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1.0 INTRODUCTION

The purpose of this report is to document the development of a criterion to be
used in determining whether or not repairing or plugging of full depth
hardroll expanded steam generator tubes is necessary for potential degradation
in that portion of the tube which is within the tubecheet. Existing Carolina
Power & Light Company Shearon Harris Nuclear Power plant Technical
Specification tube repairing/plugging criteria apply throughout the tube
length, but do not take into account the reinforcing effect ¢f the tubesheet
on the external surface of the tube. The p-esence of the tubesheet will
constrain the tube and will complement its integrity in that region Ly
essentially precluding tube deformation beyond its expanded outside ciameter.
The resistance to both tube rupture and tube collapse is signifizontly
strengthened by the tubeshe:~ In addition, the proximity of ihe tuhesheet
significantly affects the leak behavior of through wall tube cracks in this
region, i.e., no significant leakage relative to plant technical specification
allowables is to be expected. Based on these considerations, the use of an
alternate criterion for establishing plugging margin is justified.

This evaluation forms the basis for thr Jevelopment of a criterion for
obviating the need to repair a tube (by sleeving) or to remove a tuhe from
service (by plugging) due to detection of indications, e.g., by eddy current
testing (ECT), in a region extending over most of the length of tubing within
the tubesheet. This evaluation applies to the Shearon Harris Westinghouse
Mode! D steam generators and assesses the integrity of the tube bundle, for
tube ECT indications occurring on the length of tubing within the tubesheet,
relative to:
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extension are transmitted into the walls of the tubeshoet, the same as for a
nondegraded tube, instead of acting on the tube material. Thus, axially
oriented 1inear indications, e.g., crack', -arnot lead to tube rupture within
the tubesheet and may be considered on the tasis of leakage effects only.

Likewise a circumferentially oriented tube rupture s resisted because the
tube 1s not free to deform in bending within the tubesheet. When degradat.on
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 is mitiguted and a tube separation mode similar to that which would
occur in a simple tensile results. 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
necessarily be considered. For this evaluation it was postulated that a
circumferential severance of a tube could occur, contrary to existing plant
operating experience. However, implicit in assuming a circumferential
severance %o occur, is the consideration that degradation of any extent could
be demonstrated to be tolerable below the location determined acceptable for
the postulated condition.

dhen the tubes have been hardrolled into tue tubesheet, any axial loads
developed by pressure and/or mechanical forces acting on the tubes are
resisted by frictional forces developed by the elastic preload that exists
between the tub~ and the tubesheet. For some specific length of engagement of
the hardroll, no significant axial forces will be transmitted further along
the tube, and that length of tubing, i.e., F*, will be sufficient to anchor
the tube in the tubesheet. In order to determine the value of F* for
application in Model D steam generators a testing program was conducted to
measure the elastic preload of the tubes in the tubesheet.
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The standard analysis of thick walled cylinders results ... an equation for the
r. .1al deflection of the tube as:

U= C] *ra C2 /r (1)

where, U « radial deflection
r « radial position within the tube wall,

and the constants, C, and C2 are found from the boundary conditions to be
functions of the elastic modulus of the material, Poisson's ratio for the
material, the inside and outside radii, and the applied internal and external
pressures. The difference between an analysis assuming plane stress and ore
assuming plane strain is manifested only in a change in the constant Cz'

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:

C2(P1ano Strain) = 0.862 * CZ(Plane Stress) (2)

The effect on the calculated residual pressure is that plane strain results
are higher than plane stress results by sligitly less than 10 percent.
famzaring this effect with the results reported in Reference 2 indicated that
better ayreement with test values is achieved. 1t is to be noted that the
residual radial -essure at the tube-to-tubesheet interface is the compressive
radial stress at the CU of the tube.

