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ARTICLE INFO ABSTRACT

Due to the massive entrance of new renewable energies such as wind or solar, hydraulic turbines have to work
far from its designed point and withstanding multiple transients, such as starts and stops, that shorten the useful
life of the machine and cause fatigue damages. The present paper reviews the complex problem of fatigue in
Francis turbines particularly focused on the experimental data available for static and dynamic stresses. For this
purpose, many researches, which include different Francis turbines covering a wide range of design head and
power, have been considered. The experimental stresses characteristics measured with strain gauges installed on
the turbine runner and obtained from previous works have been analyzed for the different operating conditions
and transient states occurring in the normal life of actual Francis units. The actual computational capabilities and
techniques typically used to estimate such stresses have been discussed in detail. Potential future techniques to
simplify complex strain measurements on the turbine runner, computational and statistical methods to estimate
turbine stresses are reviewed in this paper. Finally, the relative damage of the different operating conditions and
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useful life estimation of the turbine, based on past strain measurements of the runner, are addressed.

1. Introduction

Nowadays, Hydropower plays an important role in the electricity
market because hydraulic turbines permit to introduce flexibility on
the electrical grid. Due to the entrance of massive renewable energy
sources, such as wind or solar, not only the demand curve has an un-
predictable behavior but also the generation curve. In this context, hy-
dropower has the capacity to introduce big amounts of energy in a short
period of time and regulate its output power, in order to match the gen-
eration and demand. Also, if there is a surplus of energy in the grid,
reversible Francis units can be used in pumping mode as an energy
storage machine. Due to its wide operating head range (from few me-
ters up to 600m [1]), Francis turbines are the most widely used tur-
bine type. In order to match the electricity generation and demand,
Francis units have to work far away from its designed operating point
and hold many damaging transient conditions such as start-ups and
stops. During these unfavorable conditions, high pressure fluctuations
and high static stress (mean value of the stress characteristic) and dy-
namic stresses (fluctuation with respect the mean value) are expected,
which can lead to some fatigue damages and failures. These type of
damages and failures, have been reported more often during the last
years as shown in multiple research papers and study cases [2-7]. The
runner or impeller, which converts hydraulic into mechanical energy
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or vice versa, is the critical part of the unit as it receives the dynamic
loads induced by the flow. Fig. 1 shows a crack found in a Francis run-
ner caused by multiple start and stops. In order to analyze and to pre-
vent fatigue damages, recently many research has been focused in im-
proving the actual knowledge in all the steps that have an influence in
the fatigue damage phenomena. These steps are roughly represented in
Fig. 2.

On one side, the excitation characteristics and the structural para-
meters (masses, stiffness and damping ratios) of the unit in real oper-
ating conditions have to be determined as inputs of the dynamic prob-
lem. On the other side, the reaction of the system as a consequence of
these inputs is known as the structural dynamic response (this concept
is limited here to the response of the rotating structure). This response
involves static and dynamic strains & stresses. Particular in some critical
points of the runner (hotspots), these stresses can be very high and with
a given number of cycles, a fatigue damage or failure can occur.

There are many studies that have been focused in the main exci-
tation types in Francis units. These excitation types are the rotor-sta-
tor-interaction or RSI, the excitations derived from the vortex rope,
the Von-Karman vortex shedding and stochastic excitations at very low
loads. RSI phenomena and its influence parameters have been analyzed
in detail in the past [8-16]. The RSI is the main excitation type for
high loads of the unit and specially for high head runners. The cavitat-
ing vortex rope and its effects on the runner have been also considered
in many studies. This phenomena appears when the machine is work-
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Fig. 2. Steps involving the Fatigue problem and Life assesment.

ing at part load (under best efficiency point) [17-21] and at overload
conditions [22-24]. The Von-Karman vortex shedding can be especially
dangerous if the frequency of the vortices coincides with one natural
frequency of the blade, producing a resonance. The phenomena has
been investigated and reported in isolated hydrofoils [25,26] and tur-
bine blades [17,27-30]. Finally, besides these excitations, which have a
periodic characteristic, the stochastic excitations have to be considered.
These are especially important at very low loads or during transients
[31-34]

The effect of the fluid in the structural response of the runner, i.e.
the influence of the fluid on its dynamic properties such as natural fre-
quencies, mode shapes and damping ratios has been also deeply stud-
ied. The main phenomenon is the decrease of the natural frequencies of
the runner (which is submerged and confined) due to the added mass
effect, which has been extensively discussed in the last years for simpli-
fied structures [35-41] and also for real turbine runners [42-45]. The

increase of the damping ratio due to standing or flowing water has been
also demonstrated in many cases [38,40,46-49]. Also the influence of
the rotation in disk-like structures has been determined as a very impor-
tant factor [50-53]. Trivedi et al. [54] summarized all these effects in a
good manner. More recently, other effects such as the coupling between
acoustic and structural modes or the influence of flexible casings have
been also discussed [45,55].

