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ABSTRACT

This paper deals with the Fracture Mechanics Assessment in horizontal piping submitted to thermal
stratification loading. The particularity and difficulty of this thermal loading is that the temperature is
varying within the pipe section and thus, in such conditions, it is difficult to define a temperature which is
representative of the global behaviour of the piping.

To investigate this problem, prospective Finite Element Modelling of cracked piping were performed and
are presented in this paper. Those modelling are part of a R&D program dedicated to the assessment of the
different type of thermal loading. Based on the obtained results, two questions are investigated here:

- What is the appropriate model size for the investigation of thermal stratification in a complex piping

system through Finite Element Modelling?
- What should be the appropriate temperature for representing the cracked pipe overall behaviour?

NOMENCLATURE

a,Cc Crack depth and half-length

o Heat expansion coefficient

E Young modulus in Plane Strain conditions: E* = E/(1-v?)

Erefy Eno Reference strains associated to crer and ono 0N the stress-strain curve
Km, Kin Plastic correction factors for mechanical (primary) and through thickness thermal loading

Lr Dimensionless loading parameter in cracked section (Lr = oref/ oy)
LR-no Dimensionless loading parameter in crack-free section (Lr-no = ono/ Gy)
M Imposed bending moment

N, P Tensile load and internal pressure

ri, le Internal and external radii of the piping system

ob, o®  Effective (elastic-plastic) and elastic bending stresses
Oref, Ono  Reference stresses of the cracked and crack free pipe sections

Oy Conventional yield stress (ex = 0.2%) of the material stress-strain curve
Thot, Teold  Hot and cold temperatures of the imposed stratification

t Pipe thickness

FEM Finite Element Model

FMA Fracture Mechanics Assessment

PWR Pressurized Water Reactor

SIF Stress Intensity Factor

1 INTRODUCTION

Auxiliary piping of PWR reactors constitute a large and complex set of piping systems which are
submitted to various loadings situations such as internal pressure, seismic loading, thermal expansion,
stratification, thermal shocks... Among those loading situations, the thermal stratification is a specific one
since it corresponds to an imposed rotation secondary in nature and thus requires a specific treatment in
the frame of Fracture Mechanics Assessment (FMA).
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If we focus on this FMA scope and regarding the J evaluation scheme, specific difficulties are inherent to
the consideration of thermal stratification loading in horizontal pipes. The main ones are linked to the fact
that, due to the thermal stratification, the temperature varies within the pipe section. If the stratification
amplitude is large, a large material yield stress variation appears between hot and cold parts of the pipe.
However, in both bending moment relaxation and J evaluation scheme, the reference stress concept is used
for the evaluation of the plastic flow within the structure. This concept does not include today any
consideration of temperature variation within the pipe section. Thus what is the relevant temperature for
correctly evaluating the overall plastic flow in analytical schemes?

Because of this difficulty, the J estimation schemes are generally too much conservative for this loading
situation. As a consequence Finite Element Modelling is required to achieve the demonstration. But if
such detailed modelling is required for FMA, what might be the size of this model?

The purpose of the work presented in this paper is to provide some arguments to answer those two
questions. It proposes results obtained through Finite Element Modelling and constitutes a first step of a
larger program dedicated to the development of a specific solution for the thermal loading assessment.

2 CLASSIFICATION OF THE DIFFERENT THERMAL LOADINGS

2.1  General description

Nuclear power plants are submitted to various types of loading situations among which the thermal
loading are significant and have to be taken into account at design level for both fatigue and FMA. The
main reason for that is the large temperature difference which can be encountered between hot situations
(normal situations) and cold situation (ex. safety water injections).

However, the classification of those thermal loading situations through a simple temperature difference is
not sufficient since they can be significantly different in nature with large differences in terms of
consequences on the structures. In practice, five different situations can be defined:

1. The turbulent mixing: this type of loading appears in mixing zones where hot water and cold water
mix together. If the mixing is turbulent, temperature fluctuation may affect the internal skin of the
component. Due to high fluid celerity, this loading generally corresponds to a high cycle fatigue
loading in the elastic regime which affects essentially the internal skin of the component and which is
not relevant for FMA.

