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SECTION 1.0
INTRODUCTION

In September of 1991, a leak was discovered in the reactor vessel control rod drive head penetration

region of an operating plant. The geometry of interest is shown in Figure 1-1.

The leak resulted from cracking which occurred in the outermost penetration. Similar cracking occurred at
a number of operating plants, as discussed in Section 2. This outermost penetration, the next outermost
and the center penetration, were chosen for fracture mechanics analyses to support continued safe
operation of the North Anna and Surry Units, if such cracking were to be found. The head penetration
geometries of these four units are nearly identical, so a single set of analyses was performed to bound all

four units.

The basis of the analyses was a detailed three dimensional elastic-plastic finite element analysis of the
penetration locations, as described in detail in Section 5. The geometry of the outermost “hillside”

penetrations analyzed is shown in Figure 1-2.

The fracture analyses used reference crack growth rates developed from the literature and from service
experience. The results are presented in the form of flaw evaluation charts in Section 6, for both surface
and through wall flaws, to determine the allowable time of safe operation if indications are found. All the

times calculated in this handbook are effective full power years.

Revision 1 This revision was prepared to incorporate editorial corrections in Table 2-1 and
Figure 6-1. The discussion of flaw disposition strategies in Section 7 has been revised to
be more complete and to reference the NRC concurrence with the embedded flaw repair
strategy. Also the development of the crack growth law in Section 4.2 has been revised to

provide more detail.

Revision 2 This revision was prepared to update the inspection experience through the spring of
2001, and to include newly prepared flaw evaluation charts for flaws originating on the
outside surface of the penetrations. Also the circumferential flaw evaluation charts were

revised to be more accurate and to provide a more complete basis for their construction.
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FIGURE 1-1
REACTOR VESSEL HEAD ADAPTER PENETRATION TUBE, SHOWING LOCATIONS OF
AXIAL CRACKS FOUND IN SOME PLANTS
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-«—— Radius 1360 mm (53.54 in.)
from vessel centerline

Weld blended with 1.D.
of head. No clad undercut.
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FIGURE 1-2
GEOMETRY OF THE HILLSIDE PENETRATIONS ANALYZED

5817.wpd(112001) 1-3



SECTION 2.0 |
HISTORY OF CRACKING IN HEAD PENETRATIONS

In September of 1991, leakage was reported from the reactor vessel head penetration region of a French
plant, Bugey Unit 3. Bugey 3 is a 920 megawatt three-loop PWR which had just completed its tenth fuel
cycle. The leak occurred during a post ten year hydrotest conducted at a pressure of approximately

3000 psi (204 bar) and a temperature of 194°F (90°C). The leak was detected by metal microphones
located on the top and bottom heads, and the leak rate was estimated to be approximately 0.7 liter/hour.
The location of the leak was at a peripheral penetration with an active control rod (H-14), as seen in

Figure 2-1.

The control rod drive mechanism (CRDM) and thermal sleeve were removed from this location to allow
further examination. Further study of the head penetration revealed the presence of longitudinal cracks
near the head penetration attachment weld. Penetrant and ultrasonic testing confirmed the cracks. The
cracked penetration was fabricated from Alloy 600 bar stock (SB-166), and has an outside diameter of

4 inches (10.16 cm) and an inside diameter of 2.75 inches (7.0 cm).

As a result of this finding, all of the control rod drive mechanisms and thermal sleeves at Bugey 3 were
removed for inspection of the head penetrations. Only two penetrations were found to be cracked, as

shown in Figure 2-1.

An inspection of a sample of penetrations at three additional plants were planned and conducted during
the winter of 1991-92. These plants were Bugey 4 , Fessenheim 1, and Paluel 3. The three outermost
rows of penetrations at each of these plants were examined, and further cracking was found in two of the

three plants.

At Bugey 4, eight of the 64 penetrations examined were found to contain axial cracks, while only one of
the 26 penetrations examined at Fessenheim 1 was cracked. The locations of all the cracked penetrations
are shown in Figure 2-1. None of the 17 penetrations inspected at Paluel 3 showed indications of cracking
at the time. Further inspections of all French plants have confirmed cracking in nearly all of them. The
cracking found to date has been consistent in both location and extent. All cracks discovered by
nondestructive examination have been oriented axially, and have been located in the bottom portion of the
penetration in the vicinity of the partial penetration attachment weld to the vessel head as shown

schematically in Figure 1-1.
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]a,c,e

Non-destructive examinations of the leaking CRDM nozzles showed that most of the cracks originated on
the outside surface of the nozzles below the J-groove weld, were axially oriented, and propagated
primarily in the nozzle base material to an elevation above the top of the J-groove weld where leakage
could then pass through the annulus to the top of the head where it was detected by visual inspection. In
some cases the cracks initiated in the weld metal or propagated into the weld metal, and in a few cases the

cracks propagated through the nozzle wall thickness to the inside surface.

]a,c,e
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The cracking has now been confirmed to be primary water stress corrosion cracking (PWSCC). Relatively
high residual stresses are produced in the outermost penetrations due to the welding process. Other

B important factors which affect this process are temperature and time, with higher temperatures and longer
times being more detrimental. The inspection findings for the plants examined thus far are summarized in

Table 2-1.

While the inspection findings in Table 2-1 are very interesting, revealing that only 4.8 percent of the

6005 penetrations inspected have been cracked, the table presents no information about the location of the
indications. Figure 2-1 shows that most of the indications have been found in the outer three rows of the
penetrations, regardless of the plant design. It should be noted that the recent leaks at Oconee and ANO
were distributed randomly throughout the head. The location of these indications relative to the
attachment weld, and relative to the circumference of the penetration is not provided. Figure 2-2 provides
a summary of the indications discovered in French plants, plotted as a function of the azimuthal location.
Both the upper and lower extremities of the flaws are plotted, as a function of the distance from the

bottom of the penetration (denoted as elevation).

