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1.0 INTRODUCTION AND BACKGROUND 

During regularly scheduled inservice inspection of steam generator 

girth welds, Carolina Power & Light (CP&L) identified non

reportable indications in the transition cone to upper shell girth 

weld on the H. B. Robinson Unit 2 B steam generator. As a result, 

CP&L decided to inspect the similar weld on the A and C steam 

generators, although these welds had not originally been scheduled 

for inspection. Ultrasonic inspection of these welds identified 

several short (2" or less), shallow (0.47" on C, 0.293" on A), 

circumferentially oriented flaws on each generator. Because the 

flaw indications exceeded ASME Section XI [1] IWB-3500 acceptance 

standards, CP&L contracted Structural Integrity Associates to 

evaluate these flaws in accordance with ASME Section XI IWB-3600 to 

determine whether continued operation with the observed indications 

is acceptable.  

. In addition to the ultrasonic examination of these locations, CP&L 

elected to perform internal fluorescent magnetic particle 

examination of a portion of the weld on A generator, as a check on 

both UT sizing and the nature of the indications. This examination 

confirmed that the indications were in fact short, and suggested 

that they were fabrication related, since the indications had the 

appearance of weld porosity in some locations, and all indications 

were confined to the weld metal in the girth weld. The location of 

the indications was re-welded in 1984 as part of the steam 

generator replacement program.  

This report summarizes the analyses performed by SI. The analyses 

include stress and fracture mechanics studies, including fatigue 

crack growth calculations. The conclusion of these analyses is 

that the observed indications will not grow to a depth which will 

violate Code margins on structural integrity of the steam generator 

shells over the next 18 month operating cycle, assuming a . conservative transient cycle definition.  
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Section 2 summarizes the component geometry and material properties 

used in the evaluation. Section 3 presents the results of stress 

analyses performed to generate input for the fracture mechanics 

analysis in Section 4. Conclusions are presented in Section 5.  
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2.0 COMPONENT DESCRIPTION 

The flaw indications were identified in the vicinity of the 

transition cone to upper shell weld in the H. B. Robinson steam 

generators A and C. A sketch of the component geometry, based upon 

data in Reference 3 is included as Figure 1. At the indication, 

the steam generator shell has an inside radius of 79.5", and a wall 

thickness of 3.62". The transition cone joins the upper shell at 

a nominal angle of 13.6*, determined from figures in Reference 2.  

The observed flaw indications are short, shallow, and oriented 

circumferentially.  

The transition cone is fabricated from SA-533 Grade A, Class 2 

material. Material properties for this material were taken from 

Reference 3 and from the ASME Section III Appendices at 500*F. The 

properties used in the analysis are summarized in Table 1.  

Fracture mechanics material properties (Fracture Toughness and . Crack Growth Rates) were taken from ASME Section XI, Appendix A.  

While strict applicability 6f the Fracture Toughness data is 

limited to SA-533, Grade B plate material, it is believed that the 

lower bound toughness curves give reasonable estimates for SA-533, 

Grade A plate and associated weldment material as well.  

The operating pressure of the steam generator shell is 800 psi, and 

the operating temperature is 518"F [3].  
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O 3.0 STRESS ANALYSES 

The flawed location is in the transition cone to upper shell weld 

of the steam generator. For this location, the governing stress 

components are due to internal pressure and thermal transients.  

For the purpose of evaluating the observed flaws, it was necessary 

to determine through-wall stress distributions due to applied 

pressure and limiting thermal transients. The analyses used both 

theoretical and finite element methods, as discussed below.  

The resulting stress distributions were used in fracture mechanics 

evaluations to determine predicted flaw growth rates and to 

determine the structural adequacy of the shell with the as-grown 

flaws, as presented in Section 4.  

3.1 Pressure Stress 

. Since the observed flaw indications are circumferentially oriented, 
the axial component of pressure stress is of interest in evaluating 

the flaws. For a capped cylinder under internal pressure, 

Reference 4 gives a theoretical solution for axial stress. This 

results in: 

Oaxial qb 2 = 8589 psi 

where: q = internal pressure = 800 psi 

b = inside radius = 79.5" 

a = outside radius = 83.17" 

Because the affected region is in the transition cone to upper 

shell junction, bending stresses are also expected due to the 

geometric discontinuity. A two-dimensional axisymmetric finite 

element analysis of the component was performed to assess the 

pressure bending effects. The model is shown in Figure 2. The 
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00 
finite element pressure stress results are shown in Figure 3, and 

compare well with the above theoretical result except for the 

bending effect.  

