditions.

However, the intenor tubes are not the limiting case for primary-to-secondary pressure
differential. The limiting case involves penpheral tubes where tubesheet bowing has a
negligible effect on tube-to-tubesheet preload Therefore, the N.O and FLB analyses address
only tubes in the penpheral region of the tubesheet During LOCA, the differential operating
pressure is from secondary to primary Thus, the radial preload will decrease by [ 1*** psi
as the tubesheet bows downward. However, the action of the differential pressure is such that
the tube 1s pushed toward the tube-to-tubesheet well This case i1s of no consequence to the
determination of F*

217  Net Preload in Roll Transition Region for NO and FLB Conditions

Combining the room temperature hardroll preload with the thermal and pressure effects results
in a net operating preload of [ ]*** pst during normal operation and
[ ]*“¢ ps1 for faulted conditions. In addition to restraining the tube
in the tubesheet, this preload should effectively retard leakage from indications in the
tubesheet region of the tubes.

2.2 Determination of Required Engag=ment Distance

The calculation of the value of F* recommended for application to the Prairie Island Units |
and 2 steam generators 1s based on determining the length of hardroll necessary to offset the
applied loads during the maximum normal operating conditions or faulted conditions,
whichever provides the largest value. Thus, the applied loads are balanced by the load




carrying ability of the hardrolled tube for both of the above conditions. In performing the
analysis, consideration is made of the potential for the ends of the hardroll at the hardroll
transition and the assumed severed condition to have a reduced load carrying capability.

221  Applied Loads

The applied loads to the tubes which could result in pullout from the tubesheet during all
normal and postulated accident conditions are predominantly axial and due to the intemnal to
external pressure differences. For a tube which has not been degraded, the axial pressure load
1s given by the product of the pressure with the internal cross-sectional area. However, for a
tube with intemal degradation, e.g, cracks onented at an angle to the axis of the tube, the
internal pressure may also act on the flanks of the degradation. Thus, for a tube which is
conservatively postulated to be severed at some location within the tubesheet, the total force
acting to remove the tube from the tubesheet is given by the product of the pressure and the
cross-sectional area of the tubesheet hole. The force resulting from the pressure and internal
area acts to pull the tube from the tubesheet and the force acting on the end of the tube tends
to push the tube from the tubesheet. For this analysis, the tubesheet hole diameter has been
used to determine the magmitude of the pressure forces acting on the tube. The forces acting
to remove the tube from the tubesheet are [ ]*“‘ pounds and [ ]*** pounds respectively
for normal operanng and faulted conditions Any other forces such as fluid drag forces in the
U-bends and vertical seismic forces are negligible by companson.

222 Coefficient of Frictionn at Tube-to-Tubesheet Interface

In order to determine the coefficient of friciion between hard-rolled tubes and the tubesheet,
pull tests and hydraulic proof tests were conducted on 3/4" diameter Alloy 600 tubing, hard
rolled into carbon steel collars with an OD to simulate tubesheet ngidity (similar to the tests
described in Section 2.1) After rolling, an inside circumferential cut was machined through
the wall of the tube at a controlled distance from the bottom of the roll transition. The
samples were heat soaked at | ]*** to simulate the possible effect of reduced
preload force due to tube yielding during manufacturing heat treatment. Two sets of pullout
tests were conducted, on a tensiie testing machine tn air at room temperature, and with
internal pressure as the acting force on the tube The pressure tests were performed at room
temperature using deionized water The pull tests performed with the tensile tesing machine
showed a static coefficient of friction of [  ]***. For samples which were expelled from the
collars during the hydraulic proof tests, the coefficient of frnction was determined to range

from [ ]*** For tubes that leaked before tube expulsion, resulting in termination
of the tests before expulsion, the lower bound coefficients of fricion were determined to
range from | ]***. On the basis of these results, the use of a coefficient of

frichon of [ ]*“* is considered to be conservative for the 7/8" tubes at Prairie Island Units
1 and 2 for application in determining the required engagement distance to resist tube pullout
forces

223 End Effects

For a tube which 1s postulated to be severed within the tubesheet there s a matenal
discontinwity at the location where the tube 1s severed For a small distance from each
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assumed discontinuity the stiffness, and hence the radial preload, of the tube is reduced
relative to that remote from the ends of the roll expansion. The analysis of end effects in thin
cybinders 1s based on the analysis of a beam on an elastic foundation. For a tube with a given
radial deflection at the end, the deflection of points away from the end relative to the end
deflection is given by

u,/u,=e™ * cosine (A*x) (6)

where, A= |*“* = end effect constant.
x = distance from the end of the tube.