In the recent years, the knowledge of the flow excitation characteris-
tics and the structural response of the runner has been improved. Never-
theless, neither the excitation characteristics for all the operating points
nor the structural response of the runner in operation, which is influ-
enced by the aforementioned effects acting together, has been totally
determined now. As a consequence, the static and dynamic stresses can-
not be fully predicted based on this model.

In order to have more realistic fatigue life estimations, many re-
search groups and industrial companies have been focused on the di-
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rect determination of stresses by performing experimental measure-
ments with strain gauges. This task has a lot of technical difficulties,
since the stresses have to be measured in the runner, which is sub-
merged, rotating and withstanding high pressure fluctuations. Due to
the difficulty of the installation, these tests involve long times and also
high economic expenses from direct costs(technical staff, materials and
shipping) and indirect costs(long periods of the machine without gener-
ation) [56].

According to Gagnon et al. in the year 2010 [57]: “Currently, there
are only a few Francis turbines for which strain measurements are available”.
Nevertheless, by examining recent studies, it can be concluded that this
situation has changed and that nowadays some papers including exper-
imental strain measurements in the runner have been published, as will
be shown in the present review. At the same time, the experimental in-
formation obtained has helped to improve the quality of the numerical
models. In fact, many studies show that simulation models are capa-
ble to predict static and dynamic stresses for some operating conditions.
With the evaluation of the dynamic stresses, relative fatigue damages of
every operating condition have been estimated. Nevertheless, absolute
fatigue life predictions are still not reliable enough as there are many
uncertainties in all the steps involving this complex problem and still
lack of experimental data to use advanced statistical methods.

This paper, reviews the recent developments in the life assessment
of Francis turbines based on the experimental and numerical determi-
nation of stresses in the turbine runner. This topic is nowadays of rele-
vant importance in hydraulic turbomachinery, since new conditions of
the electrical market require Francis turbines to work far away from its
Best Efficiency Point (BEP) and withstanding multiple transients. Due to
the fact, that a reliable estimation of dynamic stresses through numeri-
cal or analytical methods is still not possible, at least in all the operat-
ing conditions, direct strain measurements on the runner are necessary
and have been extensively performed during the last years. In this pa-
per, we summarize compare and analyze together the different available
stress results experimentally obtained in prototypes, which have been
recently published by different researchers. Firstly, static and dynamic
stresses are discussed as a function of net head and power output. For
the analysis a wide number of turbine runners with different heads and
operating powers has been included. Furthermore, for the static stress
and dynamic stress the accuracy of the simulation models has been ad-
dressed. Then, for every typical operating condition in Francis turbines,
the main conclusions of the different researches have been summarized.
In order to avoid economic and environmental costs of such measure-
ments in real turbines, new techniques and possible future trends to sim-
plify these kind of experimental tests are also highlighted. Finally, rela-
tive damages of each operating condition based on fatigue analysis and
actual reliability models are also discussed.

2. Brief description of the flow excitations and structural dynamic
response of Francis runners

The stresses in the runner could be accurately estimated with numer-
ical models, if the structural dynamic response would be fully known.
Nevertheless, for Francis turbines this is a very complex task,

Table 1
Summary of the main excitations in Francis turbines and associated problems.
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as both excitation characteristic and structural parameters are affected
by complex flow characteristics (Fig. 2). First, the flow excitation, espe-
cially in out of the design conditions, contains high stochastic compo-
nents. Regarding the structural parameters, several fluid effects have an
influence on them. Although in the recent years many of these effects
have been properly analyzed and determined, there is still a long way
to completely solve this problem and therefore the dynamic stress deter-
mination requires from direct experimental strain measurements on the
runner. This section briefly describes the most characteristic excitations
and most important influences on the structural response of Francis tur-
bines and point out some relevant effects that have been addressed re-
cently and that were not discussed in previous reviews dealing with this
topic [54].

