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INTRODUCTION

The Fukushima Daiichi nuclear power plant accident in 2011 led to a review of the design concepts and
operating conditions of operating nuclear power plants worldwide, taking the entire plant infrastructure
into account. In these so-called stress tests, the ability to control accident scenarios was assessed. The
analysis of the Fukushima event and the safety standards of domestic and international nuclear facilities
has led to a variety of changes in the operation of nuclear power plants (ONR, ENSREG).

As aresult of load following operation, structures and components are exposed to thermal and
mechanical load variation, which causes thermo-mechanical fatigue. This triggers an increased need for
testing and evaluating the safety and integrity of structures and components, which is primarily
associated with methods of material characterization and non-destructive testing (NDT) as well as
structural mechanical analysis methods. While characterization, NDT and also monitoring can be
developed on laboratory/specimen level, it is finally to be demonstrated at a component level. A thermo-
mechanical fatigue test at component level poses experimental challenges for the test facility, as the
evaluation does for the computational analysis.

In this paper, such a component test is analyzed. A pipe section was to be subjected to thermal
loading under realistic conditions, whereby significant fatigue damage was to be caused by alternating
loads. The pipe segment was instrumented with thermocouples, strain gauges. The FE (Finite-Element)
code LS-DYNA was used to simulate the occurring stress state.

DESCRIPTION OF TESTING SETUP

The Fluid-Structure-Interaction (FSI) test rig at MPA Stuttgart is a multi-purpose test facility for fluid
structure interaction tests, including investigations on thermal mixing phenomena, flow pattern, thermal
fatigue and leak rates (Weihe et al., 2022). The test rig can be operated up to a pressure of 8.0 MPa at
up to 280 °C temperature. The FSI test rig is depicted in Figure /.
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Figure 1. FSI test rig of the MPA University of Stuttgart (Swacek et al., 2022).

The installed pipe section (test planning phase: outer diameter 88.9 mm, wall thickness
10 mm) is a straight pipe made of austenitic steel (AISI 347/1.4450), made from nuclear grade stock
material of a plant. The drawing of the pipe section is shown in Figure 2.
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Figure 2. Technical drawing of the pipe section (MPA).

The initial state of the inserted pipe segment is pressurized water at 7.5 MPa and fluid
temperature of ca. 265 °C (Weihe et al., 2022). Cold water of ca. 25 °C is injected by a Y-piece into the
hot main loop for a selected duration of 30 s. By use of an inner elbow pipe, (see Figure 2) laminar flow
in the main loop can be better penetrated by the cold water. Repeated cold-water-injections, interrupted
by reheating phases, cause thermal fatigue effects on the piping at 6 o'clock position. The diameter of
the inner piping is approx. 25 mm.

In this configuration, a pipe section can be tested for several thousand thermal cycles, each of
a duration of one minute.

Thermal sensors were attached to the test component at several positions in the longitudinal
direction and distributed around the circumference, some of which measure the fluid temperature (F)
and some the solid temperature (S) in the area close to the wall. The solid thermocouples measure the
temperature approximately 1 - 1.5 mm from the inner wall of the test component. The thermal sensors
of the fluid measuring points protrude about 1 mm into the flow and record the temperature in the
boundary layer (Figure 3).
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POST-TEST EXAMINATION

Non-Destructive Testing
After the component test, the pipe segment is extracted and examined.
Destructive Testing

Specimens for fatigue tests are extracted from the pipe segment after the test campaign in the
FSI test rig. With a pipe wall thickness of 10.0 mm, centered specimens with a diameter of 5.3 mm
result in a distance of 2.35 mm from the inner surface.

The destructive post-test examination had not yet been carried out at the time of paper
submission.

DESCRIPTION OF THE ANALYSIS MODEL (IDEALIZED APPROACH)

The objective of the simulation was to determine the local stress-time history at specific locations in
the pipe segment. The simulation of the piping module by coupling CFD and thermo-mechanical FE
codes would require a high effort of modelling and time-consuming computations times. Hence a
simplified simulation method which is based on the thermo-mechanical FE method was developed,
which is verified by temperature measurements. This approach simplifies the pipe section geometry and
omits the fluid-mechanical part by considering the measured fluid conditions. The simplified FE model
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of the tube segment with cooling strip is shown as a half-model in Figure 4, assuming appropriate axial
symmetry.

B=25 mm

L/2=97.5mm

Figure 4. FE model of the pipe segment with cooling strip (half geometry).