It is interesting to note that the majority of flaws are clustered at the 180 degree azimuth location (nearest
the vessel center) and at zero degrees (furthest from the vessel center). In addition, the uppermost extent
of the flaws has been at about the same elevation (140 mm) regardless of the angular location. There are
three exceptions to this trend, but they occurred at the Bugey 3 Plant, which is where the through-wall

leak occurred. This is an acknowledged outlier.

It may be deduced from the data that flaws are not expected near the weld on the center side

5817.wpd(112001) 2-3



(180° location) of the penetrations. This is a favorable conclusion, since there is a spacer bar on the North
Anna thermal sleeves at this level which significantly restricts inspection above the weld for penetrations
with thermal sleeves. The table below shows that the spacer is considerably higher than the 140 mm level

for the North Anna penetrations.
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TABLE 2-1

OPERATIONAL INFORMATION AND INSPECTION RESULTS FOR UNITS EXAMINED
(RESULTS TO APRIL 30, 2001)

Country Plant Type Units KHours | Head Temp. Total Penetrations Penetrations
Inspected °B Penetrations Inspected With
Indications
France CPO 6 80-107 596-599 390 390 23
CPY 28 42-97 552 1820 1820 126
1300MW 20 32-51 558-597 1542 1542 95
Sweden 3 Loop 3 75-115 580-606 195 190 8
Switzerland 2 Loop 2 148-154 575 72 72 2
Japan 2 Loop 7 105-108 590-599 276 243 0
3 Loop 7 99 610 455 398 0
4 Loop 3 46 590 229 193 0
Belgium 2 Loop 2 115 588 98 98 0
3 Loop 5 60-120 554-603 337 337 6
Spain 3 Loop 5 65-70 610 325 102 0
Brazil 2 Loop 1 25 NA 40 40 0
South Africa | 3 Loop 1 NA NA 65 65 6
Slovenia 2 Loop 1 NA NA 49 49 0
South Korea 2 Loop 3 NA NA 49 49 3
3 Loop 2 NA NA 130 130 2
US 2 Loop 2 170 590 98 98 0
3 Loop 1 NA NA 65 20 0
4 Loop 7 NA NA 221 169 16
TOTALS 103 - ~ 6456 6005 287
5817.wpd(112001) 2-5
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SECTION 3.0
OVERALL TECHNICAL APPROACH

The primary goal of this work is to provide technical justification for the continued safe operation of the
North Anna and Surry Units in the event that cracking is discovered during inservice inspections of the

Alloy 600 reactor vessel head penetrations.

3.1 PENETRATION STRESS ANALYSIS

]a,c,e
Three dimensional elastic-plastic finite element stress analyses have been performed to determine the

stresses in the head penetration region. These analyses have considered the pressure and thermal transient

loads associated with steady state operation, as well as the residual stresses which are produced by the

fabrication process.

[ ]a,c,e
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3.2 FLAW TOLERANCE APPROACH

A flaw tolerance approach has been developed to allow continued safe operation until an appropriate time

for repair, or the end of plant life. The approach is based on the prediction of future growth of detected

flaws, to ensure that such flaws would remain stable.

If an indication is discovered during inservice inspection, its size can be compared with the flaw size which V
is considered allowable for continued service. This “allowable” flaw size is determined from the
acceptance criteria proposed by industry and accepted by the NRC. Suitable margins to ensure the integrity
of the reactor vessel as well as safety from unacceptable leakage rates, have been considered. Acceptance

criteria are discussed in Section 6.5.

The time for the observed crack to reach the allowable crack size determines the length of time the plant

can remain online before repair, if required.

The results of the evaluation are presented in terms of simple charts, which show graphically the time
required to reach the allowable size, which represents the additional service life before repair. This result
is a function of the loadings on the particular head penetration, the initial crack size, and the

circumferential location of the crack in the penetration tube.

Schematic drawings of the head penetration flaw tolerance charts are presented as Figures 3-1 and 3-2.
These two types of charts can be used to provide estimates of the time which remains before a leak would
develop from an observed crack. For example, if a part-through flaw was discovered, the user would first
refer to Figure 3-1, to determine the time (t,) which would be remaining before the crack would penetrate
the wall or reach the allowable depth (eg a/t=.75). Once the crack penetrates the wall, the time (tg)
required to reach an allowable crack length would be determined from Figure 3-2. The allowable crack
depth or length is a function of the crack location, and is defined in the industry acceptance criteria

discussed in Section 6.5. The total time remaining would then be the simple sum:

Time remaining = t, + t,

5817.wpd(112001) 3-2
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SECTION 4.0
MATERIAL PROPERTIES, FABRICATION HISTORY AND CRACK GROWTH PREDICTION

4.1 MATERIALS AND FABRICATION

The chemical analysis, mechanical properties and heat treatment of the Alloy 600 material used to fabricate
the four vessels head penetrations are provided in Tables 4-1 through 4-4. The material CMTRs were used
to obtain the chemistry and mechanical properties for the vessel head penetrations. The CMTRs for the
material indicate the heat treatment of the material in most cases, except for the B&W heats, which are

presently being researched.

The head adapters for North Anna and Surry Units were manufactured by Rotterdam Dockyard. The North
Anna Units were fabricated from material produced by Sanvik in Sweden. The penetrations for Surry Unit
1 originated at Huntington Alloys, while those for Surry Unit 2 came from Babcock and Wilcox Tubular
Products and Sanvik, as shown in Tables 4-3 and 4-4. Figures 4-1 and 4-2 illustrate the yield strengths and
carbon content, based on percent of heats, of the head adapter penetrations in the North Anna and Surry
Units vessel relative to a sample of the French head penetrations which have experienced cracking. The
head penetrations in the North Anna and Surry Units have a higher carbon content, higher mill annealing
temperature and lower yield strength relative to the French penetrations. These factors should all have a

beneficial effect on the material resistance to PWSCC in the head penetrations.
4.2 CRACK GROWTH PREDICTION

The cracks in the penetration region have been determined to result from primary water stress corrosion
cracking in the Alloy 600 base metal. There are a number of available measurements of static load crack

growth rates in primary water environment, and in this section the available results will be compared and a

representative growth rate established.

