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SYNTHÈSE :

La prévision du comportement mécanique des structures et l'évaluation de la
durée de vie des composants de machines sont essentielles pour la disponibilité et la
sécurité des centrales nucléaires. Sur ce sujet, Electricité de France a développé des
méthodes numériques de modélisation structurelle axées sur la fissuration et
l'endommagement de structures tridimensionnelles. Nous présentons ici les méthodes
adoptées par la Direction des Etudes et Recherches d'Electricité de France, qui a ainsi
réalisé avec succès les analyses mécaniques dont elle est responsable.
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EXECUTIVE SUMMARY :

Forecasting the mechanical behavior of structures and evaluating the lifetime of
machine components are essential for the availability and safety of nuclear power
stations. On this subject, Electricité de France has developed numerical methods for
structural design with regard to cracking and damage to three dimensional structures.
We explain here the methods adopted by the R & D Division which successfully
produced the mechanical analysis for which it is responsible.
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INTRODUCTION

75% of French electricity comes from nuclear power stations, corresponding
to 34 units of 900 MW and 20 units of 1300 MW. The safety and availability of these
nuclear plants depend on a thorough knowledge of the thermo-mechanical
behavior of sensitive structures such as pumps or turbines. In fact, we must be able
to decide whether a cracked structure needs to be replaced immediately and the
unit consequently shut down, or whether the size of the crack is such as to allow
absolutely safe operation to continue. Other questions which we must be able to
answer relate to oil fuel and coal power stations used in particular for peak
consumption periods in winter. These are starting to age and it is essential to guard
against any mishap which might affect them. It is therefore necessary to assess the
service life of the components which are under greatest stress, particularly the low
pressure blades, taking into account the considerable number of start/stop cycles to
which these turbines are subjected.

The aim of this paper is to show the methods we use to answer these
questions. It is divided into three sections:

1. Description of the method for calculating the stress intensity factor for
three dimensional structures subjected to complex loadings.

2. Description of the method used for evaluating the lifetime of the structures.
3. Presentation of industrial studies which make use of these developments.



NOMENCLATURE

C: Compliance (inverse of stiffness)
E: Elastic modulus
F: Force per unit of thickness
G: Elastic energy restitution rate
[K]: Stiffness matrix
K1 ,K2,K3: Stress intensity factors for the three crack-opening modes
P: Total potential energy
u: Displacement vector
v: Poisson's ratio

DETERMINING THE STRESS INTENSITY FACTOR

Fracture mechanics is the study of macroscopic cracks, i.e. determining the
field of stress and corresponding deformations, which enables a judgement to be
made on the propagation rate of cracks and their critical size beyond which, for a
given loading, there will be unstable rupture.

in this section we briefly explain the general method which allows for dealing
with problems arising from linear fracture mechanics. The Parks method is
developed in greater depth and adapted to three dimensional structures.

General Method
This method resorts directly to the relationships between G and K and

between G and C.

a+Aa

Figure 1 : Energy restitution rate: G

The behavior of the cracked structure is shown in Figure 1. G represents the
hatched area OAB in the case of imposed forces and area OAB' in the case of
imposed displacement. In both cases, the relationship between G and C is given by
the formula:

•. — with a, being the length of the crack

and A = C(a).F with F the force per unit of thickness.
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The relationship between G and K is given by the formula:

G = K I L L K 2 Î ( 1 _ V2)

E (2)

N.B. This formula is based on collinear crack growth which most likely does not
occur.

Having determined the compliance variation in relation to the length of the
crack, we calculate K1 by means of the above equations. This method requires two
meshes of comparable accuracy and is therefore relatively costly. Further, the
calculated entity is G and in the case of mixed modes (1+2+3) it is impossible to
calculate K1, K2 and K3 directly.

Disturbance Method or Parks Method
This is the method we use to analyze three dimensional cracked structures. It

uses the calculation of the energy variation for a virtual crack growth. This method is
easy to apply to three dimensional structures, but does not allow for studying
evolutions of the crack front; the solution only relates to a given geometry of crack.

Figure 2: Parks method

Figure 2 illustrates the Parks Method. The mesh in continuous lines
represents the initial crack position, and the dashed one the crack front
displacement. Contour C1 of the crack remains unchanged; only contour CO in the
vicinity of the crack front is moved when the crack advances by Aa. Parks [1] has
shown that the elastic energy restitution rate G could be calculated using the
following equation:

(3)



in which u is the displacement vector, and u* its transpose.

