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Abstract:

This study presents a strategy to estimate the extra cost due to start-up and shut-down of hydro
turbines under high-cycle fatigue. The principle is to compare estimations of cumulated
damages from three elementary sequences representing steady and transient regimes (start and
stop cycles) of turbine runners, from in-situ strain measurements. Rainflow cycle-counting is
used to extract stress cycles from these three sequences. Fatigue design curves are defined,
taking into account design codes, laboratory tests and a probabilistic approach. The analysis of
these curves, coupled with the Palmgren-Miner rule, allows estimating damage ratio, i.e. extra
costs of start and stop events, through an equivalent number of normal operating hours. This
approach is applied to Francis and Pelton runners. Different results are discussed in terms of

damage distributions and extra costs of start and stops.

Keywords: start and stop, turbine, high cycle fatigue, Wohler curve, turbine, rainflow cycle-

counting, Palgrem-Miner, damage, Francis runner, Pelton runner
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Table 1
Nomenclature.
Sigle Description Sigle Description
EdF Electricité de France SS Start and stop
SRH EdF Hydraulic reparation service S-Ncurve  Stress vs Number of load cycles
GE General Electric FFT Fast Fourier Transform
ASME American Society of Mechanical Engineers Nhroh Number of normal operating
RCC-M  Design and Construction Rules for Mechanical Hours
Components FEM Finite Element Model
Table 2

Main notations.

Symbol  Parameter Unit Symbol Parameter Unit
YS, UTS  Yield and ultimate tensile strengths of Pa E Young’s modulus Pa
steel
o Stress Pa & Strain pm/m
Cua Applied stress amplitude Pa Om Mean stress Pa
O nom Nominal stress amplitude Pa O min,O max Minimal, maximal stress ~ Pa
FEL Fatigue endurance limit Pa D Damage -
Nr Number of load cycles to failure - dss, dsp, dsy Elementary damages -
(Fatigue life)
N Number of load cycles - Aty, Aty Aty Durations -
op(N) Endurance limit for N cycles Pa t Time S
K; (Fatigue) stress concentration factor - 0, Mean, standard deviation -
R Stress ratio Gmin /Omax - cv Coefficient of variation -

CV=s/pn

1 Introduction

During the last decades, hydro-power plants have been working with an increasing
number of start and stop cycles to balance the electric network. Power fluctuations are generated
to integrate new types of energy in the electrical grid, but start and stop cycles events are
particularly damaging (Gagnon et al. 2010). As a consequence, estimating the cost incurred by
start and stop cycles because of increased damage becomes crucial to develop short and long-
term operating strategies.

Start and stop cycles events induce degradation of various mechanical equipments of the
plants, such as the turbine, penstock and main shut-off valve. Hydroelectric turbines runners
are one of the most expensive components to be potentially repaired (Savin et al. 2020). It is
also known that fatigue and cavitation are the two main degradation mechanisms of these
runners (DojCinovi¢ et al. 2017, Gagnon et al. 2018), among other failure modes (Liu et al.

2016). Fatigue is often considered as the most difficult to manage, particularly in case of fatigue
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cracking (Arsi¢ et al. 2013, Dorji & Ghomashchi, 2014, Liu et al., 2016, Luna-Ramirez et al.,
2016).

Our aim in this work is to propose a method to quantify the additional cost due to the
increased damage on the runners by fatigue due to the starts and stops. This aim in view, two
approaches are used for the fatigue assessment (Balaji Rao et al. 2019). On the one hand, some
models are based on crack growth and failure criteria (Susmel, 2008, 2009); crack development
can occur on the buckets or blades of the turbine runners (Kokko et al. 2014, Welte 2008),
Doujak 2016), Hassanipour (2015), Gagnon et al. 2010). On the other hand, some models are
based on the relation between the magnitude of the alternating stress history vs the number of
cycles to failure (S-N curves) in combination with Palmgren-Miner’s damage accumulation
rule (Marcouiller & Thibaut, 2015). Aiming to quantify the extra cost of start and stops of in-
service turbines, this last kind of models is retained.

The proposed approach is based on the analysis of strain measurements near the critical
areas where maximum stresses are concentrated in the stainless-steel runner. The analysis of
these measurements is based on the selection of steady-state and transient sequences and on the
use of rainflow cycle-counting (Matsuishi & Endo, 1969, Amzallag et al. 1994). From the
resulting cycle histograms, damage is estimated using a S-N curve (Wohler curve). Such a
model linking the stress history and the number of cycles to failure is an engineering tool used
for a long time (Wohler, 1860), but still various works are developed to properly design it for
fatigue life prediction (Susmel et al. 2014, Saga et al. 2020). Particularly, it is crucial to account
for the stochastic nature of fatigue damage process (Schijve, 2005). This aim in view,
probabilistic S-N curves, denoted P-S-N, allow accounting for large dispersion of fatigue test
data (Gagnon et al. 2013).