Direct measurements of SCC growth rates in Alloy 600 are relatively rare, and care should be used in
interpreting the results because the materials may be excessively cold worked, or the loadings applied may
be near or exceeding the limit load of the tube, meaning there will be an interaction between tearing and

crack growth. In these cases the crack growth rates may not be representative of service conditions.

5817.wpd(112001) 4-1



The effort to develop a reliable crack growth rate model for Alloy 600 began in the Spring of 1992, when
the Westinghouse Owners Group was developing a safety case to support continued operation of plants. At
the time there was no available crack growth rate data for head penetration materials, and only a few

publications existed on growth rates of Alloy 600 in any product form.

The best available publication was found to be that of Peter Scott of Framatome, who had developed a
growth rate model for PWR steam generator materials [1]. His model was based on a study of results
obtained by Mcllree and Smialowska [2] who had tested short steam generator tubes which had been
flattened into thin compact specimens. His results are shown in Figure 4-3. Upon study of his paper there
were several ambiguities, and several phone conversations were held to clarify his conclusions. These
discussions led to Scott’s admission that reference 1 contains an error, in that no correction for cold work

was applied to the McIllree/Smialowska data. The correct development is below.

An equation was fitted to the data of reference [2] for the results obtained in water chemistries that fell in

within the standard specification. Results for chemistries outside the specification were not used. The

following equation was fitted to the data:

% = 2.8 x 107! (K-9)6 mysec

where K is in MPav m.

The next step described by Scott in his paper was to correct these results for the effects of cold work.
Based on work by Cassagne and Gelpi [3], he concluded that dividing the above equation by a factor of 10
would be appropriate to account for the effects of cold work. This step was inadvertently omitted from

Scott’s paper, even though it is discussed. The crack growth law for 330°C then becomes:

% - 2.8 x 1072 (K-9)!16 m/sec

This equation was verified by Scott in a phone call in July 1992.

5817.wpd(112001) 4-2



Scott further corrected this law for the effects of temperature, but his correction was not used in the model
employed here. Instead, an independent temperature correction was developed based on service
experience. This correction uses an activation energy of 33 kCal/mole, which gives a smaller temperature

correction than that used by Scott (44 kcal/mole), and will be discussed in more detail below.

Scott’s crack growth law is shown for 330°C in Figure 4-3, and this law was independently obtained by
B. Woodman of ABB-CE, who went back to the original data base, and did not account for cold work. His

equation was of a slightly different form:

%% =02 exp [A + B In {In (K-Q)}]

Where A =-25.942
B =3.595

Q=0

This equation is nearly identical with Peter Scott’s original model uncorrected for cold work. This work

provided an independent verification of Scott’s work.

The final proof of the usefulness of Peter Scott’s model comes from actual data from head penetration
materials. A testing program was carried out at Westinghouse in the mid-1990s, and 18 heats were tested
in carefully controlled PWR environment. The results of the program are published in reference [4]. One
heat did not crack, and of the seventeen heats where cracking was observed, the growth rates observed in
fourteen were bounded by the modified Scott model. Three heats cracked at a faster rate, and the
explanation for this behavior is being investigated. These three heats are different both in source and

product form from those in the Surry and North Anna plants.

Since the North Anna and Surry Units operate at 600°F (316°C) or slightly lower in the head

region [9,10,13], and the crack growth rate is strongly affected by temperature, a temperature adjustment is
necessary. This temperature correction was obtained from study of both laboratory and field data for stress
corrosion crack growth rates for Alloy 600 in primary water environments. The available data are

summarized in Figure 4-4, where most of the results are from steam generator tube materials, with several

5817.wpd(112001) 4-3



sets of data from operating plants. Some of the points (the solid circles) were obtained from cracking

which was found in head penetrations in operating plants.

The data shown in Figure 4-4 results in an activation energy of 33 Kcal/mole, which can be used to adjust
for the lower operating temperature. This value is slightly lower than the generally accepted activation
energy of 44-50 Kcal/mole used to characterize the effect of temperature on crack initiation, but the trend

of the actual data for many different sources is unmistakable.
Use of the 33 Kcal/mole activation energy results in a correction factor 0.526 for crack growth rates at
316°C, compared to the rate at 330°C. Therefore the following growth rate model was used for the Surry

and North Anna head penetrations:

% = 1.473x107 (K -9)116 m/sec

where K = applied stress intensity factor, in MPay/m. This equation implies a threshold for cracking

susceptibility, Kiscc =9 MPay/m.
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SECTION 5.0
STRESS ANALYSIS

5.1 OBJECTIVES OF THE ANALYSIS

The objective of this analysis was to obtain accurate stresses at and near each CRDM housing. To do so
requires a three dimensional analysis which considers all the loadings on the penetration'. An
investigation of deformations at the lower end of the housing was also performed using the same model.

Three locations were considered: the outermost row, the next outermost row, and the center location.

The analyses provided information for the flaw tolerance evaluation in Section 6. Also, the results of the
stress analysis were compared to the findings from service experience, to help assess the causes of the

cracking which has been observed.

