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ABSTRACT

The occurrence of PWR steam generator tube cracking, denting, and was-
tage has been reported in the recent literature (1-5). As indicated by its
title, this pav=r concerns itself with the inelastic structural response of
the tubes that result from various assumed monotonic as well as cyclic load-
ing conditions, which ultimately could lead to the tube failure.
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Introduction

Typical PWR steam generator unlts contain thousands of tubes that are

guided and positioned along their lengths by support plates of various design.
A number of steam generator tube problems, such as the formation of wastages

and cracks on the outer surfaces of the tubes, have been reported in the litera-
tute(l-z). Although initial clearance in the support plates of particular

types of steam generators are provided to allow for rliding of the steam
generator tubes under all comtemplated operating conditions, there are occa-
sions, as reported in the recent liteutute,(s-s) vwhen corrvsion or so-called
"crud" product build-up in tha clearance gaps results in tube seizure and
ultimate fajlure. This latter phenomena has mainly been erpi::lanccd in West-
inghouse steam gencrators. .

Since the steam generator tubes serve as the primary containment of the
reactor coolant, it is important to better understand the masgins of safety
inherent in the degraded tubes. In accordance with the Regulatory Guide
1.121,(6) tubes with detected part-thru wall cracks should not be stressed be-
yond the elastic range of the tube material, and tubes with part-thru wall
cracks, wastages, or combinations of these shall have a factor of safety
against failure 'by bursting of not less than three at any location. These
criteria apply for the full range of normal operating conditions. In addi-
tion, margins of safety against tube failure under postulated accidents
should be corsistent 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.

This paper concerns itself with the elastic structural response of
steam generator tubes having varlous degradatioms. Specifically, nonlinear
finite element analysis methods using large displacement formulations were

carried out to determine burst pressures for tubes containing elliptical



wastages and part-thru circumferential cracks. For tubes "seized" in

the support plate holes, operational cyeclic pressure and temperature
loadings were evaluated for inelastic ratcheting responses. Tke behavior
of tubes containing longitudinal cracks is presented in detail in a separate

report @ .

Analysis Methods and Features
All analyses to be presented were carried out with the Nonlinear

Finita Analysis Ptoatam(NFAP)(a). This general purpoae prbgtan contains
two~dimensional plane, and axisymmetric, as well as three-dimensional iso-
patanggfip elgmegt§ that'can be applied to problems involving nonlinear
material behavior and large deformations. Other features of the code
include direct pressure inputs for the isoparametric elements, scaling

of the initial yield load, automatic load increment adjustments for con~
vergent nonlinear solutions, pressure~geometry dependency, an automatic
bandwidth reduction scheme, an out-of-core solution solver, and a graphic-
grid stress-strain output, ete. The numercial accuracy of the program

€:))

was investigated and checked with known benchmark problems
Analysis of Results for Tubes with Elliptical Wastages
Figure 1 depicts the four-layer, 360 eight-node, plame strain finite
element grid used to model the tubes cbntaining the elliptical wastages.
Essentially, this is a two-dimensional approximation of a real tube with.
an elliptical wastage whose major axis is longitudinally oriented (See
Figure 6). The tube analyzed was a 0.750 in. 0.D. (1.905 cm) x 0.048 in.
(0.122 cm) wall——Inconel 600 with an elliptical wastage having a major .
ax;s 1.50 inches long (3.81C cm) and a minor axis of 0.750 inches (1.905 cm)
long. For the analysis, wastage depths were assumed to vary from 50 percent

to 90 percent of the original wall thickness.
-2



FIGURE 1

TYPICAL FINITE ELEMENT GRID OF THE WASTAGE TUBE3
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Figures 2A~2F and 3A-3F show the calculated results for the 50, 60, 65, 70

80, and 90 pexcent depth wastages for beth the internal and external pres—

sure loadings. Figures 2A through 2F depict the original (shown with
dotted line) and deformed shapes for the above-mentioned cases when sub-
jected to internal pressure at the point where the tubes cannot sustain
any additional load increments. Figures 3A through IF show the correspond-
ing results for the extecnal pressure loadings. For the sake of clarity,

a scale factor of 10 was applied to the calculated results used in depict-
ing the deformed shapes shown in the above-mentioned figures.