In this work, we will discuss both the use of design curves, modified using both P-S-N
and a regulatory curve, as defined using RCC-M (AFCEN, 2008) or ASME (Chopra & Shack,
2003, ASME, 2013). Then, Palmgren-Miner's law is used to estimate cumulative damage
(Marcouiller & Thibaut, 2015), for each transient sequence (start-up and shut-down). Finally,
we determine the equivalent number of normal operating hours N, for each start or stop cycle.
Such a number can be estimated from expert judgment. Nilsson & Sjelvgren (1997) suggested
that one start and stop is equivalent to 15 hours of normal operation. In the same paper, the
value of 50 hours for a start and stop is also reported from Mjelsnes, 1999, found in Bakken,
2002 (see also Bakken & Bjerkvoll 2002, Bureau of Reclamation 2014). Anyhow, these values
are not properly justified, and to the best of our knowledge, no scientific publication can be

found to present in detail how to estimate N, from in-situ strain measurements, except in brief
3
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conference communications in French (Jacquemoud, 1994) and in French confidential reports
(Ballester 1992, EdF & GE, 2018). It is why we propose in the following to present and develop
the approach, specifying all the underlying assumptions.

An instrumented Francis runner has been chosen as an example. Such equipment has been
designed to start on Monday and to stop on Friday, but nowadays, the start and stop cycles
frequency has been drastically increased. It is then crucial to better quantify the effect of these
transient sequences.

The first section of the paper highlights consequences of start and stops on the lifetime of
turbine runners. It also briefly reminds usual practice to account for fatigue phenomenon. Then
a practical fatigue assessment method is presented, estimating damage ratios due to runners
start and stops. Then, the method is applied to Francis runners. Finally, conclusions are drawn,

highlighting limits and perspectives of the approach.

2 Problem statement

This section is first focused on turbine runners, undergoing fatigue due to start and stop cycles.
Then S-N curves classically used for fatigue assessment are introduced. Finally, a discussion

about the extra cost due to start-up and shut down operations is proposed.

2.1 Turbine runners under fatigue

Common Francis turbines are composed of a runner band, runner crown and fixed blades
(Fig. 1). These constructions are casted using stainless steels in 13-17% Cr martensitic
(Buxbaum & Ostermann, 1983), (Sonsino & Dieterich, 1990). Particularly, we will consider
13CR-4Ni (or DIN GX5CrNi 13-4), denoted “13-4 stainless steel” in the following. Runners
undergo various several transient phenomena, as pointed out by Huth (2005): unsteady loading
conditions can be induced by out of phase synchronization during start-up, modification of
operating point, earth fault, (emergency) shut-downs (Nicolet et al. 2003). Particularly, start

and stop cycles of Francis turbines runners are associated to transverse vibration, caused by

blade

N e

Fig. 1. Francis turbines: a) example of a runner ®EdF, b) welded joint of a blade (EdF & GE, 2018).

4
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High-cycle fatigue (HCF) occurs, with associated deformation in every cycle remaining elastic,
i.e. the maximum stress in the runner, denoted g,,,,, remaining under the steel yield strength
YS (Jabbado, 2006). Highest stresses usually appear at blade welds with the band and crown
where each blade is fixed (Fig. 1). Figures 2 and 3 provide examples of strain histories in the
cases of two different turbines (Francis Fig. 2 and Pelton Fig. 3). Figure 2 shows the turbine
start (a) and stop (c) phases and the steady operating period (b) in the case of a Francis runner.
Figure 3 also show examples of unsteady steady sequences, in the case of a Pelton runner. In
such a figure, different strain evolutions can be observed for different power levels (Fig. 3a)
and also for start and stop sequences, coupled with steady state sequences (Fig. 3b) and only
used to help a pump to start (“back-to-back” start-ups, Fig. 3c).

These evolutions show very different unsteady behaviors. Figure 2 shows that the strain
amplitude in steady state is less significant compared to a few seconds of start-up or shutdown,
whereas Therefore Figure 2 seems to highlight that the cost of one hour in steady state is

insignificant compared to a few seconds start-up or shutdown.

400 - .
E 300+ |
1S
=
.5 200 - .
©
E 100} :
o
[0
a
0 start steady state stop
-1 OO L | | 1 1 1 1 i | ! ] t
0 200 400 600 800 1000 1200 1400 1600 1800
Time [seconds]
Fig. 2. Evolution of strain measurements for 3 loading sequences (Francis runner) ® EdF.
* GOCIl
pm/m
300 |- M
= + I
(a) Steady state regimes (b)Normal start-ups (c) “Back-to-
=300 |-
(decreasing power) and steady states back” start-ups
600 ] | 4
TOO0 14000 21000 s 28000

Time ———

Fig. 3. Evolution of strain measurements for various loading sequences (Pelton runner) ® EdF.
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On the contrary, Figure 3 displays steady states (with different power ranges) with
comparable strain amplitudes compared with start-ups and shutdowns (Fig 3a).