[K] = S [K1]

in which [Kj] is the stiffness matrix of an element located between the contours CO
and C1, and N the number of these elements. This method has the advantage that
only a few elements of the stiffness matrix have to be changed. Further, it should be
noted that this method of linear mechanics of fracture is only valid if the plastic area
remains confined to the crack front, to be more precise to the inside of the contour
CO.
Application in the Case of Three Dimensional Structures

In the case of three dimensional strur' jres, the crack is subjected to mixed
modes of opening. At each point of the crack front there are three stress intensity
factors K1(s), K2(s) and K3(s), s being the curvilinear abscissa of the crack front.
Thus, as far as the coupling - or cross effects - between the three crack propagation
types can be neglected, we can separate the three intensity factors in applying
three distinctive displacement fields, each one tuned with one of these propagation
types (for example, a displacement field containing only z-displacements could be
used to calculate the K1 factor for a crack lying in the X-Y plane).

Example 1
The first example deals with the turbine disks of some of the 900 MW nuclear

power stations.
Almost 50% of the EDPs 900 MW power plant LP turbines are based on

shrink-on disks. This means 24 power plants or 72 LP rotors. For the last few years,
the different #4 disks have presented cracks initiated by stress corrosion, and
located in the internal diameter of the disks corresponding to the first condensation
line. It was imperative to know the harmfuiness of the detected cracks in order to
guarantee the safe running of the machine. The complete analysis, in order to
calculate the stress intensity factor, is based on the Parks method adapted to three-
dimensional structures.

Figure 3 shows the used mesh which represents the crack and the area of
the crack.



Figure 3: used mesh for determination of K
Figure 4 depicts the K1 factor evolution along the crack front for a given

specific length. Almost all observed crack sizes have been analyzed and in all
cases the calculated K<] was adequately less than K1 c determined by the
manufacturer GEC ALSTHOM.
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Figure 4: Evolution of K1 along the Crack Front



Moreover, the crack propagation evaluation showed that the number of cycles
endured during the turbine life was radically inferior to the number of cycles leading
to rupture.

Because we had an assured safety factor, the turbine is thus still operating.

EVALUATING STRUCTURAL LIFETIMES

The problem of structural fatigue comes down to the matter of forecasting
damage to elementary volumes. Once the elasto-plastic deformations and stresses
in the structure have been calculated, it is generally accepted that it is enough to
know the loading cycles and their damage to derive the number of cycles beyond
which the initiation of cracking is foreseeable. We have concerned ourselves with
these questions.of damage mainly with regard to certain components of machines
working locally outside the elastic sphere. That is often the case with the large LP
blades of steam turbines. Plasticizing at the root of the blades is most frequently
observed at the point where it is fixed to the disk or nearby. The main stress cycles
to be taken into consideration in order to study the damage to such a structure are
typically as shown on figure 5:

3600

3300
3000

Figure 5: Typical cycles for a L.P. turbine blade

- Cycle #1 : Checking the mechanical strength of the rotor.
This test is carried out once only in a pit for overspeed testing (20% above nominal
speed).

- Cycle #2 and #5: The purpose of this cycle is to test the emergency stop
devices in the case of overspeed (10% above nominal speed).

- Other cycles: Start/Stop cycles.

Studying such structures necessitates using damage or fatigue laws which
we are now going to present.

Strain - Number of Cycles at Breaking Point Relationship (Wohler's
Diagram)

The Wohler's curve (Figure 6) gives the number of cycles leading to fracture
for a given strain Jevel.
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Figure 6: Wolher curve

We can differentiate three areas:

1. Zone 1 : oligocyclic fatigue zone under strong stress and significant plastic
deformation, where fracture occurs after few cycles (up to 1,000 cycles).

2. Zone 2: fatigue transition zone where fracture is induced by mixed plastic
and elastic deformations, and occurs after a high number of cycles (typically about
1,000 to 10,000 cycles).

3. Zone 3: limited endurance zone or safety zone. Fracture is only induced
by pure elastic fatigue, and occurs after a very high number of cycles (typically >
10,000 cycles).

The Start/Stop cycles for the critical parts of most steam turbine blades are
o c a t e d i n z o n e 1 .



Damage Laws
The damage process can be introduced by the scalar damage parameter D:

D = 0 for sound material
D = 1 for material which has undergone fracture

The fatigue phenomenon can only be detected when the fracture is
imminent.
The evolution curve of the damage in relation to the number of cycles is therefore
very non-linear. In particular, the initiation period of a crack is always very long
compared with its propagation time up to breaking point. The problem is, therefore,
to link the damage D to overall mechanical parameters in the various instances of
fatigue:

1. fatigue at a high number of cycles
2. fatigue at a low number of cycles or oligocyclic fatigue