3.2 Thermal Stress Analysis 

Review of the stress report provided by CP&L [3] showed that the 

most severe thermal transient designed for under normal operation 

is due to injection of 70*F feedwater with the shell at an 

operating temperature of 518*F. This transient was conservatively 

modeled as a step change in fluid temperature of 448*F, as shown in 

Figure 4. Thermal stress analysis of this transient was performed 

using two independent analytical techniques to determine the worst 

case through-wall stress distributions for use in flaw evaluation 

and fatigue crack growth analyses.  

The first analysis method used the SI in-house computer program . PIPE-TS3 [5], which performs thermal transient and thermal stress 

analyses based upon an infinite cylinder model. The temperature 

history generated in this analysis is presented in Figure 4. This 

figure also illustrates the assumed fluid temperature transient, 

which was a decrease from 518* to 70* in 20 seconds. This 

transient is assumed to conservatively bound all thermal transients 

likely to be experienced by this location in the steam generator 

shell. Figure 5 presents the thermal stress history during this 

transient at the inside and outside surfaces, and Figure 6 presents 

the through-wall stress distribution at the time of maximum bending 

stress due to the transient.  

In addition to this infinite cylinder analysis, a transient thermal 

stress finite element analysis of the location was performed. The 

purpose of this second analysis was to assess the effects of the 

transition cone to shell geometry. The same material properties 

and transient definition were used as in the PIPE-TS3 analysis 

described above. The finite element model for the thermal stress 
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analysis is illustrated in Figure 7. The resulting finite element 

thermal stresses at the time of maximum bending stress are 

illustrated in Figure 8. Once again, the stress distribution 

results from the two analyses were not significantly different, as 

can be seen by comparing the two stress cases presented in Figure 

8.  

The pressure stresses calculated by the finite element method were 

slightly more severe than those calculated by closed form methods 

due to discontinuity bending effects. The thermal stresses 

determined by two distinct methods are essentially the same. The 

results from finite element analyses for the pressure stress case 

were combined with the PIPE-TS3 results for the thermal cases and 

were used in the fracture mechanics analyses summarized in the next 

section.  

3.3 Fatigue Cycle Definition 

For the purpose of fracture mechanics/fatigue crack growth 

calculations, the thermal and pressure cases were combined as 

follows. The plant is assumed to experience five heat-up/cool-down 

transients per year, according to the stress report [3]. This 

transient is modeled as a complete pressure cycle (0 to 800 psi to 

0), plus a complete thermal cycle (518* to 70*F). In addition, the 

shell is assumed to experience 625 (25000/40) complete thermal 

cycles (518* to 70*F) while at operating pressure, per year [3].  

This transient definition is believed to conservatively bound 

expected steam generator operating transients, both in magnitude 

and number of cycles.  
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4.0 FRACTURE MECHANICS ANALYSIS 

Fracture mechanics analyses of the limiting flaw indications 

reported by inspection were performed. These analyses are 

summarized below. The end result of the analyses is a series of 

fatigue crack growth calculations to predict the expected depth of 

the observed flaws at the end of the next fuel cycle (approximately 

18 months), and to assess the acceptability of this size flaw in 

accordance with ASME Section XI [1] flaw evaluation criteria. (In 

the absence of flaw evaluation rules for Class 2 vessels in 

Reference 1, the Class 1 vessel requirements are applied, as 

recommended in Reference 1.) 

The conclusion of the studies is that the observed flaws are not 

predicted to grow to a depth which will impair the structural 

adequacy of the steam generator shells in the next 18 months of 

operation.  

4.1 Flaw Modeling 

The indications in the A and C steam generators are relatively 

shallow and short. The limiting flaws were modeled as semi

circular, inside surface cracks with an aspect ratio a/1 = 0.5. A 

second set of analyses was also performed assuming semi-elliptical 

surface cracks with a/1 = 0.2. The former case is representative 

of the actual flaw characterizations at H. B. Robinson, Unit 2, as 

reported by UT. The latter is more conservative and representative 

of longer flaws, such as have been observed at other plants. The 

distinction between the two cases is significant, since a flaw 

model with a/1 = 0.2 will predict higher crack growth rates under 

the same stress conditions than will an a/1 = 0.5 model. Use of 

the 0.5 model for the Robinson steam generator flaws is consistent 

with the reported lengths of the limiting flaws determined by UT, 

supported by the MT observed flaw lengths on A generator. Also, 

large aspect ratio flaws would be expected if fabrication was the 
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cause, as is believed to be the case for the subject flaw . indications.  

The SI fracture mechanics computer program pc-CRACK [6] was used to 

analyze both flaw models.  

4.2 Stress Intensity Factor Calculation 

The stress cases described in Section 3 (FEM pressure and PIPE-TS3 

thermal) were used to generate through wall axial stress 

distributions. Axial stresses were used because the observed flaws 

are circumferentially oriented.  