5.2 MODEL

Three dimensional finite element models comprised of isoparametric brick and wedge elements with
midside nodes on each face were used to obtain the stresses and deflections. A view of the unstressed
model for the outermost row is shown in Figure 5-1. Taking advantage of symmetry through the vessel
and penetration centerlines, only half of the penetration geometry plus the surrounding vessel were
modeled for the outermost and next outermost penetrations. For the center penetration, it was necessary
to model only one-quarter of the penetration as opposed to one-half of the penetration. The difference
between the hillside penetrations and the center penetration was that there was no differential height

across the weld for the center penetration.

The lower portion of the Control Rod Drive Mechanism (CRDM) Adapter tube (i.e., penetration tube),
the adjacent section of the vessel closure head, and the joining weld were modeled. The vessel to
penetration tube weld was simulated with two layers of elements. The penetration tube, weld metal and

cladding were modeled as Alloy 600 and the vessel head shell as carbon steel.

53 STRESS ANALYSIS RESULTS - OUTERMOST PENETRATION

Figure 5-2 shows the outward displacement of the entire model for the steady state condition. For the

steady state, the tube OD is pressing on the vessel (i.e. couple each tube node, except for the vertical

5817.wpd(112001) 5-1



direction, to its neighbor in the vessel). Figure 5-3 presents the hoop stresses for the steady state

condition.

]a,C.C

5.4 STRESS ANALYSIS RESULTS - NEXT OUTERMOST PENETRATION

]H,C,C

5.5 STRESS ANALYSIS RESULTS - CENTER PENETRATION

]a,c,c
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SECTION 6.0
FLAW EVALUATION CHARTS

6.1 INTRODUCTION

The flaw evaluation charts were developed from the stress analysis of each of the penetration locations,
as discussed in Section 5. The crack growth law developed in Section 4.2 was used for each case, and
two flaw tolerance charts were developed for each penetration location. The first chart characterizes the
growth of a part-through flaw in the thickness direction, and the second chart characterizes the growth of
a through-wall flaw in the length direction. The allowable remaining life of the penetration may then be
directly determined, using the combined results of the two charts. All times resulting from these

calculations are effective full power years.

Inspection tolerance. It is important to describe the treatment of inspection tolerances in this report. The
flaw evaluation charts are designed to be best estimate predictions of the future propagation of flaws.
The initial flaw size used in these charts should be a best estimate of the actual flaw size. Appropriate
safety margins are incorporated into the acceptance criteria described in Section 6.5, so no additional
margins on the flaw size or position are required. This approach is consistent with that used throughout

the flaw evaluation process in Section XI of the ASME Code.
6.2 OVERALL APPROACH

The results of the three-dimensional stress analysis of the penetration locations were used directly in the
flaw tolerance evaluation. The maximum stress is the hoop stress, and the flaws which have been found

inservice are all longitudinally oriented, so the hoop stress component was used.

The crack growth evaluation for the part-through flaws was based on the stress distribution through the
penetration wall at the location which corresponds to the highest stress along the inner surface of the
penetration. The highest stressed location was found to be in the immediate vicinity of the weld for all

penetrations.
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The stress profile was represented by a cubic polynomial:

2 3
SESNCNT

where X = is the coordinate distance into the wall
t = wall thickness
c = stress perpendicular to the plane of the crack
A = coefficients of the cubic fit

For the surface flaw with a length six times its depth, the stress intensity factor expression of McGowan
and Raymund [5A] was used. The stress intensity factor KI () can be calculated anywhere along the
crack front. The point of maximum crack depth is represented by ¢ = 0. The following expression is

used for calculating KI (¢), where ¢ is the angular location around the crack.
3 2a

mar 2 a? .,
Ko = Q (cos"p + P @) (AgHg + ;?AlHl

1a? 4 a3
+ —AH, + — Z-AH
2t2A2 2t 3 3)

The magnification factors Hy(¢), H,(¢), H,(¢) and Hy(g) are obtained by the procedure outlined in
reference [SA]. The parameter C is the flaw half-length.

K=o¢ (na)O.S

]a,c,e
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The results discussed in the following sections have been designed to provide crack growth predictions
for a range of flaw sizes, locations and orientations. A simple flow chart for determination of which

figure to use is shown in Table 6-2.

6.3 RESULTS: AXIAL FLAWS

Surface Flaws

The results of the calculated growth through the wall for inside surface axial flaws postulated in the
penetrations are summarized in Figures 6-1a and 6-1b. Figures 6-1a, 6-1b, and 6-1c apply to surface
crack locations anywhere in the weld region of any of the penetrations, since the stress results were taken
at the highest stressed location, which is in the outermost penetration. Figure 6-1a is a prediction of
crack growth at and below the attachment weld region, while the Figure 6-1b covers crack growth above
the weld. Figure 6-1c applies to crack growth for outside surface axial flaws, regardless of location.
Note that the predicted extension through the penetration thickness requires many years at the operating

temperature for North Anna and Surry Units, regardless of the location.

Through-Wall Flaws

Figure 6-2 and 6-3 present the predicted crack growth for a through-wall flaw postulated to exist below
the weld region in the outermost penetration. These results are for the lower hillside and centerside
locations respectively. Although there are different levels of ovality (and therefore residual stress) in the
different penetrations, it is clear that in the vicinity of the weld and below it, the total stresses approach
the yield stress of the material, which was set at 378.6 MPa (55 ksi) for this calculation. Figures 6-4 and

6-5 provide similar results for the next outermost row of penetrations.
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Figure 6-6 provides projections of growth above the weld region for the center penetration. The upper
edge of the weld has been assumed to be at the 2.0 inch location in this figure, and the growth above this

location is presented as a function of time in years.

Note that for some of the penetrations, crack extension actually stops. This occurs as the stress intensity

factor decreases with the lower stresses, to a value below the threshold cracking susceptibility value of
9 MPa y/m.