2.1. Flow excitation

Depending on the operating condition of the runner, there are dif-
ferent types of flow excitations. These can be roughly separated accord-
ing to the following classification summarized in Table 1. The operat-
ing conditions will be described more detailed in the Section 3 of the
present paper. Regarding the flow excitation, it is worth to mention the
work of Naudascher and Rockwell [58] and the work of Dorfler et al.
[59] The first one gives a detailed description of the different flow-in-
duced vibration problems in engineering and the second one carefully
analyzes flow excitations in hydraulic machinery.

2.1.1. Rotor Stator Interaction (RSI)

It is a periodic excitation caused by the interaction between guide
vanes and rotating blades. Its basic equations in terms of excited fre-
quencies and excited mode shapes are well known. The RSI excites the
turbine runner in all the operating conditions but its intensity is stronger
at high loads.

2.1.2. Rotating speed pulsations

As real hydraulic machinery is not perfectly symmetric on the rotat-
ing and stationary parts, pressure pulsations at the rotating speed of the
runner are expected. The main causes are a hydraulic unbalance of the
runner and asymmetries of the casing.

2.1.3. Vortex rope

At part load and full load conditions, due to the fact that the flow
exits the runner with some tangential component, a vortex rope can ap-
pear. The vortex rope, is usually presented in a sub-synchronous fre-
quency range (below the rotating speed).

2.1.4. Vortex shedding
Occurs at the trailing edge of the blades. It can be dangerous in
lock-in conditions

2.1.5. Chaotic flow

The flow at deep-part load and in some transient conditions is highly
stochastic and therefore, its characterization is the most challenging
one.

Phenomena Periodic/stochastic Operating conditions Reference studies Associated problem reported

Rotor Stator Interaction (RSI) Periodic All conditions. Stronger at high loads [9,14-16,59] Structural resonance runner [51,60,61]
Rotating speed pulsations Periodic All conditions [59] Undesired vibrations and failures [59]

Vortex rope Periodic Part load or full load [17,23,59,62,63] Resonance of the hydraulic system [22,64-66]
Vortex shedding Periodic Mainly high loads [25,27,59] Lock in on the trailing edge [27,30]

Chaotic flow Stochastic Transients, speed no load and deep part load [57,59,67,68] High static and dynamic stress (see Section 5.1)
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2.2. Structural response of submerged runner

As the fluid density (water) is in the same order of the structure den-
sity (stainless steel), the structural response of the runner in vacuum is
totally different than the structural response of the runner in operation.
This has the consequence that the modal parameters: natural frequen-
cies, mode shapes and damping ratios will be modified with respect to
those parameters calculated for the runner in vacuum. Many effects of
the flow in the structural response have been separately analyzed in the
past. A recent review of Trivedi and Cervantes [54] shows most of these
effects. Table 2 summarizes the main flow effects on the structural re-
sponse of the turbine runner which some of them have been recently
published and there are not included in [54].

2.2.1. Added mass

The added mass effect is maybe the most relevant effect of the fluid
on the structural response. Added mass effect highly decreases the nat-
ural frequencies of the submerged structure with respect to vacuum,
while the mode shapes remain nearby the same.

2.2.2. Rotation
The relative rotation of a disk-like structure with respect to the water
produces a split on the natural frequencies and mode shapes.

2.2.3. Cavitation

For submerged hydrofoils it has been demonstrated that with the
presence of a high cavitation volume nearby, the natural frequencies of
the hydrofoils increase, while damping rations may decrease.

2.2.4. Added damping

In still water damping ratios may be increased. Furthermore, for sim-
ple submerged plates it has been extensively shown that the damping
linearly increases with the flow velocity (Hydrodynamic Damping). For
real turbines, recent studies show that the damping is not linear and de-
pendent on the flow condition (including cavitation) and mode shapes
[76].

2.2.5. Acoustic modes

The structural natural frequencies of disk-like structures are greatly
modified, when they are close to acoustic natural frequencies of the cav-
ity and if the mode shapes are coincident.

Table 2
Main effects to be considered in the structural response of the turbine runner in operation.

Effect to be
considered Reference studies Main consequence
Added mass Disk-like structures: Reduction of the natural frequencies
[35,37,38,50,53,69]
Turbine runners:
[42-44]
Rotation Analytical [15], Split of the natural frequencies and
effects mode shapes become rotating
Experimental [50]
Cavitation [70-74] Decrease added mass and increase
influence structural natural frequencies
Added Still Fluid: [38,40,46] Damping ratios increase
damping
Hydrodynamic
damping: [54,75]
Acoustic [45] Reduction of the natural frequency for
modes structural-acoustic coupling
Non-rigid [55] Possible increase of the natural
walls frequencies
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2.2.6. Non-rigid surfaces

It is known that for structures getting closer to rigid surfaces, the
added mass increases and the natural frequencies decreases. Neverthe-
less, for flexible covers, this assumption may not be true and can be the
opposite one (i.e. increasing frequencies with decreasing gap).