2. The through thickness thermal gradient: This type of loading corresponds to temperature differences
through the thickness of the component. It is associated to a temperature variation on the internal
surface of the component (thermal shock or smooth temperature variation) and is due to the delay to
warm-up or cool-down the complete thickness of the component. In PWR field, due to the strong
thicknesses and/or high temperature variations, this type of loading is encountered in abnormal an
accidental situations and has to be considered within FMA.

3. The thermal stratification: This type of loading corresponds to a temperature gradient through the
section of a pipe. It may appear in horizontal pipes where the cold water (at the bottom) and a hot
water (at the top) do not mix together because of the differences in the density. For the structure, it
corresponds to an imposed rotation of significant amplitude that may induce plasticity and that needs
to be taken into account in both FMA and fatigue design.

4. The axial variation of temperature: This type of loading is equivalent to the previous one, but for
vertical pipes with temperature differences along the pipe axis. This loading may also appear in area
with thickness transitions submitted to thermal variation of the fluid (the time to cool-down or warm-
up is longer for a thick part than for a thin one). Like previously, this type of loading corresponds to
an imposed displacement that needs to be taken into account in both FMA and fatigue design.

5. The thermal expansion loading: This type of loading is encountered for piping systems connecting the
different heavy components of the loop. When heating the loop, both heavy components and piping
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systems are experiencing thermal expansion. However, the heavy components being generally
stronger, they impose their displacements and/or constrain the displacements of the piping systems,
leading to high stresses that need to be taken into account in both FMA and fatigue design.

2.2  Consideration of those loading in Fracture Mechanics Assessment

All those loading situations are corresponding to temperature differences, in space and/or in time, and the
associated elastic stress level imposed to the structure can be significantly higher than the material yield
stress (loading situations #2 to #5). This is especially the case for stainless steel which has a low yield
stress. For those loading situations, and in particular for FMA, a consideration of the material yielding
might be important for an accurate structural assessment. The difficulty is here that those loading are
strongly different in nature and need different formulations for the definition of plastic corrections:

- The through thickness thermal gradient (#2) is corresponding to an imposed strain through the
thickness. Regarding FMA, this loading situation is a local one that has been analysed in detail for
many years in France (ex. see [1]) and codified in the French FMA appendixes [2] and [3];

- At the opposite, the thermal expansion loading (#5) corresponds to an imposed displacement which is
globally imposed to the piping system and which is thus strongly depending on the piping system
drawing, the supports... For complex piping systems, this loading has generally to be associated to a
significant elastic follow up in which the elastic parts of the piping system relax and imposed an
additional loading the weakest parts;

- The thermal stratification and axial temperature variations (#3 & 4) are corresponding to an imposed
displacement which is intermediate between local through thickness gradient and global thermal
expansion. In those loading situations, the loading is not self-equilibrated through the thickness but
remains local since it affects only a part of the piping system. In such loading situation, the approach
codified in [2] and [3] for the thermal shock through the ki coefficient cannot be applied but
analytical solutions are available (see [4]) for the evaluation of the loading relaxation since no
significant elastic follow-up is expected.

The present paper focusses on this third loading configuration and in particular the thermal stratification in
horizontal piping. For that purposed, different FEM are presented and discussed in order to provide
accurate solutions for the FMA.

3 FOCUS ON THERMAL STRATIFICATION LOADING

3.1 Introduction

As explained in previous section, the thermal stratification corresponds to a local rotation imposed to a
part of the piping system. An example of such problematic is provided in fig. 1. In this example the piping
system is a stainless steel one and stratification appears in one of its horizontal part. As illustrated in fig. 1,
two different model types are considered in order to investigate the impact of the stratification on the pipe
loading.

For FMA purpose, a weld joint is considered in the mid-section of the straight pipe and a surface crack is
inserted in this weld joint. At design level, this crack is a conventional one, that is to say an internal or
external mid-thickness surface crack with an elongation ratio c/a = 3.

As shown in fig. 2, the FE model allows considering the mismatch between the stainless steel base metal
(in red) and the weld metal (in orange). For both materials, the mechanical characteristics are varying with
temperature (Young modulus and stress-strain curves) whether the heat expansion coefficient o remains
constant. The fig. 3 gives a representation of the base metal and weld metal yield stress variation with
temperature.

In next sections, those models are used to illustrate the potential benefit of 3D modelling for the FMA of
thermal stratification and to determine a relevant temperature for simplified analytical schemes.



