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ABSTRACT

Limit load of structures with flaws is one of the important inputs in safety assessment of
structures. Limit load solutions for some geometries are available in the open literature.
However, they are valid for some specific range of parameters and for certain specific loading
type, for example, only internal pressure or pure bending moment. The actual loading on the
structure is often a combination of different simple types of loadings. In the present paper, |
limit moments for straight pipe with throughwall circuinferenial cracks, healthy elbow and
‘elbows with throughwall axial and circumferential cracks are evaluated with constant internal
pressure for steam generator inlet line of 500 MWe Indian PHWR.

INTRODUCTION

The application of Leak-Before-Break (LBB) concept to design primary heat transport (PHT)
piping system involves the detailed fracture mechanics analysis of different piping
components with postulated cracks. The analyses are done to demonstrate the stability of
through wall - cracks under various loading conditions. The stability of a flaw can be
demonstrated based on two different independent procedures. The first approach is based on
the concept of J resistance and Tearing modulus. This requires detailed fracture mechanics
analysis of the piping components with the determination of J integral and associated tearing
modulus. In the second approach, the stability may be demonstrated by using R-6 analysis
procedure, in which the detailed non-linear fracture mechanics analysis may not be required.
One of the important inputs to R-6 procedure is the limit loads of the components with
different through wall flaws. Various expressions are available in the literature to calculate-
limit loads of piping components. However, these expressions are applicable for certain
ranges of geometrical parameters and certain types of loading (such as either pressure or
moments). For a wide range of geometrical parameters and different combinations of loading,
one has to depend on the elastic plastic finite element analysis to calculate limit loads. There
are five pipe lines in the PHT system of a typical Indian PHWR. These are Steam Generator
Inlet (SGI), Steam Generator Outlet (SGO), Pump Discharge Line (PDL), Reactor Inlet
Header (RIH) and Reactor Outlet Header (ROH). Beside straight pipes, these lines consist of
various sizes of elbows and tees. These components are subjected to various combinations of
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loads depending upon the service scenario, such as, normal operating and design basis
-accident loads. To qualify these components for Leak-Before-Break condition, one may use
R-6 analysis procedure to demonstrate the stability of leakage size cracks. This in turn needs
the value of limit load. In the present work, the limit loads of straight pipes with throughwall
circumferential cracks and elbows with throughwall circumferential and axial cracks are
evaluated by finite element method. Although the calculations have been carried out for SGJ,
PDL and SGO lines, the present paper is limited to the results for SGI line.

GEOMETRY AND LOADING ON STEAM GENERATOR INLET LINE

The straight pipe portion of the SGI line has mean bore radius (R) and thickness (t) equal to
234 mm and 40 mm respectively. The SGI elbow has the same mean radius and thickness as
the straight pipe portion. The mean pipe bend radius of the SGI elbow is 762 mm. PHT
elbows are subjected to internal pressure and bending moment during normal service
condition. Bending moment is introduced due to thermal expansion, dead weight of the pipe
during normal reactor operating condition. Additional severe bending moment acts due to safe
shutdown earthquake loading during accident condition. In the analysis, internal pressure is
kept constant while bending moment is increased gradually to evaluate the limit moment at
plastic collapse. Constant crack face pressure equal to half the internal pressure is also
applied in all the cases.

MATERIAL PROPERTIES USED IN THE ANALYSIS

The present analysis is done ‘as a part of the complete exercise of applying LBB concept to
design the future generation 500 MWe Indian PHWRs. The 500 MWe PHWR PHT piping
are made of SA333 Gr 6 material. Material properties, namely, the stress-strain diagram is
required for the present analysis. These data are available in open literature for the above
grade of material but with a large scatter. These properties heavily depend on the chemical
composition, inclusion rating and grain size. Hence tensile specimens have been machined
from actual PHT pipes and properties are evaluated at different temperatures [1]. Presently,
the tensile properties evaluated at 250°C are used in the analysis. Fig.1 shows the engineering
stress-strain diagram of the material at 250°C.

. PROCEDURE TO EVALUATE LIMIT LOAD

Limit loads for all the cases have been determined keeping the internal pressure constant at
9.81 MPa and monotonically increasing the bending moment. Moment versus rotation curves
are generated for various sizes and orientations of cracks. While calculating rotation of pipe, it
is assumed that-end plane cross-section remains plane after deformation. Finally twice elastic
slope method is used to determine the limit load from the moment vs. rotation curve. The
range of crack sizes are chosen in such a way that it covers the leakage size crack (LSC) and
twice the LSC. Since deformation of elbow at plastic collapse is large, geometric non-linearity
may play an important role. Hence, two sets of finite element analyses are performed for SGI
elbow with throughwall circumferential crack: one set considering material non-linearity only
and another set considering both material and geometric non-linearity. It has been seen that
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consideration of geometric non-linearity stiffens the structure and hence enhances the limit
load. Consequently, for other geometries, only material non-linearity is considered, which
gives conservative results.