In the last two figures, the strain gauges were positioned near the critical points
(“hotspots”), where the stress values (von Mises) are the highest. In the case of a Francis runner
(figure 2), they were located at the junction between blade and crown and at the junction
between blade and band; the first was analyzed because of higher recorded values. In the case
of a Pelton runner (figure 3), gauges were located at the bucket root.

The stress history can be deduced from such strain measurements from the gauge the
closest to the zone with the maximum stress omax in the runner. Denoting 7,,,,, the nominal
stress deduced from the gauge, one usually define the stress concentration factor K; as the ratio

between 0,4, and Gyom-

K, =2max (1)

Onom

In Fig. 4, an example of a stress signal during a simplified start-up sequence is shown,
highlighting stress HCF cycles. Meanwhile, the whole start-up operation can be considered as
a low-cycle fatigue (LCF) cycle, as it occurs less than 10° times in the lifetime of the equipment.
In this figure, stress amplitudes of HCF and LCF cycles are respectively denoted

Oq ncr and o, cr. The mean stress is denoted oyy,.

t a(MPa)
HCF cycle TG" (Mﬁq) onom(N)/20
~, nominal curve
TR 4 Conce g
i1 . dii --..,,*.\ Gnom{N}
20a,1cF Oa.HCE f. S:I%f'ifiu_r\j'i - _‘_._.:‘5‘_1'..‘ = s
Om OD |-mmmmmmmmmm e ! '———'—‘1'—-:—':_;'—'_—_——;
olf P e, e Ml
| "LCF cycle 10"10° 10" 10°10°10” 10°

Fig. 4. Stress history highlighting a start-up sequence  Fig. 5. S-N curve: nominal and design curves

(runner scale). (laboratory specimen scale).

2.2 Fatigue assessment using regulatory or P-S-N Curves

Fatigue assessment of a runner usually consists in using a S-N curve, which is based on strain—
controlled fatigue tests of small specimens at room temperature in air or in corrosive
environment (see e.g. Buxbaum & Ostermann, 1983) or (Sonsino & Dieterich, 1990). Figure 5
displays a nominal S-N curve and the corresponding fatigue endurance limit (FEL) under which

the stress amplitude o, will not lead to a failure, whatever the number N of cycles (see Lei et
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al. 2021). Figure 5 also displays a design curve. For example, Figure 5 shows the regulatory
number of cycles to failure Ny, related to the HCF stress amplitude o, ycr.

The current nuclear design codes such as RCC-M (AFCEN, 2008) or ASME codes (Section III
fatigue design curves, see Chopra & Shack 2003) define nominal curves as best—fit median
curves to the experimental test data accounting for modifications (in particular but not only):

- to account for the effects of mean stress using the modified Goodman relationship

Orom = O ( %) Q)

with UTS the ultimate strength of the runner material, o,, the mean stress, .o, the nominal
stress, and o, the applied stress amplitude (Pa).
- and then lowered by a factor ys of 2 on stress and yy of 20 on cycles to obtain the fatigue

design curves.

G4 ()= Min[Gpos (N /25 Gnom (55 )]1---3)

These passage factors (s, yn) are supposed to cover conservatively two different effects: the
variability of the lifetime under fatigue between laboratory tests and a structure within its real
environment on the one hand, and between laboratory specimens on the other hand
(Grandemange & Faidy, 2000), (Sudret, 2011). Chopra & Shack (2003) underlined that these
factors are not safety margins but rather adjustment factors. They are not intended to address
all the environmental effects on fatigue life. For example, fatigue data obtained in the U.S. and
Japan demonstrate that light water reactor environments can have potentially significant effects
on the fatigue resistance of steels, such that the current ASME Code design curve can become
nonconservative for certain materials. Moreover, RCC-M or ASME codes seem rather to be
validated for fatigue lives under N =10° and N= 10° respectively. These last two limits of
regulatory curves encourage to use probabilistic S-N curves (Balaji Rao et al. 2013, Fouchereau,
2014, Seddik, 2017). Indeed, P-S-N curves can correspond to a given probability to get a lower
stress amplitude. Figure 6 depicts as an example a P-S-N curve based on the common

assumption of a Gaussian probability law modelling the nominal stress.
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Fig. 6. Example of a design curve defined as a probabilistic S-N curve.