25" Conference on Structural Mechanics in Reactor Technology
Charlotte, NC, USA, August 4-9, 2019
Division Il

350
—
2 250
£
w 200 —
] To—
4]
£ 150 —
% 100 -+ ===Base metal
£
50 +— Weld metal
0 1
% e e 0 100 200 300 400
Temperature (°C)

Fig. 2: Mismatch consideration in the modelling Fig. 3: Yield stress variation with temperature

3.2  Potential benefit of 3D modelling for FMA of piping under thermal stratification loading

Influence of the model size

The purpose of this part is to determine what might be the adequate model size for an accurate modelling

of the stratification loading. Within that objective, three models are compared:

- The first one is a complete model of the piping system through 1D elements. This model integrates the
complete line description, the associated supports, the temperature distributions and the stratification
in the horizontal part of the piping system.

The reference modelling is elastic and provides the loading distribution in the piping system. It is
associated to an elastic-plastic evaluation of the loading relaxation through the simplified analytical
scheme described in [5] (analytical scheme named ROCHE’s scheme further).

- The second one is 3D massive and represents the straight part of the piping system submitted to
thermal stratification. This model includes the weld joint and the crack and both elastic and elastic-
plastic modelling are performed.

- The third model is still massive and 3D but integrates two elbows at the extremities of the straight
pipe. This model also integrates the weld joint with the surface crack.
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For those three models, the pipe section is defined by r; = 44.85 mm and r. = 56.65 mm. The temperature
stratification imposed to the straight pipe is defined by Tcoa = 89°C to Thot = 356°C. For the two massive
models, the mechanical loading resultant from the stratification is simply obtained by fixing the rotation at
both ends. An internal pressure of P =17.8 MPa (with the associated end effects) is superposed to the
stratification loading.

We focus here on the loading relaxation induced by plasticity. Thus, for comparison of those three models,

the elastic response is adjusted in order to reach the same elastic bending moment in the weld joint (that is

to say in the mid-section of the horizontal straight pipe). This adjustment is achieved by an adjustment of
the heat expansion coefficient a in the two 3D massive models. The first important result obtained by this
calibration phase is the following:

- A coefficient of 0.85 is necessary in order to obtain the same elastic bending moment in the straight
pipe than in the complete piping system modelling. This means that the straight pipe model is stiffer
than the piping system model since it does not include any elbow (which generally provides some
compliance in the piping system);

- A coefficient of 2.25 is necessary for the same adjustment of the models with 2 elbows. This means
that this model is too flexible and not realistic since it does not take into account the supports of the
piping system.

When looking at the stratification bending moment relaxation, the fig. 4 provides the following results:

- The models being adjusted together, they provide the same elastic bending stress;

- The ROCHE methodology [5] provides an elastic-plastic bending stress which is about 25% higher
than the straight pipe elastic plastic one. One reason for that is the fact that the ROCHE methodology
is an approximate approach which cannot consider the temperature variation within the pipe section.

- The straight pipe + elbow model provide a solution lower that the straight pipe one. Again, this can be
explained by the additional flexibility induced by the elbows and in particular the lower limit load of
the elbows in comparison to the straight pipe.

In this fig. 4, the bending stress is defined by:

. (r2 -1’

Where Meem is the bending moment determined for the FE models.
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Fig.4 : Relaxation of the bending moment Fig. 5: J parameter evolution with the loading

From this first set of results, it can be concluded that the straight pipe modelling is an appropriate one for
the stratification since it provides a conservative evaluation of the elastic response to the thermal loading
and also allows an accurate evaluation of the relaxation of the bending moment.



25" Conference on Structural Mechanics in Reactor Technology
Charlotte, NC, USA, August 4-9, 2019
Division Il

Determination of the J parameter

The fig. 5 gives the evolution of the J parameter as a function of the elastic imposed thermal loading. The

defect under consideration here is an external surface defect defined by its depth a =t/2 and elongation

ratio c¢/a = 3. This fig. 5 shows that:

- For the straight pipe, the elastic-plastic solutions are logically higher that the elastic one (due to
amplification of the J parameter by plasticity). However a significant difference is observed between
the model with mismatch (named bimat) and the model without mismatch.

- The model straight pipe + elbows remains unrealistic with very low values of J which again are a
consequence of the strong flexibility induced by the elbow (the plastic flow concentrates in the elbows
and not in the cracked section).