For the radially preloaded tube, the distance for the end effects to become negligible is the
location where the cosine term becomes zero. Thus, for the roll expanded 51 Seres tubes the
distance corresponds to the product of "A" times "x" being equal to (%/2) or | 1% inch.
Figure 2-1 shows a roll expansion which is postulated to be severed at the bottom of the F*
region.  For a distance of | ]*“* inch above the severed end and below the bottom of the
roll transition, the expanded joint has a reduced radial load carrving capability relative to the
remainder of the F* length The effective radial preload cariied by these "end-affected”
regions 1s calculated as follows

The above equation can be integrated to find the average deflection over the affected length to
be 0384 of the end deflection. This means that on the average the stiffness of the matenal
over the affected length i1s 0.616 of the suffness of the matenal remote from the ends.
Therefore, the effectve preload for the affected end lengths 1s 61 6 percent of the preload at
regions more than [ ]*“* inch from the ends For example, for the normal operating net
preload of | ]*“* psi or | ]*** pounds per inch of length, the effective preload for a
distance of [ 1*“* inch from the end 1s | |*“* pounds per inch or | ]*“* pounds

224  Calculation of Engagement Distance Required, F*

The calculation of the required engagement distance is based on determining the length for
preload frnictional forces to equilibrate the applied operating loads. The axial friction force
was found as the product of the radial preload force and the coefficient of friction between
the tube and the tubesheet The value assumed for the coefficient of friction was [ ]**,
from Reference S For normal operation the radial preload is | 1*** pst or |
pounds per inch of engagement. Thus, the axial friction resistance force 1s [ ]*“* pounds
per inch of engagement It is to be noted that this value applies away from the ends of the
tube For any given engagement length, the total axial resistance 1s the sum of that provided
by the two ends plus that provided by the length minus the two end lengths. From the
preceding section the axial resistance of each end 1s [ ]*“* pounds. Considering both ends
of the presumed severed tube, 1 e, the hardroll transition 1s considered one end, the axial
resistance is [ ]*“‘ pounds plus the resistance of the matenial between the ends, 1.e, the
total length of engagement minus [ ]*** inch. For example, a one inch length has an
axial resistance of,

[ ]l,C.C

]l&e



Conversely, for the maximum normal operating pressure applied load of [  ]*** pounds,
considered as | |*** pounds with a safety factor of 3, the length of hardroll required 1s

given by,
F* = [ ]A.u

Simularly, the required engagement length for faulted conditions can be found to be 0.75 inch
using a safety factor of 1 43 (corresponding to a ASME Code safety factor of 1.0/0.7 for
allowable stress for faulted conditions)

The calculanon of the above values is summarized in Tabie 2-4 The F* value thus
determined for the required length of hardroll engagement below the BRT, for normal
operation is sufficient to resist tube pullout during both normal and postulated accident
condition loadings

Based on the results of the testing and analysis, 1t 1s concluded that following the installation
of a tube by the standard hardrolling process, a residual radial preload stress exists due to the
plastic deformation of the tube and tubesheet interface. This residual stress 1s expected to
restrain the tube in the tubesheet while providing a leak limiting seal condition.

23  Limutaton of Pnmary to Secondary Leakage

The allowable amount of pnmary to secondary leakage in each Prairie Island Units | and 2
steam generator during normal plant operation s limited by plant technical specifications to a
total of 1 gpm for both SGs. This limit, based on plant radiological release considerations
and implicitly enveloping the leak before break consideration for a throughwall crack in the
free span of a tube, 1s also applicable to a leak source within the tubesheet In evaluating the
primary to secondary leakage aspect of the F* criterion, the relationship between the tubesheet
region leak rate at postulated FLB conditions (which bound SLB for primary-to-secondary
pressure differential considerations) 1s assessed relative to that at normal plant operating
condittons The analysis was performed by assuming the existence of a leak path, however,
no actual leak path would be expected due to the hardrolling of the tubes into the tubesheet.

231  Operating Condition Leak Considerations

In actuality, the hardrolled joint would be expected to be leak tight, i.e., the plant would not
be expected to experience leak sources emanating below F* Because of the presence of the
tubesheet, tube indications are not expected to increase the likelthood that the plant would
expenience a significant number of leaks It could also be expected, t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>