The position of the design curve therefore depends on the knowledge of a standard deviation s

and a target probability P*, defined in Eq. 5 (cf. Fig. 6 and Table 3).

Table 3
Target probability values P* depending on a, such that P*=Prob(c< oc = u — a s).

Probabililty P* 0.05 102 103 10 107

a 1.645 2.33 3.1 3.72 4.26

Passage factors (ys, yn) become finally particularly relevant if a corresponding P-S-N curve can
be defined. For instance, the use of a characteristic value can be considered, as it is defined in
design codes such as Eurocode (CEN, 2002). Particularly, a 5% characteristic value o,
associated to a partial safety coefficient y, could be defined such as

ok=0om—1.645s and P(o<or)=0.05 ....(4)

P*=P(oc <oc=0r/y) .eee(B5)

2.3 The extra cost due to the increase of start and stop cycles
In the simplified case presented Fig. 4, there is only one HCF stress amplitude o, ycp, for nucr
cycles, and one LCF cycle with stress amplitude g, ;cr. Then the damage caused by these
cycles can be written:
_ Ly .e.e(6)
Ny NG
More realistically, an on-site stress history leads to a complex series of stress amplitudes
(see Fig. 2 and 3). For such complex loading history, histograms of stress amplitudes can be
extracted using a cycle-counting method such as rainflow method, Markov chain or ARMA
model methods (Ling et al. 2011). Figure 7 displays simplified distributions of cycles obtained

for the two damaging sequences of a Pelton turbine (Ballester 1992): full-power steady state
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(Fig 7a, corresponding to Fig. 3b setting), and “back-to-back” start-up sequence (Fig. 7b,

corresponding to Fig. 3¢ setting).

Cycle range Cycle average Cycle range Cycle average

a) b)
Fig. 7. Simplified distributions of cycles extracted after a cycle-counting procedure: case (a) full-power

steady state, and case (b) start-up sequence.

Damage corresponding to these cycles distributions is estimated using Palmgren-Miner’s

damage accumulation rule, summing elementary damages, more generally denoted 7;, such that

3 r nj . (7)
d=>" -
=LAV

The well-known cumulative damage method (EN 1993-1-9, 2005) means that a total

damage is reached for d=1. However, such a rule does not help to estimate the lifetime of
runners, given that this lifetime can be impacted by phenomena that cannot be measured using
damage estimation.

In this paper, damage estimation principle only aims at comparing steady and unsteady
sequences. The idea is to use cycle-counting to different sequences, then to extract damages
and finally to compare them. Damage ratios could then help quantifying how start of stop
sequences are more damaging (or not) compared to a supposed steady state.

The next section will present such an approach.

3 Estimation of damage ratios due to runners start and stop

This section presents how to estimate equivalent number of operating hours for start and stop
events. Principle of this estimation is resumed in Fig. 8 and is explained. Then, a probabilistic

S-N curve is determined, based on fatigue tests data.

3.1 Presentation of the approach
The proposed method consists first in the instrumentation of the runners with strain gages

(Fig. 8a) (Lofflad et al. 2014). The question whether extensometers (unidimensional gages
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instead of rosette gages) are sufficient has to be discussed. To do this, a finite element (FE)
model can be used to estimate the stress concentration factor K; (Bryla et al. 2013) and to
confirm that uniaxial strain are representative of the real strain state (Morissette et al. 2016).
These strains are derived after gages signal processing, accounting for a gauge factor and after
filtering, accounting for signal noise (Fig. 8b). Finally, stresses are deduced by means of
Hooke’s law and Young’s modulus of the runner £ and by checking that the maximum
stress is below the yield strength YS (Fig. 8c). Loading sequences are selected for start and stop
and steady states, with durations At, Atsp, Ats, (Fig. 8d). Then cycle counting allows obtaining
stress amplitudes o. vs number of loading cycles #n;, for each sequence (Fig. 8e). A design
curve is defined using P-S-N curves based on laboratory tests on specimens (Fig. 8f). As a
consequence, Palmgren-Miner’s damage accumulation rule leads to elementary damages ds;,
dsp, dsy (Fig. 8g) and damage ratios d,/dyy, and dyp/d;, (Fig. 8h) are deduced. Figure 8 summarizes

the main steps of the approach.

a) Strain gages measurement i) Decision maker:
- Extracost of start and stops?
Jauge factor, filter l Gage selection - Optimisation start and stop?