THERMAL SIMULATION OF THE COMPONENT TEST

The model consists of 22176 solid elements and 330 shell elements, which transfer the cyclic thermal
load to the structure of the tube segment in the area of the cooling strip via a contact definition. The
total number of nodes is 28514. In the first approach, the cooling stripe is assumed at 6 o'clock position.
The size of the stripe approximates a flow entrainment of the injected cold water. Further the constraints
described below were assigned to the model. The model is supported on the bottom (x-y-plane) on a
"sliding plane" in the z direction. This restricts any possible bending of the pipe segment. Likewise, the
cross-sectional area facing away from the cooling strip is fixed in the axial (x) direction, which is
intended to approximate the large stiffness of the flanges. The nodes on the symmetry surface are
coupled in the axial direction, i.e., all nodes have the same x-displacement. As a thermal boundary
condition on the outer surface of the pipe segment, it is assumed in a simplified way, that there is no
heat exchange with the environment (thermally isolated). On the inside, an alternating load in the form
of a step function results as a temperature boundary condition (Figure 5). A sequence of thermal cycles,
following an initial uniform temperature (265 °C = 538 K), is simulated.
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Figure 5. Applied alternating thermal loading.

The simulation performed with the FE program LS-DYNA was thermo-mechanically
coupled. For this purpose, both the mechanical and the thermal FE solver require suitable material
models. The material model *MAT_ ELASTIC PLASTIC THERMAL enables the consideration of
temperature-dependent, mechanical characteristic values for Young's modulus, Poisson's ratio, thermal
expansion coefficient, yield stress and tangent modulus. The used thermal material model includes the
heat  capacity @ and  the  thermal conductivity  of  the employed  material
(*MAT_THERMAL ISOTROPIC). The existing, temperature-dependent expansion coefficients,
which refer to a reference temperature of 288 °C (Sievers et al., 1999), were adapted to a lower reference
temperature of 265 °C. In Table 1 the values of the temperature support points calculated in this context
are listed.

Table 1: Adapted coefficients of thermal expansion.

T [°C] ar ar
Tresr= 288 °C Tretr= 265 °C

0 1.50E-05 1.470E-05
20 1.50E-05 1.470E-05
100 1.60E-05 1.569E-05
200 1.70E-05 1.655E-05
300 1.90E-05 1.855E-05
400 2.10E-05 2.055E-05

Table 2 summarizes the relevant material properties employed in the material model
*MAT _ELASTIC PLASTIC THERMAL for the mechanical calculation.
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Table 2: Material parameters used in the mechanical calculation from (Sievers et al., 1999).
Temperature [° C] 0 20 100 200 300 400
Young’s modulus [Pa] 1,95e11 1,95e11 1,72e11 1,55e11 1,49¢11 1,42¢e11
Poisson's ratio 0,276 0,277 0,282 0,288 0,294 0,3
Coefficient of thermal | 1-47€-05 | 1,47e-05 | 1,569¢-05 | 1,655e-05 1,855e-05 2,055e-05

expansion ar [1/K]
Yield stress [Pa] 3,2e+08 | 3,2e+08 3,2e+08 3,2e+08 3,2e+08 3,2e+08
Tangent module [Pa] 2,0e+09 | 2,0e+09 2,0e+09 2,0e+09 2,0e+09 2,0e+09

The material properties which are used for the thermal calculation in the material model
*MAT THERMAL ISOTROPIC are a specific heat capacity of 500 J/(kg-K) and a thermal
conductivity of 16 W/(m - K).

The contact definition used in the LS-DYNA calculation for the thermal cyclic load contains on
the one hand the thermal conductivity of the fluid and on the other hand a thermal conductivity with
closed contact gap (*CONTACT AUTOMATIC SURFACE TO SURFACE THERMAL ID). As
simplified approach, the value of approx. 0.6 W/mK was used for the thermal conductivity of the fluid,
i.e. the temperature and pressure dependence of the thermal conductivity of the water was not taken into
account. Due to the lack of possibility to define within the contact definition a temperature dependence
of the heat transfer coefficient with closed contact gap either directly via a temperature dependence or
indirectly via a time-dependent curve, time-controlled contacts were defined as an alternative. A heat
transfer coefficient of 3800 W/m?K was introduced for the low temperature level and a heat transfer
coefficient of 300 W/m?K for the high temperature level. A time control was used to activate or
deactivate the respective contacts in 30 s cycles analogous to the thermal alternating loads. To avoid a
mechanical influence, a material law (MAT_ Null) was used for this model group, which has no
mechanically relevant properties. The radially acting internal pressure was applied as compressive load
to the inner surface of the pipe segment model. The axial effect of the internal pressure was applied as
axial stress to the annular surface of the pipe segment model. The value is obtained from the internal
pressure and the ratio of the areas of fictitious cross-sectional internal surface and the annular surface
of the pipe. The temperature loads are applied to the structural nodes as boundary conditions. Figure 6
shows evaluation points within the area of influence of the cold water feed. These are approximately
located in the center of the cooling strip in the half-model of the pipe segment and allow an evaluation
from the inside to the outside.
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Figure 6. Element and node numbers on the evaluation line from inside to outside (enlarged
section), position: 6 o'clock position, axial x=48.75 mm.
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The simplified methodology enables calculation of strains, stresses and temperature distributions.
In the following, results of a calculation with the described analysis model are presented. The alternating
thermal load (see Fig. 6) is applied to the structure. The following assumptions are made:

- 4 cycles with cooling and heating phases of 30 s each.