- The ROCHE [5] combined with the J analytical scheme of [2] provides a J value of 240 kJ/m? (the
material toughness being 56 kJ/m? represented by a dotted line on fig. 5).

This huge difference between the massive and ROCHE +J analytical scheme can be explained the

accumulation of three factors:

- The elastic stresses associated to the thermal stratification are not linearly distributed in the pipe
section as it is the case for an imposed bending section. In practice, the stress distribution follows the
temperature distribution and is thus closer to a limit load stress distribution (two step distribution) than
an elastic one. The ratio of the maximum stress of those two distributions is around =/4, which means
a ratio of (r/4)2 ~ 0.62 on elastic J!

- As shown in fig. 4, the ROCHE methodology provides 25% over-estimation of the relaxed bending
moment. In this application the Lg parameter is a little higher than 1 which means that those 25% have
a significant effect on the plastic correction;

- As it will be discussed in next paragraph, the definition of the mean temperature for the plastic flow
evaluation provides an additional significant conservatism.

From those results, it can be concluded that, when required, a precise numerical analysis of the
stratification loading can provide a large benefit. We recommend here to perform this modelling on a
straight pipe representative of the pipe under investigation..

Another important point is that, through this type of model, the stratification can easily be superposed to
internal pressure and/or additional primary loading through an equivalent tensile loading.

3.3 Determination of the relevant temperature

Previous modelling has shown that a detailed FMA through FEM provides a solution which is
significantly lower than those provided by analytical schemes. However, this approach remains costly and
difficult to generalize to every piping system submitted to thermal stratification. For the less severe
conditions, an analytical model is sufficient.

For that reason, this paragraph investigates the crucial question of the relevant temperature definition for
the plastic corrections evaluation used in simplified models. This concerns the evaluation of the relaxation
of the bending moments (as proposed in [4]) and the determination of the Lr parameter within the J
evaluation scheme. However, in the particular case of thermal stratification, this question is very complex
since the temperature varies within the pipe section: we provide here a first step dedicated to the
understanding of this global elastic-plastic behaviour of the pipe submitted to thermal stratification.

For that purpose, following the previous results, we rely on a detailed FEM of a straight pipe submitted to

a thermal stratification. The adopted numerical configurations are the following:

- Two thicknesses are investigated: t = 10 or 20 mm;

- Theratio ri/t is the same in both cases: ri/t =5 mm;

- The postulated defect is an external surface defect with depth and elongation corresponding to the one
specified by the RCC-M code for design: a=1/2 & c/a = 3;
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- The material is a base metal stainless steel (no mismatch) with stress-strain curves depending on
temperature;

- The stratification is defined by Tcog = 20°C and Thet = 320°C;

- Three levels of additional primary are imposed through internal pressure P = 16 MPa and tensile load
N. this level of primary loading is quantified by Lr-no =0, 0.7 and 1, with:

N 2 (V3 P. (o +1) ?
= et + (5 25)

Based on that model which provides the effective bending stress oy, and the associated J value for different
level of stratification, the following protocol was applied in order to determine the relevant temperature
for the plastic correction evaluation:

- A first modelling set is performed with a material model constant with temperature (material
behaviour at 20°C). This calculation allows determining an accurate reference stress associated to the
investigated loading (tensile loading N, internal pressure P and elastic-plastic bending stress op);

- A second modelling set is performed with a material model variable with temperature:

o From the modelling the imposed bending stress to the straight pipe o, is determined by
integrating the stresses in the crack free sections;

o From the first set of modelling, the knowledge of oy gives access to the imposed reference
stress ore(N, P, ob);

o Knowing this loading also provides the plastic amplification of J through the ratio
Km = J(ob)/Jei(on);

o0 From this km(orer) and the material behaviour depending on temperature, the representative
temperature is simply the one for which:

E(T). Uref(T) _ J(op)
Eref (T) Je1(op)

km (O-Tefl T) =

This protocol obviously assumes that the reference stress is not depending on the temperature (the material
behaviour): this is consistent with the reference stress concept adopted in the Fracture Mechanic codes.
The obtained results are plotted on fig. 6 for two defect sizes (10 & 20 mm) and three levels of additional
primary loading (imposed prior to the thermal stratification).

