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|

INTRODUCTION ;

|
l

BACKGROUND

NRC Regulatory Guide 1.121 (Reference 1) describes a method for determining
allowable limits for degradation of steam generator tubing. Tubes with degradation
beyond these limits are required to be removed from service by the installation of plugs
at each end of the tube (or modified to be acceptable for further sersice by the
installation of suitable sleeves which meet Regulatory Guide 1.121 requirements).

:

As part of the technical justification for continued safe operation, structural adequacy of
the tubing can be demonstrated by showing that tube degradation will not' exceed 1

'

Regulatory Guide 1.121 allowables at any time during plant operation. This report
calculates maximum allowable degradation. Suitable NDT conservative plugging / sleeving
criteria and operating experience of CR-3 and other similar plants can then be used to
ensure tube degradation will not exceed the allowable degradation determined herein.

To further ensure tubing structural adequacy during plant operating periods between
NDT inspections, an administrative limit is imposed at CR-3 requiring shutdown for a
leak rate of 0.3 gpm per steam generator. For CR-3, which has not had major tube
degradation, this leak rate limit is considered to provide reasonable assurance of tubing
structural adequacy as well as being practical, e.g., in terms of detectability. CR-3
experience and other work supports this.

PURPOSFJSCOPE

The purpose of this report is to address all of the structural requirements in
Regulatory Guide 1.121 by conservatively considering any possible defect configuration
and location which could occur in the secondary side of the steam generator tubing at
CR-3. (About 3% lower defect allowables, in terms of through-wall penetration, per
Figure 1 only would be calculated for defects on the primary system side of the tubing).

Method

All possible configurations of defects are covered herein based on evaluations of the
following:
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Maximum axial tube stresses (which tend to part the tube, especially for the case of aCA
circumferential defect). The limiting axial tube load in this case is due to a LO

-

and is 2641 lbs tension (per Reference 2). Notably, the steam line break load perReference 2 has since been reduced per Reference 3, and is no longer the limiting
load."

Maximum tube hoop stresses (which tend to burst the tube especially for the case of
a defect with substantial axial length). The limiting load (i.e., pressure) in this case

*

per Regulatory Guide 1.121 (which includes substantial margin as desired) is 3 times
normal operating pressure difference which results in a value of 4050 psi (per,

Reference 4).
,

The above two cases are considered separately, because of the following:

Stresses are produced in the axial direction only by axial loads and in the hoop*

direction only by pressure loads.

Even when the axial and pressure loads occur simultaneously, the resulting stresses
are principal stresses, and there is no intermediate direction which would have a

*

|
greater stress. Hence, failure would be expected to occur whenever one of these!

stresses exceeded the critical value.

The worst case defect location for the bounding analyses in this report is a defect1
|

located in a peripheral tube. A peripheral tube sees the maximum axial tube stresses,|
due to axial differential expansion between the tubes and the vessel (as a result of

'

tubesheet stiffness being greater at the periphery), during a LOCA. The elevation
location of the defect has no effect on the tube burst analyses herein since no credit is'

taken for support from e.g., a support plate or tubesheet in resisting tube burst from an
axial defect.

The configuration of the defect can be either symmetrical or nonsymmetrical about the
tube axis because the primary stresses of concern (axial stress due to differentialAs

expansion effects during a LOCA) are not affected by asymmetry of the defect. indicated in Figures 3 and 4, all pertinent loads are reacted by either the tube or its
supports without the need for any bending moment capability of the tube at the defect
(i.e., a plastic hinge can be assumed at the defect).

Notably, no ECT detectable tube imperfections are considered acceptable (withoutI

plugging / stabilizing or sleeving) at the top support plate or the bottom of the upper
tubesheet for certain tubes adjacent to the open lane (considered susceptible to
vibration / fatigue), because of the potential for fatigue in these areas (see Reference 2).