3. Stress measurement from the runner

This section will discuss the main conclusions obtained from several
experimental and numerical studies investigating the stress on the run-
ner for all the operating conditions. During the last decade, the amount
of experimental and numerical studies considering the stress on the run-
ner has greatly increased. New electrical grid scenario demands the
work of Francis units in out of design conditions and therefore, turbine
manufacturers, owners and research groups have performed expensive
experimental campaigns and time consuming numerical simulations in
order to investigate this topic.

Consequently, during this period experimental techniques have been
improved [61,77] and the numerical models are more reliable nowa-
days [7,61,78-81]. Nevertheless, as pointed in some of these references
for certain operating conditions (deep part load conditions and speed
no load), where the excitation is mainly stochastic, simulation models
still need to be refined. Furthermore, in cases where the flow induces an
excitation frequency close to one natural frequency of the runner, the
accuracy of the simulation models may be compromised due to the in-
complete knowledge of the modal properties, such as natural frequen-
cies and damping ratios (see comments on Section 2).

3.1. Strain gauge installation and stress hotspots in Francis units

In order to properly estimate the fatigue life of a runner, strain
gauges are located in “hotspots” or locations with maximum stress.
These locations are usually determined according to simulation models
or previous experimental knowledge [61,77,81,82]. For a wide range
of specific speeds (which determine the Francis unit design [1]), these
hotspots are normally located at the trailing edge of the blades in the
joints blade-crown or blade-band [61,81-83](excepting reversible Fran-
cis units, which will be discussed below). Strain gauges are usually
placed on the suction side and pressure side of the blades. Fig. 3 shows
the typical location of strain gauges in Francis units for three different
runners. As seen in this figure, strain gauges are located on the trailing
edge close to the crown or to the band joint.

The orientation of the strain gauge is usually selected in the direction
of the principal stress [83]. Strain gauges and wires need to be cover by
an epoxy component protection in order to withstand the high mechan-
ical solicitations during the transients and operating conditions of the
machine. Usually, the voltage source and amplifier for the strain gauges
are inside the cone of the Runner (in a waterproof environment). Then,
the signals can be recorded with an on-board acquisition system [82] or
transmitted from a rotating sender to a stationary receiver [61,83], with
the use of two antennas. These antennas can be located at the top of the
shaft or in the draft tube.

Some studies have discussed the uncertainties of strain gauges mea-
surements when they are installed in Francis units [84]. As seen in Fig.
4, part of this uncertainty comes from deviations in the location and ori-
entation of the strain gauge during the installation. The integration ef-
fect comes from the fact that the strain gauge integrates the strains un-
der its active grid, which is not a single point. The last source of error
comes when the strain gauge is welded to a support platform to help its
gluing to the surface of the measured structure.

The location of “hot-spots” with maximum stress for pump-turbine
runners or reversible Francis units is different according to some re-
searches [2,13,60]. This is due to the different geometry of pump-tur-
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Fig. 3. Location of strain gauges in Francis runner hotspots. a) Location of strain gauges in low head Francis runner. b) View trailing edge of the blade c) Stress hotspots in the trailing

edge of a Francis runner [77].
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Fig. 4. Main source of error when locating strain gauges [84].

bine runners, with less blades and more curved. For this kind of units
the stress hotspot is usually located in the crown, close to the joint with
the leading edge of the blade as shown in Fig. 5. This point perfectly
corresponds to the damage found in [2].

3.2. Turbine runners analyzed

In this review we analyze together the different data available re-
garding static and dynamic stresses measured in Francis turbines proto-
types. The data is taken from different recent researches. Although this
data is still limited and mainly provided by turbine manufacturers in
a normalized way, some interesting conclusions can be obtained after
analyzing the different turbine runners of Table 3, which cover a wide
range of net head (from low to high head) and operating power. This
table, shows the main characteristics of the runners used for this pur-
pose. The nomenclature R1-R13 will be used in the text and figures to
refer to these turbine runners.

3.3. Static stresses characteristic. Influence of head and load
The total stress measured in the hotspot is the superposition of a

mean value (static stress) and a dynamic component (dynamic stress).
Both components can be clearly appreciated in Fig. 6 for the whole op-

— 1B0E+0% ZI1E+D% -I6LEHDS

Fig. 5. Maximum stress in a pump-turbine runner prototype.