By substituting t.ue expressions for ihe constant: into equation (1) the
deflection at any rad.al location within ch> _.oe wall as a function of the
internal and external pressure (radial stress at the ID and OD) is found. This
expression was differentiated to obtain flexibility values for the tube
Jefiection at the ID and OD respectively, e.g., dUi/dPo is the ratio of the
radial deflection at the ID due to an OD pressure. Thus, dUi/dPo was used tn
find the interface pressure and radial stress between the tube and tha

tubesheet as:

Sro = - PO = - (ID Radial Springback) / (dUi/dPo) (3)
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The maximum amount of tubesheet bow loss of preload will occur at the top of
the tubesheet. Since F* 15 measured from the bottom of the hardrol)
transition (BRT) or the top of the tubesheet, whichever is lower in elevation,
and leakage is to be restricted by the portion of the tube above F*, the
potential for the tube section above F* to experience a net locsening during
operation 1s considered for evaluation. The effects of the three identified
mechanisms affecting the preload are considered as follows:

Thermal Expansion Tightening - The mean coefficient of thermal
expansion for the Inconel tubing between ambient conditions and 600°F
is 7.80’!0’6 in/in/*F. That for the steam generator tubesheet is
7.28*107% 1n/in/*F. Thus, there is a net difference of 0.524107°
in/in/*F in the expansion property of the two materials. Consid ring
a temperature difference of 550°F between ambient and operating
conditions the increase in preload between the tube and the tubesheet
(TS) was calculated as:

[ 13648 4y

This calculation was also performed and tabulated in Table 2. The
results indicate that the increase in preload radial stress due to
thermal expansion is [ b psi. It is to be noted ' .t this
value applies for both normal operating and faulted conditions.

The 600°F tube temperature was selected to be a temperature, which,
when multiplied by the difference between the coefficients of linear
expansion of the two materials in Eq. 4, provides a lower bound
(conservative) tightening effect on both the hot and cold legs of the
steam generators. The property values used in Equation 4 ire those
for the hot leg (HL) and Delta T was taken as 550 degrees F. This is
a slightly conservative value; the actual Delta T for the HL was

557 Jegrees F. This provides a lower value for the interfacial
radial contact pressure, "S sub rT" than obtained by using the alphas
and Delta T for the cold leg (CL) conditions. Therefore, with
everything else being equal, the F* value calculated is conservative
for the CL.
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In Table 2, the absolute value of the "Total Radial Stress" may be
compared with the "von Mises" stress to gain a general understanding of
the stress state of the tube. The absolute value of the Total Radial
Stress 1s seen to be only approx. 14 percent of the von Mises stress.
The conclusion drawn from this comparison was that the tube had ample
elastic recovery in the radial direction to maintain the
tube-to-tubesheet interference fit.

Combining the room temperature hardroll preload with the thermal and
pressure effects results in a net operating preload of [  1%©+€ psi
during normal operation and [  helhetd psi for faulted operaticn. 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 [ENGAGEMENT DISTANCE DETERMINATION

The calculation of the value of F* recommended for application to the Shearon
Harris steam generators is based on deter~‘ning the length of haridroll
necessary to equilibrate the applied loads during the maximum normal operating
conditions or faulted conditions, whichever provides the largest value. Thus,
the applied lnads are equilibrated to 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 cf the hardroll at the
hardroll transition and the assumed severed condition to have a reduced load
carrying capability.

2.2.1  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 internal to external pressure differences.
For a tube which has not been degraded, the axial pressure load is given by
the product of the pressure with the internal cross-sectional area. However,
for a tube with internal degradation, e.g., cracks oriented at an angle to the
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roll expanded Mode! D tubes the distance corresponds to the product of "k
times “x" being equal to (pi/2) or [ 1364® 5nch,

The above equation can be integrated to find the average deflection over the
affected length to be 0.384 of the end deflection. This means that on the
average the stiffness of the material over the affected length is 0.616 of the
stiffness of the material remote from the ends. Therefore, the effective
preload fcr the affected end lengths is 61.6 percent of the preload at regions
more than [ 12C® tnch from the ends. For example, for the normal
operating net preload of [ J"C'e psi or [ | Ll pounds per inch

of length, the effective preload for a di<tance of [ 125€ 4neh from

the end 1s [ %% pounds per inchor [ 1%'“*® pounds.