1-2



To reduce the complexity of the analysis, all defects will be considered as planer defects,
with no credit taken for ligaments between micro cracks (see Figure 5). Based on
operating experience thus far, the extent and rate of occurrence of defects at CR-3 are
sufficiently small that such a conservative and simplifying approach can be taken at this
time.
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Section 2

SUMMARY

The maximum allowable tube wall degradation determined herein is summarized in
Tables 2-1 for " probable" material properties and 2-2 for Code minimum material

j properties . For the intended purpose of determining the maximum allowable tube
j degradation per Regulatory Guide 1.121, we consider use of the " probable" tubing

material properties (i.e., per a 95% probability of occurrence at a 95% confidence level,
per Reference 2), as appropriate, rather than ASME Code minimums. Accordingly, we .
consider the maximum allowable degradation as shown in Table 2-1 to be appropriate
and conservative. |

The results in Table 2-1 are presented graphically in Figure 1 (for axial slot-type defects) j
and in Figure 2 (for circumferential defects) which covers the effects of are length of the,
defect as well as penetration. Based on tube burst test data in Reference 5, the analysis '
in this report for axial slot-type defects is reasonable and conservative for other axial
defects of interest as well (e.g., any substantial size uniform wastage or elliptical wastage |
defect). The circumferential defects analyzed herein apply for defects up to 360 of arc |

length and are limited to an axial height of 1.5-in. To be acceptable per Regulatory i
'

Guide 1.121, a defect must be within allowables of both Figure 1 and Figure 2, since
different configurations of defects are limited by different criteria.

2-1
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Table 2-1

Allowable Steam Generator Tube Wall Degradation for
Various Degradation Configurations

(For Probable Tubing Material Properties)

Configuration Type of Degradation
Allowable Tube Walt Degradation

1. Circumferential (up to 1.5 in. 34.1% of tube cross sectional area (see

axiallength and 360 are length) Figure 2)

See Figure 12. Axial slot-type

a. Less than 0.25 in. long ' See Figure 1

65.6% Penetrationb. 0.50 in. long
,

60.3% Penetration
c. 1.5 in, long

22
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Table 2-2
!

Allowable Steam Generator Tube Wall Degradation for
IVarious Degradation Configurations

(For ASME Code Minimum Tubing Material Properties)

{
|.

| Configuration Type of Degradation Allowable Tube Wall Degradation j

1. Circumferential (up to 1.5 in. 23.0% of tube cross sectional area
axial length and 360* are length) |

|

2. Axial slot type |

a. 0.25 in. long 86.3% Penetration

b. 0.50 in. long 611% Penetration

c. 1.5 in. long 53.8% Penetration !

:

!

|

I

1

|

2-3

L
- - - - - _ . . - . _



. .. -. _ _

,

a

9

1

IBMPR
ASSOCI ATE S INC
ENGiNEE1S

Section 3

DISCUSSION

1
.

NRC REGUIATORY GUIDE 1.121 REQUIREMENTS

Regulatory Guide 1.121 provides requirements for evaluating the allowable wall
'

degradation of steam generator tubing, beyond which the defective tubing must be.

removed from service. As stated, the Regulatory Guide requires the consideration of
1 three factors: (1) the wall thickness required to sustain the imposed loadings under

normal and accident conditions; (2) an allowance for further degradation during;

operation until the next inservice inspection; and (3) the crack size permitted to meet the
primary-to-secondary leakage limit allowed by the plant's technical specifications.

Section C of Regulatory Guide 1.121 provides the specific structural requirements which..

must be satisfied fer degraded steam generator tubing for normal operation and accident
,

j conditions. Most of these requirements can be bound by a reduced set of requirements
at the end of this section; and, others are shown to be not pertinent as follows:,

i
'

For normal operation, the requirements from NRC Regulatory Guide 1.121 are:
J

From Section C.2., " Minimum Acceptable Wall Thickness," l

" Tubes with detected part through wall cracks should not be stressed during*
,

the full range of normal reactor operation beyond the elastic range of the

] tube material" (C.2.a.(1)). ,

. 1

f ' Tubes with part through-wall cracks, wastage, or combinations of these*

: should have a factor of safety against failure by bursting under normal
operating conditions of not less than three at any tube location" (C.2.a(2)).