Table 3
Main characteristics of the turbine runners used for the analysis of the present review.

Name of the

runner in the Power Head Specific Comment and extra
present Study (MW) (m) speed information
ny [61]

R1 [81] - 377 272 28 guide vanes, 17
(High blades, 375 rpm
head)

R2 [61] - Medium - 24 guide vanes, 15
Head blades, 150 rpm

R3 [61] - 107 60 -

(Medium
Head)?

R4 [61] - 168 45 -
(Medium
Head)?

R5 [61] - 616 20 -
(High
head)?

R6 [82] 150 MW 72.5 76 20 guide vanes, 15
(Low blades, 125 rpm, 4.9 m
Head) diameter. Unit:

Stornorrfors

R7 [77] - - - -

R8 [77] 200-400 80 (Low 73 Designed for one
Head)? operating point

R9 [77] > 400 80 (Low 73 Wide operation
Head)?

R10 [77] 200-400 170 45 Widest operation
(Medium
Head)?

R11 [77] 0-200 500 22 Designed for one
(High operating point
Head)?

R12 [68] - Low - Designed for one
Head operating point

R13 [68] - Low - Wide operation

Head

a Approximated Head or Specific speed, estimated based on the relation between
Specific Speed and Head given in [1] with r = 0.95 (correlation coefficient).

erating range of a Francis unit. As seen in this figure, both static and dy-
namic stresses highly depend on the operating condition of the unit.

These conditions, which correspond to the turbine quadrant mode
(IEC60193 second edition, Table 11 & Fig. 114), can be roughly sepa-
rated as follows:

‘Start-up: Transient condition until the machine reach the speed no load
condition

‘Speed no load: The unit is running at nominal speed (IEC 41 third edi-
tion, sub-clause 2.3.4.10) and waiting to be connected to the generator.
‘Deep part load: The unit is generating at a very low power. The flow is
highly stochastic.

‘Load change: During the transition from one steady operating condition
to another and in order to generate more or less power depending the
operator desire, the flow rate passing through the machine is modified
by moving the wicket gates. Some references [85] state that this transi-
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Fig. 6. Static and dynamic stress characteristic for the full operating range of a Francis
turbine [77].

tion can be neglected in terms of fatigue analysis and do not consider
it [68,81], while some reviews show the importance of take it into ac-
count [86].

‘Part load: The unit is generating power below its best efficiency zone.
This zone is usually characterized by the well-known part-load vortex
rope

‘Full load: This includes the Best Efficiency Point (BEP) and therefore the
flow is generally smooth and the dynamic stresses are smaller (except-
ing the RSI in high head units and the full load instability)

-Shut down: The machine goes to a low load and then it is disconnected
from the generator. At the same time the wicket gates are progressively
closed and the unit deaccelerates

‘Load rejection: This is not a normal event in the runner life (it is also not
shown in Fig. 6). It happens when the machine rejects a load and sud-
denly loss its resistance torque in the generator. This transient is char-
acterized by a sudden acceleration of the unit over the nominal speed
(IEC 41 third edition, sub-clause 2.3.4.13) and a progressive decelera-
tion when the wicket gates are almost closed.
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According to many studies, the static stresses in the hotspots have
been accurately predicted with the actual numerical simulation models
[61,68,77,81,82]. Usually the numerical models consider the pressure
field from the CFD simulation and introduce it into the FEM model, with
the centrifugal forces due to the rotation of the runner and gravity loads
[61,81]. The one-way method should be accurate enough for the sta-
tic stress calculations as the deformation of the structure is relatively
small and should not generally affect the flow field [80]. The FEA model
can make good predictions if proper boundary conditions are defined
[80,81]. It should be also noted, that although the calculated trends of
static stress can be very consistent with the experimental data, devia-
tions still exist for some operating conditions. This is because the ac-
curacy of static stress calculations strongly depends on pressure loads
transmitted from the CFD. For some unstable conditions, such as the
startup, SNL, load rejection or the deep part-load, accurate predictions
for the pressure loads can be very difficult due to its stochastic nature
and so will the static stress.