2.2.3  CALCULATION OF ENGAGEMENT DISTANCE REQUIRED, F*

The calculation of the required engagement distance 1s based on determining
the length for preload frictional 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 valve assumed for the coefficient of friction was

[ %€ a5 justified in Section 2.4.2 in thi; report for hydraulic load
conditions. For normal operation the radial preload is [ ]a.c.e gsi or

{ ]a.c.e pounds per inch of engagement. Thus, the axial friction
resistance force is [ gl 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 is the sum of that provided by
the two ends plus that providel by the length minus the two end lenjths. From |
the preceding section the axial resistance of each end is [ bk

pounds. Considering both ends of the presumed severed tube, i1.:., the
hardroll transition is considered one end, the axial resistance is

R pounds plus the resistance of the material between tre unds,

i.e., the total length of engagement minus { 13++® inch. For example, a
one inch length has an axial resistance of,

[ ]a.c,e
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Seismic analysis of Mode! D steam generators, Reference 7, nas likewise shown
that axial loading of the tubes is negligible during a safe shutdown
earthquake (SSE).

2.3 ROLLED TUBE PULLOUT TESTS

The engagement distance determination discussed in Section 2.2.3 was
calculated from a derived preload force and an assumed static coefficient of
friction for tube to tubesheet contact. A direct measurement of this static
coefficient of friction is difficult. However, a simple pull test on a rolled
tube joint provided both support for the derived preload force (less the
effects of thermal expansion and internal pressure tightening) as well as an
indirect measurement of the static coefficient of friction. The results of
the testing verify the calculation as being conservative. An estimate of the
static coefficient of friction was calculated using the end effect adjustment
described in Section 2.2.2.

2.3.} PULLOUT TEST CONFIGURATION DESCRIATION
Pullout tests were conducted on rolled joints of [ j8:C.0
inches in length and with nominal degrees cof wall thinning of [

1€ Wall thinning at the [ 135€ Jevels were difficult to
control and the actual wall thinning as measured represents the best
achievable. As with the preload tests, the test configuration consisted of
mill annealed, Inconel 600 (ASME SB-163) Model D tubing, hard rolled into
carbon steel collars with an OD to simulate tubesheet rigidity. Inside
surface roughness values of the collars were measured and recorded. The
specification of surface roughness for the fabrication of the collars was the
same as that used for the fabrication of the Model D tubesheets. Pricr to
rolling, the tubing was tack rolled and welded to the collar similar to the
installation of tubes in the steam generators. The hard rolling was done in a
direction away from the weld and in all aspects simulated actual tube
installation conditions. After rolling, an inside circumferential cut was
machined through the wall of the tube at a controlled distance from the bottom
of the hardroll transition (opposite the tube weld). The machined cut
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would have been expected to be proportionately lower for the smaller

diameters. The coefficient of friction was expected to be independent of area

of contact. Based on the observed pullout forces, the coefficient of friction

assumed previously (I 1%®) i5 conservative by a factor of [ 13C:®

relative to a dry interface between the tube and collar. !
!

2.4 ROLLED TUBE HYDRAULIC PROQOF TESTS

The pullout tests discussed in the previous section provided support for the
derived preload force (less the effects of thermal expansion and pressure
tightening) and provided an indirect measurement of the static coefficient of
friction between the tube and the tubesheet. Similar tests were conducted
that used internal pressure as the acting force on the tube. While the
thermal expansion tightening and the tubesheet bow loosening effects would not
be represented by the this test, it would include the other factors such as
preioad force due to rolling, internal pressure tightening, tube-to-tubesheet
coefficient of friction, tube end effects, and leakage propensity. Thermal
expansion tightening and tubesheet bow loosening, being approximately the same
magnitude under normal operating conditions, would offset each other.
Therefore, by using internal pressure as the acting force, the rol'ed joint
mechanics would be most 1ike the postulated FLB or SLB conditions and would
thereby represent a direct verification of the conservative nature of the
calculated required engagement distance.