,

l

. "The margin of safety against tube rupture under normal operating*
i

|

| conditions should be not less than three at any tube location where defects

| have been detected" (C.2.a(4)).
.

31
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"Any increase in the primary-to-secondary leakage rate should be gradual*

to provide time for corrective action to be taken" (C.2.a(5)).

CR-3-Experience at CR-3 and at other similar plants has
demonstrated this requirement to be met; accordingly, this
requirement is not included in the reduced set of requirements at |
the end of this section. ;

i

"An additional thickness degradation allowance should be added to the*

minimum acceptable tube wall thickness to establish the operational tube !
|thickness acceptable for continued service. An imperfection that reduces

the remaining tube wall thickness to less than the sum of the minimum
acceptable wall thickness plus the operational degradation allowance is 1

designated as an unacceptable defect. A tube containing this imperfection
has exceeded the tube wall thickness limit for continued service and should
be plugged before operation of the steam generator is resumed"(C.2.b).

,

CR-3-This requirement is addressed by the current practice at CR-3
of sufficient NDT examinations and sleeving or plugging (and
stabilizing) for any actual indicated degradation (irrespective of tube
wall penetration) for tube locations where experience (at CR-3 and
others) indicates sufficiently rapid degradation should be expected i

(e.g., for certain tubes adjacent the open lane with degradation at
the top support plate or at the bottom of the top tubesheet). Also,
experience (at CR-3 and others) is used to ensure degradation
between NDT examinations will not exceed structural allowables.
Finally, an evaluation of fatigue is discussed in the CR-3 comments
for Regulatory Guide 1.121 Section C.3 as follows,

i
From Section C.3," Analytical and Loading Criteria Applicable to Tubes with either Part )
Thru-wall or Thru wall Cracks and Wastage,"

. 1

" Loadings associated with normal plant conditions, including start up, ;*

Ioperation in power range, hot standby, and cooldown, as well as all
anticipated transients (e.g., loss of electricalload, loss of offsite power) that
are included in the design specifications for the plant, should not produce a
primary membrane stress in excess of the yield stress of the tube material
at operating temperature" (C.3.a.(1)).

'The margin between the maximum internal pressure to be contained by*

the tubes during normal plant conditions and the pressure that would be
required to burst the tubes should remain consistent with the margin
incorporated in the design rules of Section III of the ASME Code"
(C.3.a.(2)).

3-2
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'The fatigue effects of cyclic loading forces should be considered in+

determining the minimum tube wall thickness. The transients considered in
the original design of the steam generator tubes should be included in the
fatigue analysis of degraded tubes corresponding to the minimum tube wall
thickness established. The magnitude and frequency of the temperature
and pressure trai. ;ents should be based on the estimated number of cycles
anticipated during normal operation for the maximum servir:e interval
expected between tube inspection periods. Notch effects resulting from
tube thinning should be taken into account in the fatigue evaluation"
(C.3.b(2)).

CR-3-This requirement is addressed by the current practice at CR-3
of sufficient NDT examinations and sleeving or plugging (and
stabilizing) for any actual indicated degradation (irrespective of tube
wall penetration) for tube locations where experience (at CR-3 and
others) indicates sufficiently rapid degradation should be expected
(e.g., for certain tubes adjacent the open lane with degradation at
the top support plate or at the bottom of the top tubesheet). Also,
experience (at CR-3 and others)is used to ensure degradation due
to fatigue between NDT examinations will not exceed structural
allowables.