Stress intensity factor (K) calculations using the above stress 

distributions with each flaw model (a/l = 0.2,0.5) were performed 

using pc-CRACK. The K versus a (depth) distribution for each 

stress case is shown in Figure 9 for a/l = 0.5, and in Figure 10 . for a/l = 0.2. These figures illustrate the K due to pressure 

stress calculated by FEM and the K due to thermal stress at 110 

seconds into the transient (time of maximum bending stress).  

Residual stresses are assumed to be zero since the vessel was post 

weld heat treated as part of the 1984 replacement program. The 

pressure finite element results will be used in the following 

analysis.  

It is worth noting that the K calculated for each stress case is 

much higher for the long flaw (a/l = 0.2) model. Consequently, a 

longer flaw would be expected to grow faster than a shorter flaw of 

the same initial depth.  

4.3 Allowable Flaw Size Determination 

Section XI of the ASME Code [1], IWB-3610 and Appendix A, provide 

methods for assessing the acceptability of flaws which exceed the 

acceptance criteria of IWB-3500. The techniques are directed at 
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acceptance of flaws in Class 1 components which exceed 4" in 

thickness. However, application to other components is permissible 

pending incorporation of evaluation standards for these components 

into the Code.  

The evaluation criteria in Section XI define the allowable flaw 

size under normal operating conditions as that flaw depth where the 

applied stress intensity factor just equals the material fracture 

toughness parameter Kia divided by JfI0. For emergency and faulted 

conditions, the allowable flaw depth is that where the applied 

stress intensity factor just equals the toughness parameter KIC 
divided by ,/f. The purpose of these limits is to provide margin 

against unstable flaw propagation under applied loading. Figure A

4200-1 of Section XI Appendix A gives Kla and K data as a function 

of temperature for materials which are assumed to represent the 

lower bound performance of the materials used in the H. B. Robinson 

steam generator transition cone girth weld and base materials.  

. Material test documentation contained in Reference 3 gives the 

maximum RTNDT for the transition cone material as 60*F. This value 

was used along with the Kla and KIC curves in Figure A-4200-1 to 

determine fracture toughness estimates for the steam generator 

material as functions of distance through the vessel wall, and 

transient temperature history.  

The transient thermal stress analyses discussed above predicts 

through-wall temperature distributions for each time step in the 

transient analyzed. Using these distributions with the Section XI, 

Appendix A curves and the RTNDT of 60*F, Kla and KIC were calculated 

as a function of depth. The maximum value for these properties was 

taken as 200 ksi /in, as shown in the Appendix A figure.  

For the purpose of evaluating allowable flaw depth under normal 

operating conditions, both calculated toughness parameters were 

divided by /Ii. The applied stress intensity factors due to 
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pressure and the assumed thermal transient were determined as 

described above. The total stress intensity factor (pressure plus 

thermal) as a function of depth was compared to the factored 

toughness functions for representative time steps during the 

assumed transient.  

Figure 11 presents the results for the time at which the peak 

stress occurs during the assumed transient (43 seconds). For this 

case, the applied K curve does not exceed either the Kia or K curve 

(divided in both cases by flTU) for any flaw depth. Figure 12 

presents the results at the time of the maximum bending stress due 

to the transient (110 seconds). Figure 13 presents the results 

later in the transient (200 seconds). In Figures 12 and 13, the 

total K curve exceeds the factored Kla curve slightly for shallow 

flaws, then falls below this curve for deeper flaws. This effect 

is due to the fact that the KIa is a function of the difference 

between local temperature and RTNDT. As the temperature transient . propagates into the shell, this difference is reduced. In neither 

Figures 12 nor 13 does the applied K curve exceed the K curve 

(factored by ,/T0) for any flaw depth.  

It is judged that for the H. B. Robinson steam generator shell flaw 

evaluation, it is appropriate to use the KI /,/T0 curve to determine 

allowable flaw size for normal operating conditions. This is 

because the component is a Class 2 vessel with wall thickness less 

than 4". In addition the factor of f/l0 on K1c gives adequate margin 

to critical flaw size as determined from Klc. The fact that K //TE 

is slightly exceeded for shallow flaw depths is not significant, 

since for deeper flaw depths this margin is restored. This effect 

is common in thermal transient driven analyses such as the present, 

where thermal effects are significant for shallow flaws.  

Evaluation of emergency and faulted condition allowable flaw size 

is bounded by the normal condition evaluation. The allowable flaw 

size for emergency and faulted conditions is governed by KI /J/2, 
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which is a factor of 2.24 greater than the K 1/./Th used for normal 

evaluation. However, review of the design transient definitions in 
Reference 3 indicates that stress intensity factor due to 

emergency/faulted thermal loads at the affected location will be 

essentially the same as for normal conditions, while applied 

pressure will less than double. Therefore, the normal condition 

case is governing.  