2.4.1  PROOE TEST CONFIGURATION DESCRIPTION

Similar to the rolled tube pullout tests, pressure tests were conducted on
rolled joints of [ 18:€4€ 4 length and with nominal
degrees of wall thinning of [ 19:6®  A¢ with the preload and
pullout tests, the test configuration consisted of mill annealed, Inconel 600
(ASME SB-.63) Mode! D tubing, hard rolled into carbon steel collars with an
outside diameter to simulate tubesheet rigidity. As with the pullout test
samples, a machined cut was used to simulate a severed tube condition. To
simulate any possible effects of reduced p-elcad force due to tube yielding
during manufacturing heat treatment, these samples were also subjected to a
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3.0 SUMMARY .

On the basis of this evaluvation, it is determined that tubes with eddy current
indications in the tubesheet region below the F* pullout criterion shown in
Table 3 can be left in service. Tubes with circumferentially oriented eddy
current indications of pluggable magnitude and located a distince less than F*
below the bottom of the hardroll transition or the top of the tubesheet,
whichever is greater relative to the top of the tubesheet, should he removed
from service by plugging or repaired in accordance with the pian’ technical
specification plugging 1imit. The conservativeness of the F* criterion was
demonstrated by preload testing and analysis commensurate with the
requirements of RG 1.121 for indications in the free span of the tubes, and by
both pullout testing and hydraulic proof testing of thermally relaxed test
specimens.

For tubes with axial indications, the criterion which should be used to
determine whether tube plugging or repairing is necessary should be based on
leakage since the axial strength of a tube is not reduced by axial cracks.
Under these circumstances it has been demonstrated that significant leakage
would not be expected to occur for throughwall indications greater than

[ ]a.c.e inch below the bottom of the hardrol! transition.

In addition, it has been determined, see Appendix II, that there is no need t
stabilize tubes which are removed from service due to eddy current indications
in the region between the top of the tubesheet and F*.

NOTE: The methodology for developing the F* criterion was first reported in
a previous publication, Reference 8, on the same subject. The
difference being that the previously developed criterion, known as
P*, was based on the available clearance for tube motion before it
would be impeded by a neighboring tube or some other physical feature
of the tube bundle. The values reported herein for F* are slightly
larger than those reported for P*.
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To assess whether further degradation due to postulated PRSCC can occur in a
plugged tube and to disposition tubes with indication above the F* criterion
as to whether they should be stabilized when plugged, the metal temperature of
the tube inside diameter at elevations above the F* criterion, but, below the
top of the tubesheet, was evaluated. Active tubes adjacent to the plugged

tube, and the tubesheet itself except at the secondary surface, are at the

primary fluid temperature, For a tubesheet temperature condition equivalent

to Thot, five different sludge deposition cases were hypothesized.

i 1s An intact tube without sludge deposition on the tubesheet
; 2. A perforated tube without sludge on the tuvesheet ?
| B An intact tube with sludge deposition on the tubesheet.

| 4. A perforated tube with sludge deposition on the tubesheet,

I A perforated tube with/without sludge deposition on the tubesheet
without secondary water ingress.

. An intart tube is defined as a plugged tube with no throughwall penetration
] i.e., no secondary water comes in contact with the tube inner wall, while &
perforated tube is defined as a tube with a throughwall penetration 1.e.,
secondary water comes in contact with the tube inner wall,

1.1 1Intact Tube Without Sludge Deposition

With the exception of a shallow layer at the tubesheet surface, the

o tubesheet metal temperature adjacent to active tubes just below the top
surface of the tubesheet is expected to be at primary coolant inlet
temperature (i.e. Thot) for the hot leg side of the tube bundle.
Therefore, the outer wall temperatur: can be as high as Thot for a full
depth hardroll expanded tube. For ¢a intact tube, the inner wall of the
tube is essentially dry. The inrs- wall maximum tube temperature along
the length of the tubesheet wou:1 approach Thot‘
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