' R )
XQ-H-ﬂ-g--E-MQQHLQF‘E e Max[o{t)]< ¥S h) Estimation of Nnoh, i.e. damage
Stress concentration h c s g R
ratios: dst/dsy and dsp/dsy
factor &, c) Stress evolutions o(t) T
Sequences . .
iton: - : g) Estimation of damages:
d)Extraction of loading sequences: d g
Atst, Atsp, Atsy tart, stop, steady states start (dst), stop (ds),
A, S1op. Aty steady (dsy) sequences
Cycle-counting v Palmgren-Miner rule T

e) Stress ranges vs

N ) 8 - »
number of cycles: nffas) | L " °
unner ultimate tensile

P-S-N curves from laboratory tests on specimens /‘ R Strength UTS

Fig. 8. Flowchart of the method estimating the numbers of normal operating hours N,
From these damage ratios are derived: equivalent numbers N0, of normal operating hours

®

i Atgyd;
noh= _Atidsy

where (N.op, 4t;, di) denotes (N

noh »

Ats[, ds[) and (Nsp

o, Aty, dyp ) for start and stop transient
sequences respectively.
Elementary damages dy: , dyp, dsy , denoted as d; in the following, are the ratios between the

numbers of loading cycles n; and Ny The number of cycles n;is given by a cycle-counting

10
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method (Fig. 8e). For example, Figure 9 displays distributions of elementary damage d, deduced
from histograms (Fig. 7) and using numbers of cycles to failure Ny; estimated from a P*=1/100

S-N curve (Ballester 1992).

Cycle range Cycle average Cycle range Cycle average

a) b)
Fig. 9. Simplified distributions of damage: case (a) full-power steady state, compared to start-up sequence

case (b), with more cycles and cycle ranges, leading to more damage.
In the case of full-power steady state (Fig. 7bis a), most damaging cycles are those
corresponding to the stresses after water impact: on the blades in the case of Francis runners,
on the buckets in the case of Pelton runners. As an example, in the case of back-to-back start of

a pump (Fig. 7bis b), Ballester (1992) estimated that the accumulation of damage of the Pelton

runner leads to N ;- 3 times the total damage found in case a).
The next section presents how to define the cycles number at failure Nf; using a design curve,

based both using probabilistic and regulatory S-N curves, as proposed.
3.2 Probabilistic S-N curves

This section is divided into three parts: 1) the presentation of fatigue test series, ii) the
modified Goodman relationship, taking into account the effect of mean stress, iii) the estimation

of P-S-N curves in accordance with the design rules.

Fatigue test series

Series of tests were carried out on dozens of specimens, under axial and also combined axial
and lateral cyclic loading, on 2 types of specimens and several steel grades (Buxbaum &
Ostermann, 1983). These tests have been carried out in the same conditions as industrial
runners. They are extracted from large-sized casted blocks. The size of the specimens is
consistent with the dimensions of the runners. Only 13.4 steel with yield strength ¥'S = 628 MPa
and ultimate strength U7S = 804 MPa is used here. Figure 10 shows the two types of specimens,
which correspond to:

- axial cyclic tests: the stress is assumed to be homogeneous in cross-section, which leads to a
stress concentration factor K; of 1;

11
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- combined axial and lateral cyclic tests composed of notched prismatic specimens, with K;
equal theoretically to 1.36.

| 500
i ® 40 o 16 024
e=40 |
C 100 i D R i “—b
i R40 o

Fig. 10. Specimen under flexural bending (left) and tension (right) (Buxbaum & Ostermann, 1983), cf. Table 4

Table 4 gathers configurations depending on test conditions in air or in corrosive environment
and on the zero mean stress levels (R=-1), equal to 204 MPa, or cnom/2 (R=0). For each
combined axial and lateral cyclic test, stresses are deduced from measurements at the edge or
center of the specimens (series 4b and 4c). A theoretical stress concentration factor K; is given.
In the following, we particularly study tests series 3 and 4, because they have been carried out

in corrosive environment similar to the one of industrial runners.

Table 4

Synthesis of test series (Buxbaum & Ostermann, 1983), cf. Fig. 10.
Series Environment Type of mechanical (Ratios of) stress Theorical stress
d’essais corrosive loading min., moy. max. concentration factor
0 air Alternate tension =-1, 0m= Onom/2 1
1 air Alternate tension R =0, 6,i=0 MPa 1
3b (3¢) corrosive Alternate bending R =0, 0i=0 MPa 1.36 (1)
4Db (4c) corrosive Alternate bending on—=204 MPa 1.36 (1)

Table 5 presents some statistics on selected test series. The dispersion of the measurements is
estimated by the coefficient of variation of the stress amplitude o. for N=107 cycles. Figure 11
also shows the dispersion of the measurements. This coefficient of variation fluctuates from

about 10 to 20% depending on the series, with an increasing trend for higher mean stress.