The same exercise can be performed based on the elastic and elastic-plastic bending stresses using the
analytical scheme proposed in [4] (for Lrno =0 in order to avoid any load-history effect). Within this
analytical scheme we simply have:
Uzgel) — O_b.E'Eno’
GTLO

where ono is the stress representative of the loading imposed to pipe crack free section and en, the

associated strain on material stress-strain curve. The same protocol is thus applied and the associated

results added on fig. 6. On this fig. 6 it is then shown that:

- The relevant temperature determined from the J evaluation scheme is significantly lower than the
mean temperature. The defect size has no significant effect on this temperature, but at the opposite,
the primary loading reduces it drastically.

- Inthose cases with initial primary loading, the relevant temperature is close to 20°C, that is to say the
temperature Tcoq imposed to the crack and its neighbourhood (the crack must be on the cold part of
the pipe in order to be submitted to tensile stresses);

- For a thermal loading imposed alone, the relevant temperature associated to the global behaviour of
the pipe is higher than the one deduced from the J evaluation scheme and close to the mean
temperature: this appears to be logical since this temperature is representative of the global behaviour.
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The fig. 7 completes those results by a representation of the evolution of the bending stress as a function
of the elastic bending stress (representative of the imposed temperature difference). On this figure, the
curves determined with a constant material behaviour (defined at 20°C) are compared to the one
determined with a variable material behaviour (depending on temperature). This figure clearly shows that
without any primary loading, the temperature evolution through the pipe section has a significant effect on
the elastic-plastic response to the thermal stratification. When the primary loading increases, this effect
vanishes and the difference between cold and variable behaviour becomes small. This explains why in
those cases with additional primary loading the relevant temperature becomes close to the cold
temperature.
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Fig. 6: Evaluation of the relevant temperature Fig. 7: Bending stress evolution

4  DISCUSSION

As explains previously, the analytical schemes for FMA of horizontal piping submitted to thermal

stratification are overly conservative and in worst loading situation cases do not allow to achieve the

integrity assessment. One way to overcome this difficulty is to perform a massive 3D FEM and we

propose here to perform it on a straight pipe which appears to be a relatively simple solution. The

conservatism of this approach is here relied to the fact that, by such approach, the stiffness of the piping

system is overestimated since no elbows (which generally provides flexibility in the piping system).

Potentially large benefits in terms of J can be obtained from this FEM through three main factors:

- The SIF calculation which is lower for a given stratification than the one deduced from the associated
bending moment (stress distribution through the pipe section is less severe);

- Anaccurate evaluation of the relaxation of the bending moment;

- The possibility to account for the material mismatch between the base metal and the weld metal.

In the proposed example, a ratio of 10 on J parameter is obtained between the application of the codified
analytical scheme and the FEM application. The main reason of this large difference is of course
associated to the strong non-linearity of the J parameter for Lr values between 1 and 1.5 and thus a small
overestimation of Lr provides a large overestimation of J.

For less severe loading conditions, it remains important to improve the J analytical scheme. Within that
frame and for the Lr (or reference stress) evaluation, the actual recommendation is to use the mean
stratification temperature. As it is shown in the present work this assumption is over-conservative in
particular when the stratification is added to an initial primary loading. Thus, one way to improve the
analytical scheme is to provide a more accurate relevant temperature, the difficulty being here that this
temperature is different for bending moment relaxation evaluation than for J amplification evaluation, and
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that those temperatures are depending on the primary loading level. Some tendencies are provided here,
but they have to be completed before reaching a formulation proposition. The main needs for that is to
complete the modelling in order to understand/represent the effect of an additional primary loading on the
relaxation of the stratification bending moment and the J amplification by plasticity.

5 CONCLUSIONS AND PERSPECTIVES

The work presented in this paper deals with the assessment of thermal stratification in horizontal piping. It
is part of a global R&D program dedicated to the thermal loading assessment. Within that frame, the paper
proposes a classification for thermal loading and prospective FEM for the treatment of thermal
stratification with the objective to provide recommendations for both FEM and analytical schemes
dedicated to FMA.

One of the main results shown by those FEM is the large over-conservatism provided by the actual
practice for FMA through analytical schemes. In actual applications, to overcome this over-conservatism,
this paper proposes to perform FEM on reduced 3D massive straight pipe modes. For future applications,
based on the results presented here and complementary developments, the objective is to provide a more
accurate evaluation scheme for both thermal loading relaxation and J amplification by plasticity.
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