In essence, crack growth between tube inspections due to either
corrosion or fatigue has not been a problem at CR-3 or other once-
through steam generators ( OTSGs) with the exceptions of fatigue
defects in certain tubes adjacent to the open tube lane near the
upper tubesheet and a small number of other lucidents where the
cause of the degradation has been found and resolved. Since the
appropriate " lane" tubes at CR-3 are plugged or sleeved irrespective
of size of degradation and since operating experience indicates no
significant growth of other degradation, crack growth between
inspections is not significant for CR-3. For completeness; however,
a fatigue evaluation has been performed for this report.

Specifically, crack growth due to fatigue is evaluated herein for a
worst-case circumferential crack based on a 100% through-wall
defect per Figure 2. For this evaluation, the controlling cyclic loads
are due to startup/ shutdown / operation with little effect from tube
vibration (see Reference 6). Based on calculations used for
Reference 6 and assuming design basis loads, a crack growth rate of
only about .9 of are length per startup/ shutdown / operation load
cycle (up to 1107-lb tube tension) is predicted even for the above
worst-case crack size per Figure 2. We understand that subsequent
to Reference 6, the above design basis load has been increased

3-3
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slightly; therefore, a somewhat greater than (.9 / cycle) would be
calculated. However, the actual expected tube load cycle (more like
half the design basis load cycle) would result in essentially no crack
growth. Accordingly, such crack growth due to fatigue is not
significant since the number of cycles between inspections is not
large; and, only small growth rates if any are indicated.

Crack growth due to fatigue between inspections for axial cracks
(per Figure 1) can also be evaluated in a similar manner as for
circumferential cracks discussed above. Specifically, a worst-case
axial crack (maximum length of 1.5 in. per Figure 1) would grow
only about .006% through wall per startup/ shutdown / operation cycle.
Accordingly, such crack growth due to fatigue is not significant since
the number of cycles between inspections is not large; and, only
small growth rates if any are indicated.

Accordingly, and in overall summary, degradation and crack growth
due to corrosion or fatigue between inspections is small (if any) and
not significant for CR-3 (based on evaluations herein and operating'
experience thus far).

'The maximum permissible length of the largest single crack should be such=

that the internal pressure required to cause crack propagation and tube
rupture is at least three times greater than the normal operating pressure.
The length and geometry of the largest permissible crack size should be
determined analytically either by tests or by refined finite element or
fracture mechanics techniques. The material stress-strain characteristics at
temperature, fracture toughness, stress intensity factors, and material flow
properties should be considered in making this determination" (C.3.d(1)).

'The primary-to-secondary leakage rate limit under normal operating*

pressure is set forth in the plant technical specifications and should be less
than the leakage rate determined theoretically or experimentally from the
largest single permissible longitudinal crack. This would ensure orderly
plant shutdown and allow sufficient time for remedial action if the crack
size increases beyond the permissible limits during service" (C.3.d(3)).

CR-3-This requirement is addressed by an administrative limit
requiring shutdown for a leak rate of 0.3 gpm per steam generator.
For CR-3, which has not had major tube degradation, this leak rate
limit is considered to provide reasonable assurance of tubing
structural adequacy as well as being practical, e.g., in terms of
detectability. CR-3 experience and other work supports this.

,

3-4
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1

Crack opening displacements and resulting leakages have been
analyzed in a number of cases, including for OTSGs such as at CR-3
(see Reference 6). However, experience has shown that sometimes ,

even substantial tube defects do not exhibit much leakage
(apparently due to tight cracks being stopped up with magnetite).
Accordingly, CR-3 uses an administrative leakage acceptance criteria
mentioned above based on engineering judgment and satisfactory
past operating experience.

" Conservative analytical models should be used to establish the minimum-

acceptable tube wall thickness generally applicable to those areas of tube 3

length where tube degradation is most likely to occur in service due to
cracking, wastage, intergranular attack, and the mechanisms of fatigue,
vibration, and flow-induced loadings. The wall thickness should be such
that sufficient tube wall will remain to meet the design limits specified by
Section III of the ASME Boiler and Pressure Vessel Code for Class 1
components, as well as the following criteria and loading conditions"
(C.3.a.).