Table 5
Stress amplitudes o, in cases of series 0, 1, 3, 4 (Buxbaum & Ostermann, 1983).
Tests Tests N variation Stress 0, Mean stress (MPa) Coefficient
series  humber domain A N=107(MPa) (Standard deviation)  of variation
0 15 4.10°-2,3.107 182 32 (24) 0.21
1 18 2.10°-108 110 13 (9) 0.14
3b 15 1.610°-10% 92 9(8) 0.14
3c 8 2.510°-10% 74 5(5) 0.11
4b 9 6.10°-108 65 6(4) 0.09
4c 14 2.10%-108 52 6 (5) 0.16

12
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Fig. 11. Examples of measurements series (1, 3b et 4b) (Buxbaum & Ostermann, 1983), see. Table 3. Series
correspond to tensile stresses (Fig. 10, right) and series (3b, 4b) to bending stresses (Fig. 10, left).

Accounting for the mean stress and stress concentration factor

Table 6 presents these modifications for N =107 and 10® load cycles, in the case of series 3 and
4, with measurements at the edge and in the center of the specimens. Two types of modification
can then be estimated:

- taking into account the mean stress: modified Goodman relationship, from 4 to 25%;

- the stress concentration factor K;, estimated here between 1.23 and 1.4 (1.36 theoretically).

Table 6

Modified stress amplitudes (MPa) depending on the mean stress, for test series 3, 4 de (Buxbaum & Ostermann,

1983), 13.4 steel, ultimate limit strength of 804 MPa, from measurements at the edge and center of specimens
Specimen edge Specimen center (close to the notch) K tests

Series 3b (edge) and 3c (center) : case R=0, i.e. Gmin=0MPa and o,= 0,/2

Oa Correct.(%)  Onom Ou Correct.(%)  Gnom
N=10" 72 4.5 75 N=10’ 59 3.7 61.2 1.23
N=10% 90 5.6 95 N=10% 74 4.6 77.6 1.23
Series 4b (edge) and 4c (center): case o,, =204 MPa
Ou Correct.(%)  Gnom Ou Correct.(%)  Gnom
N=10" 52 25.4 70 N=107 37 25.4 49.6 1.41
N=10% 70 25.4 94 N=10% 54 25.4 72.4 1.30

The stress concentration factor of 1.36 is not exactly found, partly because of the uncertainties
in the stress estimate and partly because it seems unlikely that the maximum stress was
accurately measured at the center of the specimens. For safety reasons, K; = 1.36 will be

considered in the following.
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Fig. 12. Mean S-N curves (13.4 steel), series 3b, 3c, 4b, 4¢

Looking for nominal and design S-/N curves

In order to carry out a fatigue design, it is necessary to define a nominal curve, which can in
principle be deduced from each of the 4 above-mentioned curves. Figures 12a and 12b show
the mean Wohler curves of series 3 and 4, derived from measurements at the edge and center
of the specimens, before and after Goodman modifications. If we do not use the mean curves,
but all the stress amplitudes, we obtain an average dispersion of 13%, which is the average
coefficient of variation that can be deduced from Table 3. Defining a nominal curve could then
consist of a regression of one curve among others or of the mean points of Fig. 12b. Equation 9
provides the equation of the regression for all series 3 and 4.
Opom = — 10.66 Ln(N) + 245.19...(9)
This 50% S-N curve is plotted on Fig. 13., with different corrected design curves. Indeed, one
considers at least three options:
- a)a P-S-N curve; Figure 13a proposes 0.1% and 0.01% S-N curves, deduced from the
50% S-N curve (Eq. 8), and following Table 1 and Egs. 4-5;
- b) aregulatory curve deduced from the 50% S-N curve (Eq. 8), applying the design rule
(Eq. 3); Figure 13a shows that this curve is very close to the 0.01% S-N curve;
- c¢)regulatory curves deduced from the design code (ASME, 2013).

140  MPa 140 MpPa
120 50% 120
100 0.1% 100
80 0.01% ao
60— — — 6D
20 5/2-N/20 S==E 20
0 0
1E+06 1E+07 N 1E+08 | 4r.06 e N S
a) Mean regression curve o,, P=102and10* S-N b) Nominal curves for highly and poorly alloyed
curves and corrected S-N curve according to steel (ASME, 2013), compared with other curves

(AFCEN, 2008), (Chopra & Shack, 2003)

Fig. 13. Corrected design S-N curves deduced from the mean experimental series (a), from ASME code (b).
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Last option, c) curves denoted ASME+ and ASME-, respectively, correspond to carbon and
low-alloy steels (Young’s modulus £ of 206.8 GPa) and austenitic stainless steels (£ =
195.1 GPa) (ASME, 2013). Contrary to P-S-N curves deduced from the presented experimental
series, ASME S-N curves do not account for any corrosive environment, justifying arbitrarily
corrected S-N curve by dividing nominal stress values by a safety factor, e.g. 1.5 (see Brand et
al., 1999). Therefore Figure 13b shows the revised S-N curve, denoted ASME*, accounting for
this coefficient and also @ 200 GPa Young’s modulus. It is worth noting that if this revised
curve is conservative for N < 107, it becomes far less conservative for larger number of cycles,
which corroborates the analysis found in Chopra & Shack (2003), in the case of a usual fatigue

assessment.