The data of static stresses as function of the power is available for
the turbines R1, R2, R6 and R7 on Table 1. Fig. 7 shows the evolution of
the static stress on the crown and on the band for the different turbines.
All of them show a decreasing trend of the mean stress with increasing
power on the crown (Fig. 7a) and an increasing mean stress on the band
(Fig. 7b). Fig. 8 shows the discrepancy between experimental and nu-
merical simulation for R1 and R2 in crown and band. Especially on the
band there is a trend to increase the error between numerical and exper-
imental data for increasing power of the machine. Finally, comparing
numerical and experimental static stress allows to evaluate the quality
of the simulation model for the more challenging prediction of dynamic
stresses.

3.4. Dynamic stresses for the full operating range

3.4.1. Influence of the head and load

Although the dynamic stress characteristics will depend, for every
particular runner, on the operating point, there are some generic trends
that can be stated from the review of recent experimental studies, for
instance [61,77,81,82,87].
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Fig. 7. Static stress vs Power for the runners on Table 1. a) Crown, b) Band.
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The first interesting conclusion is about the relative dominance of
the RSI characteristic on the dynamic stress. In [61] the relative im-
portance of the RSI is presented as a function of the specific speed. In
that study, a correlation between specific speed and RSI relevance is
obtained using the data of different Francis Turbines working at rated
condition (relative high load). Due to the existing relationship between
specific speed and net head, the regression used in [1] (correlation coef-
ficient r = 0.95) is considered here to obtain a relationship between the
RSI contribution on the dynamic stress and the net Head of the runner
(Fig. 9). As seen in this figure, approximately below 70 m of net head,
the contribution of the RSI on the dynamic stress at rated conditions
is very low (about 5%). Above 70 m and until 170 m, this contribution
greatly changes from about 5-80% of the dynamic stress. For higher net
heads this contribution remains nearly constant.

Regarding mid to high head Francis runners, where the induced RSI
stress is important (see Fig. 9) it is interesting to show how this RSI in-
duced stress varies across the operating power. This is shown in Fig. 10
for the turbine runner R1 (head of 377 m). It can be appreciated that at
about 50% of the operating power the contribution of the RSI suddenly
increases and it is maintained on a high level until the full load. In such
conditions the relative velocity at the inlet of the runner is high and so
is the contribution of the RSI on the dynamic stress. Therefore, for low
specific speed Francis runners (High head and low flow rate), both the
low loads and the high loads have to be analyzed in detail. In terms of
numerical prediction of the dynamic stresses, due to the deterministic
nature of the excitation, good agreement between experimental and nu-
merical results have been found, at least if the RSI excited frequencies
are well separated from a natural frequency of the runner, as will be
shown in Section 3.4.5.

For high specific speed Francis runners (Low Head and High Flow
rate), the most unfavorable conditions are the deep part load conditions
and speed no load as seen in Fig. 11, for low head runners. For speed no
load and deep part load, the nature of the excitation is mainly stochas-
tic. As a consequence, the predictions of pressure loads and dynamic
stresses with numerical models have to include statistical parameters,
making the problem more challenging. In the following, we discuss and
review the different operating points in detail.

RSI contribution on dynamic stress
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S 80 -
€ e
§ -
S 40 4
£ e
&
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c
Q
g | /
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Fig. 9. Relative importance of the RSI in the dynamic stress vs Net Head. Rated condi-
tions.
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Fig. 10. Relative importance of the RSI in the dynamic stress vs Power for high head Fran-
cis turbine.
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Fig. 11. Evolution of the dynamic stress for low head Francis turbine runners.

3.4.2. Startup

The acceleration of the unit until its nominal speed is one of the
critical operating conditions [57,68,85,88]. Due to its damaging char-
acteristics, in the last years, a lot of research has been performed
in the optimization of the start-up process, which can decrease no-
tably the static and dynamic stresses during this transient phenomena
[57,68,85,86,89]. The main optimization possible consists of the ad-
justment of the wicket gates opening law, which can be modified by
the plant operator (with some restrictions regulated by IEC61362 [85])
[57,68,85]. Some possibilities also include the admission of air during
the acceleration, which seems to reduce the dynamic stresses [85].

Gagnon et al. [85] compared four different start-ups schemes trying
to reduce the maximum stress on the runner and the pressure fluctua-
tion on the hydraulic circuit. In this experiment, the wicket gate open-
ing in % and rate change %/s used during the process were varied. An
interesting conclusion of that study was that low rate change (there-
fore longer time for the acceleration) minimize the maximum stress, al-
though this has two drawbacks. Firstly, the time to synchronization with
the power grid will be longer, which contradicts the grid requirements
(mentioned in Section 1). Secondly, some hydraulic instabilities during
the transient will have more time to be developed and for the same rea-
son some resonances of the runner could be more amplified [60].