Table I summarizes the results for the internal pressure cases.
Values are listed for the failure pressure, effective stress, effective
strain, and a strain limit failure criteria based on a triaxia.ity cor-
rection factor, described in the 1itetature(9'1°). The results shown
in the table correspond to 2 condition of plastic instability in that
the tube cannot sustain any additional loading. Preliminary e=lculations
indicate that a failure condition corresponding to an ultimate loss of
area could be reached for some cases. However, subsequent investizations indi-
cated that the ,r =liminary results were in error. It seems that this failure con-
dition would occur either at the listed pressure or a siightly higher pressure.

Table II shows the results cobtained for the externmal pressure cases.

Values are listed for the pressure corresponding to the elastic collapse and
the plastic instability. The elastic collapse pressure is defined as the ex-
ternal pressure at the time when the first element iﬁ the tube yields, while

- the plastic instability pressure is the external pressure when the structure
cannot sustain any additicnal load. Figures 4 and 5 graphically summarize

the results for the two-dimensional interrpal and external pressure cases dis-

cusses above.
—d
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CROSS~SECTION OF THE 502 WASTAGE TUBE AT 4376 PSI—INTERNAL PRESSUPE CONDITION



FIGURE 2B

CROSS~SECTION OF TEE 60% WASTAGE TUBE AT 4022 PSI-—INTERNAL PRESSURE CONDITION
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FIGURE 2C

CROSS-SECTION OF THE 652 WASTAGE TUBE AT 3567 PSI-——INTERNAL PRESSURE CUNDITION




FIGURE 2D

SS-SECTION OF THE 707 WASTAGE TUBE AT 2810 PSI--INTERNAL PRESSURE CONDITION
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FIGIRE 2E




FIGURE 2F

CROSS~SECTION OF THE 90% WASTABE TUBE AT 1907 PSI-—INTERNAL PRESSURE CONDITION
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FIGURE 3A

CROSS—SECTION OF THE 502 WASTAGE TUBE AT 2447 PSI-~INTERNAL PRESSURE CONDITION
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FIGURE 3B

CROSS-SECTION OF THE 60Z WASTAGE TUBE AT 1920 PSI——EXTERNAL PRESSURE 'CONDITION
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FIGURE 3C

CROSS-SECTION OF THE 65Z WASTAGE TUBE AT 1650 PSI--EXTERNAL FRESSURE CONDITION




FIGURE 3D
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CROSS~SECTION OF THE 70Z WASTAGE TUBE AT 1300 PSI-—EXTERNAL PRESSURE CONDITION
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FIGURE 3E

CROSS-SECTION OF THE 80Z WASTAGE TUBE AT 850 PSI--EXTERNAL PRESSURE CONDITION



FIGURE 3F

907 WASTAGE TUBE AT 751 PSI——EXTERNAL PRESSURE CONDITION

CROSS~SECTION OF THE
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SUMMARY OF RESULIS OF TWO-DIMENSTONAL WASTED TUBES SDBJECTED
TO INTERNAL PRESSURES

Differential Pressure

% Wastage _at Failure Effective Straiy X Strain Limie#*Z
50 4976 20.% 23.8
60 4022 19.9 22.8
65 | 3567 20.8 22.4
70 2310 | 20.7 22,4
80 2323 21.5 22.1
90 2029 20.0 | 23.1

*Reference (9,10)

5 s fan (1 + Eu) - Uyd/E]F (TF)

F(TF) = TF L1 = TF1) (2.940 - 4.545 TF 1))
F.u = Engineering strain at rupture

o_, = The yield strength

yd
E = Young's modulus
°1 +a, )

TF (triaxiality factor) = 5 =

ef

where 0 _ = Effective
TF = 91 T 9 t oy ef  siress
Og

~17~
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TABLE 2

SUMMARY OF iar RESULTS OF TWO-DIMENSIONAL WASTED TUBES

SUBJECTEDL TO EXTERNAL PRESSURE

Differential Pressure at Differential Pressure at
X Wastage Elastic Collapse _ _at Plastic Instability
(at outside surface)

50 1800 2447
60 1440 1920
65 1200 1650
70 94 1300
80 605 850
90 510 751
-

-18-
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External Failure Pressure for Tubes with

Elliptically® Shaped Wastage Configuration
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It is to be noted that in the real atructure there would be a strength-
ening effect due to the surrounding intact walls. In order to gain imsight
into this effect, a three-diemnsional analysis for the elliptical wastage
ghown in Figure 6 was carried out. The computed effective sﬁress and effec~-
tive strains vs. internal pressure is depicted graphically in Figure 7.