4.4 Fatigue Crack Growth Predictions 

Fatigue crack growth calculations were performed for the limiting 

flaw depths in each generator (0.47" in C, 0.3" in A), using the 

above stress intensity factor calculations. The ASME Section XI 

Appendix A crack growth law for carbon and low alloy steels in 

reactor water environment was used [1]. The cyclic loading scheme 

discussed in section 3.3 was used.  

. The results of the analysis are presented for an 18 month operating 
cycle in Figure 14 for all four cases. From this figure, it is 

seen that a 0.47" deep flaw with a/l = 0.5 is predicted to grow to 

a depth of about 0.7" over 18 months. In comparison, the same flaw 

is predicted to grow to nearly 1" deep if the aspect ratio is taken 

as 0.2.  

Faster growth would be predicted if a flaw model with aspect ratio 

of 0.1 was used. This observation allows this analysis to be 

benchmarked against observed flaw growth at similar locations in 

other steam generators, in which service induced cracking was 

believed to have been observed. These flaws were originally 

reported with lengths as long as 9", and were observed to grow in 

depth by about 0.75" in one operating cycle [7]. Comparable or 

larger growth would be predicted using a model with a/l = 0.1 (long 

flaw) and the analysis approach described above for the H.B.  

Robinson generators.  
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t0 

This suggests that the Section XI crack growth law, together with 

the assumed cycling and calculated stress distributions used above 

for the analysis of the H.B. Robinson generators, would reasonably 

represent the behavior of service induced flaws in steam generators 

if larger aspect ratio flaws were present. Because the Robinson 

flaws are very short and shallow, and because of the chemistry 

control which Robinson has successfully implemented in these 

generators since the replacement activities in 1984, it is believed 

that the analyses summarized here are reasonably conservative.  
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A0 
5.0 RECOMMENDATIONS AND CONCLUSIONS 

The observed indications in the steam generator A and C girth welds 

are acceptable for continued operation without repair for the next 

18 month operating cycle. This conclusion is based upon 

conservative stress and fracture mechanics analyses performed in 

accordance with the requirements of ASME Section XI, Appendix A.  
The indications were characterized as short and shallow, and do not 

compromise the structural integrity of these steam generators. The 

internal MT inspection by CP&L , which confirmed that the observed 
indications are short in length and have characteristics of 

fabrication defects, supports continued operation without repair of 

the observed flaws.  

In accordance with ASME Section XI requirements, the areas of the 

observed flaws must be re-examined during each of the next three 

inspection periods, since they exceeded the Section XI IWB-3500 . acceptance standards and required an IWB-3600 flaw evaluation.  
Because of the generic concern regarding service-induced flaws in 

steam generator shells, which have in some cases resulted in large 

crack growth rates, a mid-cycle inspection of the worst indication 

may be advisable prior to the next refueling outage, if the plant 

experiences an extended shutdown for other reasons.  
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Table 1 

Material Properties Used on Analysis 
of H. B. Robinson Steam Generator Indications 

(all taken at 500 0 F) 

E, ksi (1) 28.0 x 103 

v 0.3 

a, in/in/OF (1) 7.96 x 10-6 

K Btu/hr-ft-"F (2) 24.2 

Sm, Ksi (1) 30 

S Ksi (1) 62.4 

Su, Ksi (1) 90 

pCP, Btu/ft3 (2) 64.2 

(1) Taken from Reference 3.  

(2) Taken from ASME Section III 1986 Appendices [1].  
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SA-302 Gr.B Flaw Indications 

(in weld material) 

Transition Cone 
SA-533 Gr.A C1.2 13.60approx. 75.88" 

3.62" 

61.13"R-

NOT TO SCALE 

Figure 1. H.B. Robinson Steam Generator Geometry: 
Transition Cone to Upper Shell Junction 
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Figure 7. Finite Element Model for Thermal Stress Analysis 
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K vs a for T = 110 SEC 
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Figure 9. K vs. A for Pressure and Thermal Stress Cases (a/Z = 0.5) 
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K vs a for T = 110 SEC 
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Figure 11. Comparison of Applied K with Section XI Allowable Values at t = 43 sec 
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K vs a for T = 110 SEC 
TOTAL K VS ALLOWABLE VALUES 

70 

asm3ffflWlfl3f~flllflamnEee-mu141eme1 eamalHD-mf(00fB-effHI00HB-B 
60 

L 

50 

40 
O 

20 

(0 

10 

30 
O 

-10 

0 0.4 0.8 1.2 1.6 2 2.4 2.8 

Depth (Inches) 
O KIr/sqrt(10) + Klc/sqrt(l0) o TOTAL K 
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K vs a for T = 200 SEC 
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Figure 13. Comparison of Applied K with Section XI Allowable Values at t = 200 sec 
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Figure 14. Predicted Fatigue Crack Growth (18 months) a/t = 0.2 and 0.5, 
Initial Flaw = 0.3" and 0.47" 
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