An example of the effects of an optimized start-up can be seen in Fig.
12. The main idea of many researches reviewed [57,68,85,90], which
have experimentally demonstrated to reduce the dynamic stress, is to
make a smoother and longer acceleration time.

The numerical prediction of the induced stresses in the start-up is
a complex topic, due to the transient nature of the phenomena. Nicole
et al. [91] show a very complete study of the CFD configurations dur-
ing start-up. Four different simulation models were analyzed to establish
the most important components affecting the simulations. The rotating
speed and guide vane opening usually keep changing during the start-up
process. Therefore, the dynamic mesh generation (remesh process) has
to be carefully controlled, since some elements can become extremely
distorted. Once the pressure loads are obtained, the dynamic stresses
can be calculated with the FEA model. In that study, the mean values of
the stress could be compared to the experimental ones as shown in Fig.
13.

Finally, another very damaging situation which has been less dis-
cussed in the recent years, is the excitation of a resonance of the run-
ner during the start-up. Although the time will be very short, since the
excitation frequency (RSI) is continuously increasing (runner is contin-
uously accelerating), the amplitudes can be very high if a resonance oc-
cur. Therefore, with a high number of start-ups, the effects on the runner
are not negligible. This issue has been investigated in the past specially
for high-head pump-turbines [13,15,16], concluding that it was may the
cause of some critical failures [13,14].

More recently, He et al. [60] investigated numerically and experi-
mentally a possible resonance during start-up (for a reversible Francis
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Fig. 13. Stress comparisons between the computational and experimental results during two different startup [91].

unit), showing that in this case, the dynamic stress amplitudes were ex-
tremely increased. For an accurate estimation of the natural frequencies
of the runner, the added mass effects have to be considered. Therefore,
the clearance flow, which greatly contributes to this effect [38] was con-
sidered in that study. The pressure loads obtained with CFD were trans-
ferred to the acoustic-structural FEA model. Using a one way simulation
scheme, dynamic stresses during the resonance could be predicted with
good accuracy (same level of stress and slight differences in the reso-
nance point estimation), as shown in Fig. 14.

3.4.3. Speed no load & deep part load

In this situation, the runner is rotating at nominal speed but with-
out load in the generator (or almost no load in deep part load con-
dition). This implies, that all the potential energy of water has to
be dissipated producing high turbulences. This condition is also one
of the most damaging condition due to its high amplitude stresses
[32,68,87,92,93]. The excitations at speed no load are mainly stochas-
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Fig. 14. Dynamic stress on the runner in a resonance during start-up. Comparison experi-
mental and simulation [60].

tic [61,68,77,94], although the RSI excites the runner also [95,96]. As
seen in Fig. 15, from the measured signal of a strain gauge, in the first
part of the spectrum the stochastic nature (not well defined frequency)
dominates the response.

The prediction of the dynamic stresses during this operating condi-
tion by means of numerical simulation models is very complex and is
still not a solved topic [68,92,94]. Accurate predictions of the stochastic
pressure loads become the main obstacle for successfully assessing the
dynamic stresses. According to many authors [32,34,68,92], SAS turbu-
lence model would bring out more of the stochastic characteristics of
the loads than the classical k-¢ turbulence model adopted with RANS.
Therefore, for speed no load conditions and deep part load, where
the loads are mainly stochastic, RANS models are not good enough.
Morissette et al. [92] showed that although the low frequency part of
the spectrum can be fairly good predicted by using numerical mod-
els, high frequency components cannot be well captured (Fig. 15). He
also suggested, that this could be improved in the future with more re-
fined meshes, smaller time steps, better turbulence models and cavi-
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Fig. 15. Stochastic nature of the runner stress at speed no load [92].
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tation consideration. C. Trivedi in a more recent study shows that the
prediction of the RSI components and harmonics in this operating con-
dition can be well estimated by means of compressible LES simulations
[97].

According to Mende et al. [34], although the shape of the frequency
spectrum of the SAS is roughly good, amplitudes can be better pre-
dicted with LES model if the simulated time is large enough. Therefore,
although LES requires a very high computational cost nowadays, this
model is a promising way for the future [34,68].

3.4.4. Part load

By increasing the load, generally a precessing vortex rope appears
[61,64,68,98,99], with a well-defined precession frequency below the
rotating speed. For some particular operating points an hydraulic res-
onance can occur, producing high power swings [63]. This condition
cannot be accepted as a possible operating condition of the turbine, due
to the high power swing and therefore it will not be considered here.
Beside this condition, it can be concluded that the dynamic stresses
on the runner due to the part load vortex rope are generally much
smaller than the dynamic stresses induced during speed no load condi-
tions [77,87,93,100].