LIMIT LOAD OF STRAIGHT PIPE WITH CIRCUMFERENTIAL CRACK

Due to symmetric geometry of a straight pipe with a throughwall circumferential crack, one
fourth of the pipe is modeled in-finite element analysis using twenty noded solid elements.
Five crack sizes, 10°, 30°, 50°, 70° and 90° are chosen for analysis. The leakage size crack
(LSC) for straight pipe portion in SGI line has been evaluated as 34.6 deg. Thus the crack
angles which are analyzed cover more than twice the LSC. Finite element computer code
ABAQUS [2] has been used to carry out elasto-plastic analysis. Fig.2a shows the moment
versus rotation curves for various circumferential crack angles. The figure also shows the
limit loads evaluated by twice elastic slope method. Fig. 2b shows the variation of limit load
with crack angles and also the comparison with closed form solution given by

ML= 4R%c; [Cos(0/2 +0.5nS) - 0.5 Sin®) e 6}

where o¢ is the flow stress, 8 is the semi crack angle, R is the mean pipe radius, t is the
thickness, S¢ = F, / (2n Rtog ) and Fy is the axial force. In the comparison, ot is used in one
case and oyis used in another case. It is seen that limit loads evaluated by twice elastic slope
method match well with eqn.1 using o, for small crack angles and for large crack angles the
matching is better with eqn.1 using o¢, Eqn.1 using flow stress gives the upper bound limit
load and eqn.1 using yield stress gives the lower bound. The present results fall in between
these two bounds.

LIMIT MOMENT OF HEALTHY ELBOW

Calladine [3] has derived the limit moment for in-plane closing moment for a 90° elbow. He
assumed elastic perfectly plastic material behaviour. The expression is :

M. =09352** @R )

for A < 0.5 for 90° elbows without straight pipe, where, A= tRy/ R*, R is the mean radius of
the elbow, Ry is the mean elbow bend radius, t is the elbow thickness and oy is the yield
stress. Touboul [4] suggested the following closed form equations of limit loads for in-plane
moments. The expression for closing limit moment is given by,

My, =0.91 A*? (no,R%)

Limit moment for in-plane opening mode: My, = 0.92 A} (TEG'szt) ......... )

When Egs. 2 and 3 are compared for in-plane moment, it can be seen that the constant terms
differ from each other. Therefore, it was found necessary to carry out an analysis by finite
element method to check the ranges of applicability of these correlations. In this work elbows "
with straight pipes have been analyzed for collapse loads. Eight noded thick shell elements
have been used. Both material and geometric non-linearity are considered. Different limit
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moments are evaluated for different elbow factor (A) by varying the thickness. Finally the
following expressions are proposed to evaluate the limit moment of elbows in opening and
closing modes. ’

Limit moments for in-plane closing mode:
My, = 1.008 .°% (no,R’) for A<05 L. (5)
M = 0.862 A**' (no,R*) for 0.5<A<0.8
Limit moments for in-plane closing opening mode:
ML= 1.011 A%*%* (no,R%) for A <0.5

M. = 0.878 A**" (no,R%) for 0.5<A<08 . (8)

LIMIT LOAD OF ELBOW WITH THROUGHWALL CIRCUMFERENTIAL CRACK

The elbow in the SGI line has been modeled along with the connecting straight pipe. The
length of the straight pipe is chosen as approximately six times the mean pipe radius to
eliminate the boundary effect. Fig.3a shows the location of circumferential crack on the
elbow. One fourth of the elbow is modeled due to symmetry. In this case also, ABAQUS
computer code is used for the analysis. Fig.3b shows the moment versus rotation curves for
various crack angles when only material non-linearity is considered. Fig.3c shows the same
when both material and geometric non-linearity are considered. Figs.3b and 3c also show the
limit loads determined by twice elastic slope method. Fig.3d shows the comparison of these
results with the closed form solution [5]. One basic difference between the two cases is that in
the present case a constant internal pressure of 9.81 MPa is applied in addition to the
increasing closing bending moment, whereas closed form solution is for pure bending
moment. It is seen from Fig.3d that closed form solution matches closely with the present
- results when both material and geometric non-linearity are considered. This shows that the
effect of constant internal pressure for this type of crack configuration is not significant.

LIMIT LOAD OF ELBOW WITH THROUGHWALL AXIAL CRACK

Hoop stress in the direction of circumference becomes maximum at the crown of the elbow
when subjected to bending moment. Therefore, axial crack is postulated at the crown of the
elbow. Fig.4a shows the location of the axial crack on the elbow. The elbow is subjected to
opening bending moment in addition to the constant internal pressure of 9.81 MPa. One half
of the elbow along with the connecting straight pipe is modeled due to symmetry. Six semi-
axial crack angles, 3°, 6°, 9°, 12°, 15° and 18° are considered for analysis. Only material non-
linearity is considered in this analysis since it is conservative. Fig.4b shows the moment
versus rotation curves for various axial crack angles. It also indicates the limit moments
obtained by using twice elastic slope method. Fig.4c shows the variation of limit moments
with axial crack angles. It also compares the present results with the closed form solution of
Zahoor [5] for axially cracked elbow under pure opening bending moment.
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CONCLUSIONS

Limit load analyses of straight pipe with throughwall circumferential crack and elbow with
throughwall axial and circumferential crack are carried out by elasto-plastic finite element
analysis. Twiee elastic slope method is used to determine the limit load from moment versus
rotation curves. Minor modifications in the constants of closed-form solution of limit load of
healthy elbow are proposed.

For the components with throughwall flaws, the present analysis is performed keeping
the internal pressure constant and equal to normal reactor operating value and by *increasing
the bending moment gradually. The limit moments evaluated this way compare reasonably
~ well with the closed form solutions which are valid for pure bending moment. The agrrement
is better if one also considers the geometric non-linearity. The geometric non-linearity
enhances the limit load upto 20 percent.
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