6.4 CIRCUMFERENTIAL CRACK PROPAGATION

Since circumferentially oriented flaws have been found at three plants (Bugey 3, Oconee 2, and

Oconee 3), it is important to consider the possibility of crack extension in the circumferential direction.
The first case was discovered as part of the destructive examination of the tube with the most extensive
longitudinal cracking at Bugey 3, and the crack was found to have extended to a depth of 2.25 mmin a

wall thickness of 16 mm. The flaw was found at the outside surface of the penetration (number 54) at the

lower hillside location, just above the weld.

The circumferential flaws in Oconee Unit 3 were discovered during the process of repairing a number of
axial flaws, while the circumferential flaw in Oconee Unit 2 was discovered by UT. Experience gained

from these findings has enabled the development of UT procedures capable of detecting circumferential

flaws reliably.

It is important to realize that a flaw would have to propagate through the penetration or the attachment
weld, and result in a leak, before the outer surface of the penetration would be exposed to the water.
Cracking could then begin for an outside surface flaw. (This is believed to have been the case at all three

plants in which circumferential flaws were found). This time period was conservatively ignored in the

calculations to be discussed.

To investigate this issue completely, a series of crack growth calculations were carried out for a
postulated surface circumferential flaw located just above the head penetration weld, in a plane parallel
to the weld itself. This is the only flaw plane which could result in a complete separation of the

penetration. All others would result in propagation below the weld, and therefore no chance of complete

separation because the remaining weld would hold the penetration in place.
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The time required for propagation of a circumferential flaw to a point where the integrity of the
penetration would be affected would therefore be at least 26 years, as shown in Figure 6-8. Because of

the conservatisms in the calculations, as discussed above, it is likely to be even longer.

6.5 FLAW ACCEPTANCE CRITERIA

Now that projected crack growth curves have been developed, the question which remains to be

addressed is what size flaw would be acceptable for further service.

Acceptance criteria have been developed for indications found during inspection of reactor vessel upper
head penetrations. These criteria were developed as part of an industry program coordinated by
NUMARC (now NEI). Such criteria are normally found in Section XI of the ASME Code, but

Section XI does not require inservice inspection of these regions and therefore acceptance criteria are not
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available. In developing the enclosed acceptance criteria, the approach used was very similar to that used
by Section XI, in that an industry consensus was reached using input from both operating utility technical

staff and each of the three PWR vendors. The criteria developed are applicable to all PWR plant designs.

Since the discovery of the leaks at Oconee and ANO-1, the acceptance criteria have been revised slightly,
to cover flaws on the outside diameter of the penetration below the attachment weld, and flaws in the
attachment weld. These revised criteria are now in draft form, but they are expected to be acceptable to
the NRC, and will be used in these evaluations. The draft portions of the acceptance criteria will be

noted below.

The criteria which are presented herein are limits on flaw sizes which are acceptable. The criteria are to
be applied to inspection results. It should be noted that determination of the future service time during

which the criteria are satisfied is plant-specific and dependent on flaw geometry and loading conditions.

It has been previously demonstrated by each of the owners groups that the penetrations are very tolerant
of flaws and there is only a small likelihood of flaw extension to large sizes. Therefore, it was concluded
that complete fracture of the penetration is highly unlikely and, therefore, protection against leakage

during service is the priority.

The approach used here is more conservative than that used in Section XI applications, where the
acceptable flaw size is calculated using a margin on the critical flaw size. In this case, the critical flaw

size is far too large to allow a practical application of this approach, so protection against leakage is the

key element.

The acceptance criteria apply to all flaw types regardless of orientation or shape. The same approach is
used by Section XI, where flaws are characterized according to established rules and then compared with

acceptance criteria.

Flaw Characterization

Flaws detected must be characterized by length and preferably depth. If only the length is determined,
assume the depth is half the length based on experience with the shape of flaws reported. The
proximity rules of Section XI for considering flaws as separate, may be used directly (Section XI,

Figure IWA 3400-1). This figure is reproduced here as Figure 6-9.
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When a flaw is found, its projections in both the axial and circumferential directions must be determined.
Note that the axial direction is always the same for each penetration, but the circumferential direction
will be different depending on the angle of intersection of the penetration with the head. The
“circumferential” direction of interest here is along the top of the attachment weld, as illustrated in
Figure 6-10. It is this angle which will change for each penetration and which is also the plane which
could cause separation of the penetration tube from the head. The location of the flaw relative to both
the top and bottom of the partial penetration attachment weld must be determined since a potential leak
path exists when a flaw progresses through the wall and up the penetration past this weld. A schematic

of a typical weld geometry is shown in Figure 6-11.

Flaw Acceptance Criteria

The maximum allowable depth (a,) for flaws on the inside surface of the penetration, at or above the weld
is 75 percent of the penetration wall thickness regardless of the flaw orientation. The term a; is defined as
the maximum size to which the detected flaw is calculated to grow in a specified time period. This 75
percent limitation was selected to be consistent with the maximum acceptable flaw depth in Section X1
and to provide an additional margin against through wall penetration. There is no concern about
separation of the head penetration from the head, unless the flaw is above the attachment weld and
oriented circumferentially. Calculations have been completed to show that all penetration geometries can

support a continuous circumferential flaw with a depth of 75 percent of the wall.

Axial inside surface flaws found below the weld are acceptable regardless of depth as long as their upper
extremity does not reach the bottom of the weld during the period of service until the next inspection.

Axial flaws which extend above the weld are limited to 75 percent of the wall.

Axial flaws on the OD of the penetration below the attachment weld are acceptable regardless of depth,
as long as they do not extend into the attachment weld during the period of service until next inspection.
Axial OD flaws above the attachment weld must be evaluated on a case by case basis, and must be

discussed with the regulatory authority.
Circumferential flaws located below the weld are acceptable regardless of their depth, provided the

length is less than 75 percent of the circumference for the period of service until the next inspection.