CR-3-This requirement is interpreted as being covered by other
requirements in Regulatory Guide 1.121 as discussed herein. The
only conflict is per requirement C.3.a(1) which limits to yield stress
versus a lower limit per Section III of the ASME Code. In this case
we consider the stated Regulatory Guide limit per C.3.a.(1) of yield
stress to be appropriate and note that others have done the same.

For accident conditions, the requirements from NRC Regulatory Guide 1.121 are:

From Section C.2, " Minimum Acceptable Wall Thickness,"

"If through wall cracks with a specified leakage limit occur either on a tube+

wall with normal thickness or in regions previously thinned by wastage, they
should not propagate and result in tube rupture under postulated accident
conditions" (C.2.a(3)).

"The margin of safety against tube failure under postulated accidents, such-

as a LOCA, steam line break, or feedwater line break concurrent with the
SSE, should be consistent with the margin of safety determined by the
stress limits specified in NB-3225 of Section III of the ASME Boiler and
Pressure Vessel Code" (C.2.a(6)).

From Section C 3,"Analyticalloading criteria applicable to tubes with either part
through-wall or through-wall cracks and wastage,"

3-5
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" Loadings associated with a LOCA or a steam line break, either inside or-

outside the containment and concurrent with the SSE, should be
accommodated with the margin determined by the stress limits specified in
NB-3225 of Section III of the ASME Code and by the ultimate tube burst
strength determined experimentally at the operating temperature"

(C.3.a.(3)).

"The stress calculations of the thinned tubes should consider all the stresses*

and tube deformations imposed on the tube bundle during the most
adverse loadings of the postulated accident conditions. The dynamic loads
should be obtained from the modal analysis of the steam generator and its
support structure. All major hydrodynamic and flow-induced forces should
be considered in this analysis" (C.3.b.(1)).

"The combination of loading conditions for the postulated accident*

conditions should include, but not be limited to, the following sources:

Impulse loads due to rarefaction waves during blowdown,-

Loads due to fluid friction from mass fluid accelerations,-

- Imads due to the centrifugal force on U-bend and other bend
regions caused by high velocity fluid motion,

Seismic loads,-

Transient pressure load differentials" (C.3.c).-

" Adequate margin should be provided between the loadings associatec. sith-

a large steam line break or a LOCA concurrent with an SSE and the
loading required to initiate propagation of the largest permissible
longitudinal crack resulting in tube rupture. The loadings associated with
the postulated accident conditions should include the transient hydraulic
and dynamic loads listed in C.3.c." (C.3.d.(2)).

The pertinent NRC Regulatory Guide 1.121 tube structural requirements as stated above
can be reduced to the following set of requirements:

For Normal Operation:

The tube stress intensity should be less than the tube material yield stress.*

The tube burst pressure should be greater than three times the normal*

operating pressure difference across the tube wall. This is the limiting

3-6
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requirement for normal operating conditions (see calculation in
Appendix B); the results of this limit are shown in Figure 1.

For Accident Conditions:

The tube burst stress should be greater than the pressure difference across*

the tube wall.

The tube stress intensity should be less than the lesser of 2.4 times the-

design stress intensity (S ) or 0.7 times the ultimate stress. The 0.7m
ultimate stress requirement is the limiting requirement for accident
conditions (see calculation in Appendix A); the results of this limit are
shown in Figure 2.

ALLOWABLE TUBE WALL DEGRADATION

Based on the evaluations and calculations herein, the allowable tube wall degradation for
various types of degradation of the CR-3 steam generator tubing was determined. The
results of the evaluations are summarized in Tables 2-1 and 2-2 and in Figures 1 and 2,
based on the calculations presented in Appendices A and B.

.
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