4 Application to Francis and Pelton runners

Method presented in the section 2 is applied here to Francis and Pelton runners. Considered
runners are listed in Table 7. They are all made using 13.4 steel, with Young's modulus of
200 GPa. Signal filtering and cycle counting are applied in four cases, before estimating damage
ratios, i.e. equivalent number of normal operating hours. For all studies, signals were acquired

at a 2400 Hz frequency with an anti-aliasing filter.
Table 7
List of runners (EdF fleet of hydroelectric power plants).

Runner type Effective power
Runner 1 Francis (turbine) 28 MW
Runner 2 Francis (turbine) 2 MW
Runner 3 Pelton (turbine) > 80MW
Runner 4 Pelton (Ballester, 1992) 152 MW

4.1 Case of a 28 MW Francis runner (runner 1)

This runner has been studied estimating a maximum stress of 60 MPa (EdF & GE, 2018),
for an estimated maximum deformation of 300 um/m. However, the maximum deformation
found (J1S8 gauge) is 132.5 um/m, which leads us to consider a stress concentration factor K;
of 2.27 with an accuracy of about 3% (K estimated between 2.16 and 2.34, EdF & GE, 2018).
For the power of 28 MW, K; = 2.165 is the coefficient we propose to consider in the following.
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Signal filtering and cycle-counting
A spectral analysis is performed to quantify the impact of all degradation phenomena occurring
at the runner, and determine the filter to be applied to separate the real effects from the signal
noise. Fast Fourier Transform was performed during 5 minutes-long stabilized operating signal
(Fig. 14). The eigen frequency Fo=n,/60 = 2.63 Hz directly depends on the rotational frequency

of the runner, where np = 158 rpm is the rated synchronous speed of the runner.

Load Reversals
T T

0 0.5 1 1‘5 | 2‘5 3 3‘5 4 45 5
0.15 Time (mins)
2 1 XFO (55 3 HZ) Rainflow Matrix Hlsmgram
— P 150
— / \‘\
S 0.1 q
e 10xFy (26.3 Hz) ///
i 325%Fy (855 Hz) S 1500 100
4 (6]
0.05 5 1000 /
[ ke
/ fmi -
& 2 0
0 0 25 50 TT——
0 200 405» 600 800 1000 1200 o0 Py F/ 0
Frequency (Hz) CyckiFbnas Gycle Average
Fig. 14. Spectral analysis of the signal using a fast Fourier Fig. 15. Representation of the rainflow counting
transform (FFT): evolution FT modulus vs frequency. matrix using loading history of a steady regime.
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Fig. 16. Representation of the rainflow counting matrix using a load history data in case of 28 MW startup (a)
and stop sequences (b) (Runner 1).

The analysis shows harmonics at 2xFy, 3xFy up to 21xFy, with a natural frequency Fyequal to
2.63 Hz. The harmonics captured in the spectrum could probably correspond to hydraulic
instabilities e.g. to the Zr =13 blades (Zr Fp = 34.2 Hz), to the Zs = 24 wicket gates (Zs Fp =
63.2 Hz)). The value of 855 Hz is an example that corresponds in fact to 25 Zr Fy, harmonic of
the interaction between the stationary pressure field (on the distributor side) and a rotating
pressure field - (on the runner side)). At 55.3 Hz is detected the rotor-stator interaction and at

26.3 Hz interblades vortexes.
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The 1 kHz filter is eventually applied in the following, given that ISO 20816-5 (2018)
also recommends net filtering not below 1 kHz.

Rainflow counting algorithm (ASTM, 2011) is used to translate time-dependant stress
loading into stress cycles amplitudes. For illustration, Figure 15 displays the steady state regime
during A4t;, = 5 minutes, for a power stabilized at 28 MW, and a representation of the rainflow
counting matrix, with histograms depending on amplitude (cycle range), mean stress (cycle
average) and number of cycles.

Figures 16 represent the rainflow counting matrix using a load history data in the same
case of a 28 MW start-up (a) and shutdown sequences (b). Their durations are respectively
equal to At = 2 min and Aty = 2.5 min. On the histogram, fairly high numbers of cycles are

reported compared to steady state sequence, where average cycles clearly less than 50 MPa.

Estimations of damage and normal operating hours
From this last observation, it seems irrelevant to account for an endurance limit. This can be
checked displaying damage estimations for steady, start and stop sequences, with and without
30 MPa fatigue endurance limit (FEL). This comparison is proposed in Fig. 17, accounting for
arbitrarily FEL = 30 MPa, using ASME* (a) and P=10* (b) S-N curves respectively. This figure
highlights that the steady regime corresponds to stress amplitude mostly lower than the FEL.