The extent of the plastic zones at failure as determined by the triaxial
failure criteria on the inner and outer surfaces £ the tubes are shown in
Figures 8 and 9, while the radial defections for the center of the wastages

are plocted vs. pressure.in Figure 10. The burst pressure via the triaxial
failure criteria was found to be 2657 psi(18.32 MPa), while cun’ational in~
stability, one of the failure criteria applied for the two~dimensicnal analysis,
did not occur until 2891 psi (19.93 MPa). '

Comparing these results with the equivalent two-dimensional failure
pressure (2323 psi(16.02 MPa)) indicates a three-dimensional strengthening
effec§ of 12.6 percent or 19.6 percent for the two failure conditions men-
tioned above. It should be noted that the effective strain ét 1nstaﬁility
(~19.6 percent) is close to that of the two-dimensional case.

While a0 other three-dimensional analysis for these defect geometries
were carried out, some information regarding the strengthening tfend may
be inferred from results obtained from the three-dinmﬁsional analyses

&) From these studies it

carried out for longitudinally cracked tubes.
seems that for short finite length cracks, the strengthening effect is a
function of the crack depth. As the crack depth becomes less, the three~
dimensional strengthening effect also becomes less. In regard to ecrack

length, an inverse effect should be expected. For a short length crack

" maximum strengthening occurs while for a long crack no strengthening should

-2)-
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802 THRU WALL ELLIPTICAL WASTAGE IN STEAM GENERATOR TUBE
EFFECTIVE STRESS ON INNER SURFACE
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occur. A similar type of effect can also be expected to occur for the
elliptical wastages under consideration herein. In view of the above,
the results shown in Table 1 can be considered to be conservative with
the degree of conservatism varying as per the discussion above.
From Table 1 it can be seen that a tube with a 50 percent wastage
meets the margin of safety criteria cutlined in the Regulatory Guide 1.121.
In addition, if we take account of the three-dimensional strengthening
effect, it is probable that the 60 percent wastage case also satisfies the
criteria. Of course, for all casea, faulted conditions muat be assessed
separately.
Three-Dimensional Analysis of a Part-Thru Partial Arc Circumferential Crack
Figure 11 depicts the geometrical configuration of the flawed ateam
generator tube to be discussed, while Figure 12 shows the finite element
grid used for the analysis. The mechanical properties of the tube are iden-
tical to those of the earlier analyses. For the case analyzed, involving
only internal pressure, the presence of the crack does not appreciatively
alter the failure pressure of the tube.
This can be clearly seen from Figures 13 through 16 which respectively
depict the }element integration point effective stresées for the inner and
outer si;rfaces of the tube for internal pressures of 4300 psi (29.65 MPa) and
4800 psi (33.09 MPa). With the excepi:ion of a few points that have just become
plastic at 3800 psi (26.20 MPa), the stress field on the inmer surface of t}le tube
is virtually uniform. This is even more true for the outer surfaces which are still 1
completely in the elastic range. As can be seen from the latter two figures, the
addition of approximately 500 psi (3.45 MPa) of internal pressure results in an

almost uniform effective stress field for hoth the inner and outer surfaces with no

-2 F=
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50% THRU WALL CIRCUMFERENTIALLY CRACKED STEAM
GENERATOR TUBE
EFFECTIVE STRESS VALUES AT 4300 PSI ON QUTER SURFACE
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appreciative stress riser in the reglon of the crack. The reason for this
is that the predominant stress for this case is the hoop stress, which is
only slightly effected by the crack. In fact, for the stress distribution
of a tube under monotomic pressure the strain distribution is such that the
crack does not open, thus, stress concentration effects are negligible.

Tt is to be noted, however, that these findings would not apply if moment
loadings act on the tube. .
Analysis of Results foi. Seized Tubes

Figure 17 depicts schematically the tube and support plate configura-
tions under atudy. The finite element idealization of the above configura-
tion is shown in Figure 18, where axisymmetric finite elsmants were used.