Flaws in this area have no structural significance but loose parts must be avoided. To this end,
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intersecting axial and circumferential flaws shall be removed or repaired. Circumferential flaws at and

above the weld must be discussed with the regulatory authority on a case by case basis.

Flaws located in the attachment welds themselves are not acceptable regardless of their depth. This is
because the crack propagation rate is several times faster than that of the Alloy 600 tube material, and

also because depth sizing capability does not yet exist for indications in the weld.

These criteria are summarized in Table 6-1. Flaws which exceed these criteria must be repaired unless
analytically justified for further service. These criteria have been reviewed and approved by the NRC, as
documented in references 7 and 8, with the exception of the draft criteria discussed above, for OD flaws

and flaws in the attachment weld.
It is expected that the use of these criteria and crack growth curves will provide conservative predictions

of the allowable time of service. Similar criteria have been proposed in Sweden and France, and are

under discussion in other countries.
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TABLE 6-1
SUMMARY OF R.V. HEAD PENETRATION ACCEPTANCE CRITERIA
Location Axial Circ
a ¢ ag ?
Below Weld (ID) t no limit t .75 circ.
At and Above Weld (ID) 0.75t no limit * *
Below Weld (OD) t no limit t .75 cire.
Above Weld (OD) * * * *
a; =  Flaw Depth as defined in IWB 3600
¢ =  Flaw Length
t =  Wall Thickness

Note: Flaws of any size are not acceptable in the attachment weld itself.
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FIGURE 6-10
DEFINITION OF “CIRCUMFERENTIAL”
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SECTION 7.0
FLAW DISPOSITION STRATEGIES

In the event that one or more flaws are discovered during inspections of the Surry or North Anna Units, a
number of options have been developed. The choice of a particular option is dependent on the size and

location of the flaw, as well as the time remaining in the outage.

There are many possible options, but at present Virginia Power has chosen to develop three to a mature

state, ready for use immediately if needed. Each of these options is described below.

1. Disposition by flaw evaluation. If the flaw can be shown to be in compliance with the
industry flaw acceptance criteria for a period of time, the flaw is acceptable for service

during that period. See Section 6 flaw evaluation charts.

2.  Repair by excavation. Electrical discharge machining can be used to remove the flaw. The
maximum depth of excavation depends on the location, and the technical basis for the

maximum excavation depth is contained in Reference 11.

3. Repair by partial excavation and weld overlay at the inside surface, or simply overlay at the
outside surface or over the attachment weld to seal the remaining flaw from the water
environment (embedded flaw repair). A sketch showing the approach schematically appears

as Figure 7-1.

These options each have advantages and disadvantages. The flaw evaluation option is the fastest
disposition, but the flaw may continue to propagate and will require additional inspection and eventual
repair. The flaw excavation option is the fastest repair but is limited in application due to access, and
follow-up inspections are more difficult. The weld overlay repair requires more time, but permanently
seals the flaw from the environment, and leaves a surface which allows for follow-up inspections if

necessary.
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7.1 AXIAL FLAWS IN THE PENETRATION TUBE AT AND ABOVE WELD

The disposition strategies for this situation are shown in Table 7-1. It can be seen from this table that in
many cases there are a number of viable options. Footnotes in the table point out the restrictions and
possible concerns with the options specified.

Penetrations Without a Thermal Sleeve. Five possible scenarios exist, depending on the flaw depth
relative to the acceptance limit and the excavation limit. The strategies have been developed for use at
any time. For example, if a flaw is found which has a depth less than the acceptance limit, options
should be considered for its presently existing depth as well as its predicted depth after the next fuel
cycle. The maximum acceptance limits for flaws as well as the maximum excavation limits are shown in
Figure 7-2. The crack depth at some future time can be estimated using the flaw charts of Section 6.

If a flaw is discovered whose depth is less than the acceptance limit, all three options are available,
unless the depth is greater than the excavation limit.

If the flaw depth exceeds the acceptance limit, it must be repaired, and as long as it is within the

excavation limit, both repair options are available. For deep flaws, the embedded flaw repair option is
the only one available.

Penetrations With a Thermal Sleeve. For these penetrations, the maximum excavation depth is more
restricted, because of the smaller area inside the thermal sleeve to fit tooling, and because of the
restrictions involved in doing an excavation through a window in the thermal sleeve. Again the strategies
apply for any time frame, whether it be the present time, or some time in the future. The maximum
acceptance limits for flaws as well as the maximum excavation limits are shown in Figure 7-3. The
future depth of a flaw can be predicted using the flaw charts of Section 6.

If a flaw is discovered whose depth is less than the flaw acceptance limit, all options are available, as
long as the flaw is relatively shallow (0.25 inch or less). The excavation limit is relatively small for the

sleeved penetrations, because of the necessity to do the excavation through a window in the thermal
sleeve.

If the flaw depth exceeds the acceptance limit, it must be repaired, and for sleeved penetrations this

generally means that the only viable option is the embedded flaw repair, which can be carried out through
a window in the thermal sleeve.

7.2 AXIAL FLAWS IN THE PENETRATION TUBE BELOW THE WELD
Disposition of flaws which are located below the weld is much easier, because the flaw acceptance limits

are more liberal. The flaw is allowed to extend completely through the penetration wall, as long as its
upper extremity is a sufficient distance below the bottom of the weld. The strategies for flaws below the
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weld are shown in Table 7-2, and are dependent upon the distance from the upper extremity of the flaw to
the bottom of the weld. The predicted future flaw growth is a key element in this strategy, and these
predictions can be obtained from the flaw charts in Section 6.

Penetrations Without a Thermal Sleeve. The flaw can be left as is, with no repair required, as long as the
distance from the upper extremity of the flaw to the bottom of the weld is greater than the predicted
growth of the flaw in length. Excavation or embedded flaw weld overlay repair remain options
regardless of the depth of the flaw, as long as its upper extremity remains below the bottom of the weld.