For the last LP blades we are studying, the plastic deformation zone is
confined, and thus its behavior is mainly strain-drh/ed (that is, equivalent to an
imposed displacement load). Thus, the graph for fatigue as well as the cumulative

damage are assessed in relation to the variation in total deformation Ae1. The
lifetime (number of cycles leading to the initiation of a crack) at any point, for a given
cycle, is then calculated as follows:

1. Calculation of the six components of strain at the two extremes of the
cycle;

2. Calculation of the maximum variation in equivalent strain during a cycle
as well as the mean equivalent stress;

3. Calculation of the number of cycles leading to crack initiation Nr by
resolving the formula of Landgraf [2]:

Nrb+e fNra

<?m: mean stress during a cycle

AEt= AEaiastic+ Aepiastk : total variation of deformation during a cycle
oi : experimental factor for resistance to fatigue
- b : experimental exponent for resistance to fatigue
- a : experimental exponent for fatigue ductility

- £f : experimental factor for fatigue ductility

Nrb represents the equation for elastic defornru

and Cf Nr3 represents the equation for plastic deformation.
In fact a given operating period is composed of a combination of loading

cycles. The idea of crack initiation due to fatigue corresponds also to an
accumulation of damage. We can then evaluate the damage corresponding to this
operating period through the Miner's law, as following:

N

Dibtal=
i»1

where:

Nn u)
12



is the damage induced by a cycle of type Y, Nrs is the number of cycles leading to
crack initiation for a cycle of type T and (Xj is the number of cycles of type V .

The procedure is as follows:
1. Decomposition of the cycle's history into basic cycles;
2. Calculation of the damage for each basic cycle using equation (5);
3. Evaluation of the total damage through the Miner's law using equation (6)

Example 2
In this case, we study the blade of the last disk of the LP cylinder of the 600

MW fuel turbines. This is a very twisted slender blade rotating at a speed of 3000
r.p.m. The blade is fixed to the disk by a curved firtree profile root, a technology
widely used for blade-fixing. The research was undertaken following the discovery
of cracks close to the first fixing tooth. The purpose was to determine how long a
unit would operate before these cracks appear.

Constitutive Law
Figure 7 shows the tensile strength law used for this type of steel. It is a

power law which very well represents the behavior of this particular material. This
law covers, during cycling, a cumulative variable for incremental plastic deformation
(Figure 8). It can be seen that this type of steel only undergoes slight changes in
behavior and therefore the kinematic strain hardening curve stabilizes very quickly.
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Figure 8: kinematic yield constitutive law

Fatigue law
The curve for resistance to fatigue that we used in our calculations is shown

in Figure 9. The two dotted lines represent respectively the plastic and elastic terms
of equation (5). They are derived from the experimental curve which corresponds to
the cracking of 50% of the specimens used during the tests. These experimental
values are obtained on specimens under controled environments and surface
quality. There are important differences between these specimens and real
structures: rough surface quality, corrupted environments, wider variations of
mechanical and metallurgical characteristics...

In order to take into account these variations, we introduced safety factors,
derived from those defined in the ASME code (section 3), and detailed as follows:

1. The basis is the mean curve of resistance to fatigue. We then derive two
curves from it.

2. The first curve is obtained by dividing the amplitude of deformation by two.
This change occurs particularly for the high cycles number zone.

3. The second curve is obtained, this time by dividing the number of cycles
by 20. This change takes place particularly in the oligocyclic zone.

4. The law used in the calculations is the lower envelop of these two curves.

14



Figure 9: fatigue law
Results

It can be said quite simply that the numerical results of this study agree with
the observations. As a summary of the results, for this blade, the calculations
showed us that:

1. A 20% overspeed cycle induces a damage of 0.04
2. A 10% overspeed cycle induces a damage of 0.01
3. A Start/Stop cycle induces a damage of 0.0085.

(let us notice again that a value of 1 for the damage means a totally damaged
structure, that is a structure where cracks appear).

The main interest of this type of study is to be able to forecast both crack
initiations and crack propagation speed in the sensitive components, as far as we
can evaluate or identify the loadings applied to them. This means that, using these
results, the operator only has to check the blades after a numerically determined
period of operation.

CONCLUSIONS

The two examples we have presented in this paper clearly demonstrate how
worthwhile the above mentioned methods are with regard to the safety of
equipment and the availability and reliability of machines. The economic effect of
this research is very important since it is now possible to operate a turbine which
has a crack, as long as we are able to evaluate the time necessary for the crack to
reach the experimentally identified critical size.

The development work currently in progress within the MACHINES
Department relates to two major subjects:

1. Analyzing cracks in an elasto-plastic milieu, more commonly known as
non-linear fracture mechanics;

2. Better numerical identification and calculation of the loads applied to
bladings specially, that means aero-elastic coupled methods and improvements on
in-situ tests and measurements.
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