As a consequence, normal operating hours estimated in Tab. 6 increase drastically.

200 d 200
100 100 I I
: T | i
normal start stop normal start stop

a) ASME* S-N curve b) P=0.1% S-N curve

Fig. 17. Representation of damage estimations for steady, start and stop sequences, with and without 30 MPa
endurance limit, accounting for ASME* (a) and P=10 (b) S-N curves respectively (runner 1).

Table 8 gathers estimations of normal operating hours (N,on, defined in Eq. 8) obtained for
runner 1, in cases of start and stop events. Three design curves presented in section 3 (Fig. 13)
have been used to estimate damage ratios, considered as Mo, estimations for these events (Fig.
16). For example, the first column provides the damage ratio (extracost) of a start-up, using the
ASME* curve (Fig. 13b), without accounting for a fatigue endurance limit (FEL). It means that

stress amplitudes below the FEL have been ignored to estimate elementary damages.
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Table 8

Number of normal operating hours (N,on), start-up of the 28 MW Francis (runner 1)

Sequence ASME*  ASME* P=0.1% P=0.1% P=0.01%
(with/without FEL)  without  with without — with without
Start-up 6 51 13 141 658

Stop 6 78 12 205 423

Results from Table 8 seems conservative to account for the FEL. Anyhow, since most stress
amplitudes of steady regime sequence being below the FEL, the operator better should consider
them. Table 8 also shows that estimations of extra cost of start and stops highly depend on the
choice of the P-S-N curve: Nyoi increases as P decreases. For example, Nyor=141h means that a
start-up corresponds to 141h of normal operating hours if we consider a P-S-N design curve
with P=0.1% and if we account for the FEL in the estimation of the damage ratio Nyon.
Moreover, runners’ operator should bear in mind that P-S-N curves are estimated from a limited
number of tests, between N=10° and 10® cycles, whereas damage estimation needs to use S-N
curves for higher N values. This last observation would then tend to recommend a regulatory
curve such as ASME ones, defined to N=10° cycles. The operator has finally to choose a safety

factor, arbitrarily equal to 1.5 in this work, but which should probably be taken larger.

4.2 Other runners and discussion

This section gathers results obtained using other runners (Tab. 5).

Runner 2 (2 MW Francis turbine)

This study was conducted using histories observed working on a runner similar to
runner 1. We consider the same material and also the same stress concentration factor. For
technical reasons, we were only able to focus on a start-up of 2 MW. Figure 18 represents
histograms of a start-up (a) and the steady state regime (b). In this case, a startup of less than

2 minutes corresponds to around 35 minutes of steady regime, using the P=1% S-N curve.
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Fig. 18. Representation of the rainflow counting matrix for a Francis turbine in case of 2 MW startup (a) and
steady regime (b) (runner 2)

Pelton runners 3 and 4
Considered Pelton runners 3 and 4 are used to start a reversible machine in pump mode.
Runner 3, with power greater than 80 MW, can be used to start a turbine-pump less powerful.
In this case, there is clearly no extra cost due to start or stop.
Runner 4 has the same power as the turbine-pump to be started (Ballester 1992). In this case,

the start-up of this runner is equivalent to 3 normal operating hours.

5 Conclusion

The paper presents a strategy to estimate the extra cost of start and stop of hydro turbines, under
high-cycle fatigue. The method compares estimations of cumulated damages from three
elementary sequences representing steady and transient regimes (start and stop cycles) of
turbine runners. These estimations are based on regulatory or probabilistic S-N curves,
determined using fatigue tests data. The approach has been applied to Francis runners, using
also a past result on a Pelton runner, published only in French (Ballester 1992).

The proposed approach is interesting to detect and quantify extra cost of start and stop in terms
of normal operating hours. However the operator has to bear in mind that these estimations
depend on the reference S-N curve used to estimate elementary damages. Laboratory tests or
regulatory curves are useful, but one has to use them with caution. For example, one of the
available ASME curves was designed for austenitic steel used in nuclear industry, but not used

for runners of hydraulic plants.
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Once an extra cost has been detected, the recommendation from Gagnon et al. (2010) can then
be followed if possible, i.e. optimize this start-up scheme with regard to fatigue damage, in
order to extend Francis runner life expectancy.

As perspectives, this approach could be applied to other ageing components such as penstock,
or main shut-off valve. Ling et al. 2011 experienced to implement Markow chain or ARMA
model method instead of rainflow cycle-counting method, that could also be improved (Anthes,

1997, Yung-Li et al. 2012).
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