Penetrations With a Thermal Sleeve. As is the case without a thermal sleeve, a flaw can be left in the
penetration with no repair required, as long as its upper extremity is predicted to remain below the
bottom of the weld. The repair options in this case are somewhat more limited, because of restrictions on
the depth of excavation through a window in the thermal sleeve. In all cases, the embedded flaw weld
overlay is an option.

7.3 FLAWS IN THE ATTACHMENT WELD

Since flaws in this region cannot be accepted by analysis, repair is the only option here. Flaw excavation
or the embedded flaw repair are both possible, but the embedded flaw technique is the only one which
can presently be performed remotely.

7.4 CIRCUMFERENTIAL FLAWS ABOVE THE ATTACHMENT WELD
This type of flaw clearly has the potential to pose a safety risk, and therefore must be dealt with on a case
by case basis. The most likely disposition of such a flaw would be by repair using the embedded flaw

repair. It is also possible to remove the flaw by progressive grinding or electrical discharge machining
(EDM), and then rewelding to the original configuration.

5817.wpd(112001) 7-3



(100z11)pdm-L18S

VL

TABLE 7-1

REPAIR OPTIONS - AXIAL FLAWS AT OR ABOVE THE ATTACHMENT WELD

Excavate &
Penetration AXIAL Flaw : Weld Overlay
Type Depth Leave As Is Excavate Of Embedded
Flaw
Without Thermal | < Flaw Accept. Limit & X X X2
Sleseve < Excavation Limit "
< Flaw Accept. Limit & X NA X2
> Excavation Limit
> Flaw Accept. Limit & NA X! X2
< Excavation Limit
> Flaw Accept. Limit & NA NA X2
> Excavation Limit
> 12 mm NA NA x*
With Thermal < Flaw Accept. Limit & X x'? ) Gt
Sleeve < 6.35 mm
< Flaw Accept. Limit & X NA X23
> 6.35 mm
> Flaw Accept. Limit & NA NA ) G
> 6.35 mm
> 12 mm NA NA ) G

DEFINITIONS:

NA = Not Applicable NOTES:

1) Restricts reinspection techniques

2) Non Section Xl repair, as approved by NRC [12]

3) Requires window in thermal sleeve

4) Requires NRC approval of ASME Code relief for weld overlay of embedded

flaw for flaws > .75 wall thickness (12 mm)
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TABLE 7-2

REPAIR OPTIONS - AXIAL FLAWS BELOW THE ATTACHMENT WELD

e e ——— me— e e — Y A
r Distance From Excavate &
Penetration . AXIAL Flaw Upper Extremity ' Weld Overlay
Type Depth Of Flaw To Leave As Is Excavate Of Embedded
Bottom Of Weld Flaw
——__———__-———T_—-—_—
Without Thermal < through wall > Predicted Growth X X! X2
I jected after 1 cycl
Sleeve projected after 1 0yCle | _ predicted Growth NA X' X2
through wall > Predicted Growth X X4 X4
< Predicted Growth NA X4 X4
s e
With Thermal < through wall > Predicted Growth X X3 ) G
Sleeve projected after 1 cycle - Ta ”
& < 6.35 mm < Predicted Growth NA X" X
< through wall » Predicted Growth X NA ) G
projected after 1 cycle - "
& > 6.35 mm < Predicted Growth NA NA X2
through wall > Predicted Growth X NA X34
< Predicted Growth NA NA x34
_—____—_————_—:-—-—-_-——
DEFINITIONS: NA = Not Applicable NOTES: 1) Restricts reinspection techniques

2) Non Section Xl repair, as approved by NRC [12]

3) Requires window in thermal sleeve

4) Requires NRC approval of ASME Code relief for weld overlay or excavation
for flaws > .75 wall thickness (12 mm)
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SECTION 8.0
SUMMARY AND CONCLUSIONS

An extensive evaluation has been carried out to characterize the loadings and stresses which exist in the
head penetrations at the North Anna and Surry Units. Three-dimensional finite element models were
used, and all pertinent loadings on the penetrations were analyzed®. These loadings included internal
pressure and thermal expansion effects typical of steady state operation. In addition, residual stresses
due to the welding of the penetrations to the vessel head were considered.

Results of the analyses reported here are consistent with the axial orientation and location of flaws which
have been found in service in a number of plants, in that the largest stress component is the hoop stress,
and the maximum stresses were found to exist in the circumnferential locations nearest and farthest away
from the center of the head. The most important loading conditions were found to be those which exist
on the penetration for the majority of the time, which are the steady state loading and the residual
stresses.

These stresses are important because the cracking observed to date in operating plants has been
determined to result from primary water stress corrosion cracking (PWSCC). These stresses were used
in fracture calculations to predict the future growth of flaws postulated in the head penetrations. A crack
growth law was developed specifically for the operating temperature of the head at the North Anna and
Surry Units, based on information from the literature as well as a compilation of crack growth results for
operating plants.

The crack growth predictions contained in Section 6 show that the future growth of cracks which might
be found in the penetrations will be very slow, and that a number of effective full power years will be
required for any significant extensions.

Safety Assessment

It is appropriate to examine the safety consequences of an indication which might be found. The
indication, even if it were to propagate through the penetration wall, would have only minor
consequences, since the pressure boundary would not be broken, unless it were to propagate above the
weld.

Further propagation of the indication would not change its orientation, since the hoop stresses in the
penetration are much larger than the axial stresses. Therefore, it is extremely unlikely that the head
penetration would be severed as a result of any indications.