In view of the cyclic load considerations, the kinematic hardening rule i=
applied. The assumptions made for this problem are that the tube and the
support plate are integrally connected and that due to symmetry, the outer -
edge of the plate is restrained in the horizontal direction. )

The following cyclic loading sequence was applied: Ptgssure on the pri-
wary side goes from 0 to 2250 psi (15.510 MPa) while the pressure on the
secondary side varies from 0 to 750 psi (5.171 MPa). Simflarly and simul-
taneously, the temperature of the tube is increased uniformly from 70°F
(21.10°C) to 620°F (326.67°C) while the plate temperature is increased from
70°F (21.10°C) to 560°F (293.3°C). The material properties for theb tube and
_éupport piate ‘were assumed to be similar with the exception that the coefficient

of thermal expansion of the plate was o = 0.706 x 10™> in/in/°F (0.127 x

;
<

10.4 cm/em/°C) while that of the tube was o = 0.785 x 107 infin/°F (1.141 x

-4

10 ° cm/cm/°C. The values assumed for the elastic modulus, the tangent
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SCHEMATIC VIEW OF SUPPORT PLATE
AND TURE CONFIGURATION

FIGURE 17

=35




+ Tube

Secondary Side Primary Side

FREIES =ITIE T S ITEIEEEETTEEEED

Ejed)psiieiejeraes

Support Plate = +

THE FINITE ELEMENT GRID IDEALI~

ZATION OF THE SUPPORT PLATE AND .. . - - -

THE TUEE

R
y

FIGURE 18

-3G=



modulus, the yileld stress, and poisson's ratio are respectively: E = 30 x

108 psi (20.68 x 10°

MPa); E, = 25.6 x 10° pai (17.65 x 107 MPa); o, =
38,000 psi (262.0 MPa); and v = .3.

Figures 19 and 20 show the calculated deformed shape of the tubes
after 10, 20, and 30 cycles at full load and zero load respectively. Ffig-
vres 21 and 22 depict results of hoop stress and strain at the inner and
outer radi.s of the tube at full load vs. the number of cycles while Fig-
ures 23 and 24 show the results when the temperature and pressure loads are
reduced to zero. The stress=-strain history points for points A and B lo-
cated at the inner and outer radius are shown respectively in Figures 25
and 26.

In evaluating the results shown in the above-mentioned figures, it
becomes apparent that for the boundary conditions and material assumptions
made in this analysis, there is a continuous plastic zone and plastic
#train growth for each of the loading cycles considered. It is to be noted,
however, that the plastic growth rate per cycle is decreasing. Thus, two
possibilities exist, that is, plastic action will cease at some subsequent
cycle or. plastic growth will continue indefinitely. 1In the first case the
designer will be faced with a fatigue problem while for the latter case
the design will fail by ratcheting. In neither case can the problem be
considered to be that of a simple shakedown situation.

As mentioned, simplified approximations were made for the seized tube
analyses. Firstly, the assumptions of identical yfeld strengths and tan~
gent modull for the tybe and plate may not f£it all applications. Generally

speaking, if the plate material is softer than the tube material, a greater
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tendency towards a fatigue situation would exist. Alternatively, if the
plate is stiffer, then the potential for ratcheting would be greater.

Another major assumption made was that the plate and the tube were
integrally connected. In the actual situation the tube may break away
from the support plate during each cycle (during unloading). If this occurs
the possibility of progressive "erud" build-up exists, thus progressively
decreasing the support plate hole diameter. When this occurs, ratcheting
failure is most probable since the plastic strain per cycle will be higher
than the case considered herein. This case should be treated analytically
aince the mathod for carrying out this type of analysis does exist.

Finally, the possibility of flaws in the vicinity of the high stress
regions can strongly alter the behavior of the system. Thesa effects to-
gether with e:périmeutal verification, using physical models, should be
undertaken. This only pertains to normal conditiom, and not upaet,
Conclusions

Two aﬁd three-dimensional evaluations of steam generator tubes having
denting, wastage, and circumfcrential and longitudinal cracks have been
made. From these evaluations it can be inferred that the two-dimensional
analyses will provide comservative estimates of the burst pressure for
cases involving pressure loadings only. The degree of conservatism for
‘cracked wasted configurations is a function of the defect length, depth,
and shape; furthermore, for denting problems the ax:l.symetr:l.é analysis .
results are as good as the boundary cond;cions and the material property
. assumptions made. ' In addition the possibility of flaws associated with

the denting phenomena can strongly alter the present calculated results.
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