- 5 evaluation points from inside to outside

Figure 7 shows the temperature distribution in the cut pipe segment after 30 s. The temperature
gradient due to the cold water feed is clearly visible.
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Figure 7. Temperature distribution [K] of cross section after 30 s.

Figure 8 shows the time histories of 5 nodes on the evaluation line and measured temperatures
at the inner surface of the pretest XT2. The agreement is satisfactory, especially concerning the
temperature range. The temperature profile follows the time cycle of cooling and heating. It is obvious
that the inner nodes reach a lower temperature level during the cooling phase.
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Figure 8. Temporal temperature curves at the evaluation points:
Comparison simulation (node 19193-inner surface) with experiment (XT2).
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FATIGUE ASSESSMENT

The ASME methodology (ASM 2010) is employed to determine the fatigue life. This is briefly
explained below. Both elastic and plastic components are taken into account, with the respective
components being considered separately. Since the elastic-plastic material model used in the LS-DYNA
calculation does not allow a separate evaluation with regard to elastic and plastic portions of the strain
(see LS-DYNA Keyword Manual, 2021), a purely elastic calculation was also performed. Based on
these elastic calculation results, the plastic portion of the strains was determined according to the
superposition principle from the elastic-plastic calculation. The effective equivalent strain & is the sum
of the plastic equivalent strain Agyeq and the elastic equivalent strain calculated from elastic equivalent
stress Aoy and Young's modulus Ey..

Aoy

‘Seff :Ey_a‘}‘ASpeq (1)

The elastic equivalent stress Aoy is calculated here using the components of the stress tensor.
The components for the calculation are available as output of the elastic LS-DYNA calculation.

270.5

_ Aoy, — Acy;)? + (Aoyy — Adsz)? + (Aoy, — Aoss)
Ao, = 2)

+6(Agy,” + Aoy + Aoys?)

The comparative plastic strain Agpeq is calculated analogously using the outputs of the strain
tensor components, subtracting the result of the elastic calculation from that of the elastic-plastic
calculation.

Ae 3)

05
_ V2 [(Afn — Agp)* + (Agyp — Agz3)® + (Agyy — A533)Zl
peq — 3

+1.5(Ag;,% + Adys® + Aoz ?)

The relevant half stress range o is calculated as the product of Young's modulus on the
fatigue curve being utilized Eyr and effective comparative strain €. The temperature dependence of the
Young's modulus is taken into account.

Eyr€e
— ZyfCeff (4)

Oait 2

Based on an evaluation with Excel, which additionally interpolates stresses and strains, a half
stress range of 203 MPa can be determined, whereby the elastic portion amounts to approx. 82 %. This
stress range is about 35 % larger than the equivalent stress range previously determined in the elastic-
plastic calculation. The number of cycles and consequently the estimated service life can be determined
from the S-N curve in KTA 3201.2 (2017) (see Figure 9). This results in a fatigue life of approx.
5-10* cycles, i.e. with a cycle duration of 1 min about 35 days of test time. Neglection of the bending
possibility of the pipe and using the KTA-curve may result in an overestimation of the stresses and
consequently an underestimation of the service time in form of load cycles.
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Figure 9. Assessment of the results in the S-N curve of KTA 3201.2 (2017).

COMPARISON OF TESTING, CHARACTERIZATION AND SIMULATION

The presented thermo-mechanical simulation and fatigue analysis allows a quantification of the fatigue
usage in a component test. This numerical result can be compared with the results from the non-
destructive evaluation (NDE) and with the destructive evaluation based on fatigue life test of extracted
samples. A flowchart for the detailed evaluation of the component test is displayed in Figure 10.

Target: Comparison of fatigue usage
from destructive testing, non-
destructive characterization and
numerical simulation.
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Figure 10. Flow chart for the evaluation of the component test.
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This evaluation approach allows for the comparison of the numerical fatigue usage (blue) with
the result obtained by the non-destructive evaluation (yellow) and the fatigue life tests on extracted
samples (orange). Further verification paths are indicated in grey.

SUMMARY, CONCLUSION AND OUTLOOK

A method for the numerical evaluation of a thermo-mechanical fatigue pipe test is presented. A
simplification of the complex fluid-structure interaction problem was proposed by calibrating the heat
transfer (influenced significantly by the flow conditions) to measurements. The simplified methodology
enables calculation of strains, stresses and temperature distributions. The service life can be estimated
using S-N curves. This analysis allows to interpret destructive and non-destructive post-test
examinations of the pipe section and to compare the observed fatigue signatures with the computed load
collective.

It should be noted that the load approximation is an intentional choice for reducing
complexity, motivated by the inevitable uncertainties in the fatigue life. A coupled fluid simulation
would be able to determine the area cooled by the inner elbow pipe more precisely and consider the
heating of the fluid, but finally this improved load characterization would not equally improve the
fatigue life prediction.
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