If the indication were to propagate above the weld, a leak could result, but the magnitude of such a leak

would be very small, because the crack could not open significantly due to the tight fit between the
penetration and the vessel head. Such a leak would have no immediate impact on the structural integrity
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of the system, but could lead to wastage in the ferritic steel of the vessel head, as the borated primary
water concentrates due to evaporation.

Any indication is unlikely to propagate very far up the penetration above the weld, because the hoop
stresses decrease in this direction, and this will cause it to slow down, and to stop before it reaches the
outside surface of the head. This result supports the conclusion that it is extremely unlikely that leakage
of any magnitude will occur.

The high likelihood that the indication will not propagate beyond the head ensures that no catastrophic

failure of the head penetration will occur, since the indication will be enveloped in the head itself, which
precludes the opening of the crack and limits leakage.
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APPENDIX A
ALLOWABLE AREAS OF LACK OF FUSION: WELD FUSION ZONES

There are two fusion zones of interest for the head penetration attachment welds, the penetration itself
(Alloy 600) and the reactor vessel head material (A533B ferritic steel). The operating temperature of the
upper head region of the North Anna and Surry Units is 318°C (604 °F), so both materials will be very
ductile. The toughness of both materials is quite high, so any flaw propagation along either of the fusion

zones will be totally ductile.

Two calculations were completed for the fusion zones, one for the critical flaw size, and the second for
the allowable flaw size, which includes the margins required in the ASME code. The simpler case is the
Alloy 600 fusion zone, where the potential failure will be a pure shearing of the penetration as the

pressurized penetration tube is forced outward from the vessel head, as shown in Figure A-1.

The failure criterion will be that the average shear stress along the fusion line exceeds the limit shear
stress. For the critical flaw size, the limiting shear stress is the shear flow stress, which is equal to half
the tensile flow stress, according to the Tresca criterion. The tensile flow stress is the average of the

yield stress and ultimate tensile stress of the material. The criterion for Alloy 600 at 318°C (604°F) is:
Average shear stress < shear flow stress = 26.85 ksi
This value was taken from the ASME Code, Section III, Appendix I, at 600°F.

For each penetration, the axial force which produces this shear stress results from the internal pressure.
Since each penetration has the same outer diameter, the axial force is the same. The average shear stress
increases as the load carrying area decreases (the area of lack of fusion increases). When this increasing
lack of fusion area increases the stress to the point at which it equals the flow stress, failure occurs. This
point may be termed the critical flaw size. This criterion is actually somewhat conservative.
Alternatively, use of the Von Mises failure criterion would have set the shear flow stress equal to

60 percent of the axial flow stress, and would therefore have resulted in larger critical flaw sizes.
The allowable flaw size, as opposed to the critical flaw size discussed above, was calculated using the
allowable limit of Section III of the ASME Code, paragraph NB 3227.2. The criterion for allowable

shear stress then becomes:
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Average shear stress < 0.6 S, = 13.98 ksi
where S, = the ASME Code limiting design stress from Section III, Appendix 1.

The above approach was used to calculate the allowable flaw size and critical flaw size for the outermost
and center penetrations. The results show that a very large area of lack of fusion can be tolerated by the
head penetrations, regardless of their orientation. These results can be illustrated for the outermost

presentation.

The total surface contact area for the fusion zone on the outermost head penetration is 17.4 in®. The
calculations above result in a required area to avoid failure of only 1.45 in?, and using the ASME Code
criteria, the area required is 2.79 in>. These calculations show that as much as 83.9 percent of the weld

may be unfused, and the code acceptance criteria can still be met.

To envision the extent of lack of fusion which is allowable, Figure A-2 was prepared. In this figure, the
weld fusion region for the outermost penetration has been shown in an unwrapped, or developed view.
The figure shows the extent of lack of fusion which is allowed, in terms of limiting lengths for a range of
circumferential lack of fusion. This figure shows that the allowable vertical length of lack of fusion for a
full circumferential unfused region is 84 percent of the weld length. Conversely, for a region of lack of
fusion which extends the full vertical length of the weld, the circumferential extent is limited to

302 degrees. The extent of lack of fusion which would cause failure is labelled “critical” on this figure,
and is even larger. The dimensions shown on this figure are based on an assumed rectangular area of

lack of fusion.

The full extent of this allowable lack of fusion is shown in Figure A-3, where the axes have been
expanded to show the full extent of the tube-weld fusion line. This figure shows that a very large area of
lack of fusion is allowable for the outer most penetration. Similar results were found for the center

penetration, where the weld fusion area is somewhat smaller at 16.1 in2.

A similar calculation was also carried out for the fusion zone between the weld and the head, and the
result is shown in Figure A-4. The allowable area of unfused weld for this location is 84.8 percent of the
total area. This approach to the fusion zone with the carbon steel head is only approximate, but may
provide a realistic estimate of the allowable. Note that even a complete lack of fusion in this region

would not result in rod ejection, because the weld to the tube would prevent it.
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The allowable lack of fusion for the weld fusion zone to the head may be somewhat in doubt, because of
the different geometry, where one cannot ensure that the failure would be due to pure shear. To
investigate this concern, additional finite element models were constructed with various degrees of lack
of fusion discretely modelled, ranging from 30 to 65 percent. The stress intensities around the
circumference of the penetration were calculated, to provide for the effects of all stresses, as opposed to
the shear stress only, as used above. When the average stress intensity reaches the flow stress (53.7 ksi),
failure is expected to occur. The code allowable stress intensity is 1.5 Sm, or 35 ksi, using the lower of

the Alloy 600 and ferritic allowables at 316°C (600°F).

The results of this series of analyses are shown in Figure A-5, where it is clear that large areas of lack of
fusion are allowable. As the area of lack of fusion increases, the stresses redistribute themselves, and the
stress intensity does not increase in proportion to the area lost. These results seem to confirm that the

shear stress is the only important stress governing the critical flaw size for the head fusion zone as well.
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