Particularly, according to the experiments of Bouajila et al. [93],
where several model tests were instrumented with strain gauges, in the
operating point where the vortex rope has its strongest intensity (possi-
ble part load resonance [63]), the stresses are two order of magnitude
less than the deep part load condition. Even so, the relative damage is
one order of magnitude greater than the BEP (Fig. 16). Similar conclu-
sion obtained Duparchy et al. [100] when analyzing an hydroacoustic
resonance at part load; while the dynamic pressure clearly increases, the
increase of the dynamic stresses on the runner is not so relevant.

The dynamic stresses in a part load condition (with the presence of
the vortex rope) have been predicted with numerical simulation mod-
els recently [68,101]. The estimation of the pressure loads with the
CFD model is more complex in this case, since cavitation phenome-
non needs to be considered. In such case, the election of the cavitation
model has to be evaluated and a sensitivity analysis for the different
models may be performed [101]. As the vortex rope is a low frequency
phenomenon, more simulated time needs to be considered which im-
plies longer computational time. Furthermore, in order to capture the
RSI phenomena small time steps are necessary. Fig. 17 shows the ex-
perimental and simulation results of dynamic strain at part-load condi-
tions under the influence of the precessing vortex rope. In this case, the
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low frequency components of the signal were accurately predicted,
while the high components (such as RSI) could not be captured as the
time step was not small enough [101].

3.4.5. Full load conditions

Generally speaking, this zone is the softest zone in terms of pressure
fluctuations and dynamic stresses. The BEP is considered to be inside
this operating condition. In this condition and specially for high head
Francis runners, the attention has to be paid on the RSI, as seen in Figs.
9 and 10.

In this situation and due to the periodic characteristic of the exci-
tation, simulation models show that dynamic stresses can be predicted
with good accuracy [61,68,77,81,82,87,102]. Seidel [61]and Guilaume
[102] give complete descriptions for calculations under full load condi-
tions. Using the Fast Fourier Transform to process the pressure signal
obtained from the CFD, the amplitude and phase can be obtained di-
rectly for given frequencies. The most relevant frequency can then be
used for a harmonic analysis on the structural FEM.

Fig. 18 shows the experimental results against the numerical re-
sults for different monitoring points (strain gauges) located in four dif-
ferent runners (R1, R3-R5). The numerical results are obtained as ex-
plained above. Note that R1, R4 and R5 are high head runners and R3
a mid-head runner and therefore all of them exhibit a strong RSI at full
load conditions (Figs. 9 and 10). Therefore, the main excitation is de-
terministic and good linear correlations can be observed in Fig. 18. It
can be stated that numerical simulations can be used to predict dynamic
stresses of relative high head runners at high loads, where the RSI dom-
inant is.

The situation, where one of the RSI frequencies is close to one nat-
ural frequencies of the runner is less discussed [2,61,81] and can also
drastically reduce the runner life due to the high dynamic stress ampli-
tudes [2]. In this case, for a reliable prediction of the stresses, an ac-
curate knowledge of the runner natural frequency and damping ratio is
fundamental. In the analyzed case by Seidel et al. in [61], it is men-
tioned that the excited frequency is far from the natural frequency and
therefore the dynamic stresses can be well predicted without exactly
knowing the damping ratio. Nevertheless, in the analyzed case by X.
Huang et al. the damping ratio had to be calibrated with experimental
results in order to accurately predict the dynamic stresses with simula-
tion models [81].

The particular case of a lock-in condition in the trailing edge of the
blades is not usual and has been reported in few cases. If it occurs, it is
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expected to happen for high loads, when the relative velocity in the
blade passage is high and the vortex-shedding frequency (which de-
pends on the velocity according to the Strouhal number) coincides with
one natural frequency of the blade (lock-in condition). Although it is an
infrequent case in Francis turbines, its effects can be very serious and
they can damage the trailing edges of the blades in a few hours of work
as reported in [30].

The case of a full load instability is not generally considered, because
it is not an acceptable stable operating condition, due to the high power
swings [22,103].

3.4.6. Shut down and load rejection

For normal stop procedure usually the unit is going to a low power
and then disconnected from the generator. At the same time the wicket
gates start to close so that the rotating speed is reduced under certain
value, where the unit can be mechanically braked. Compared to the
transient of the start-up, shut-down is usually neglected, since its dam-
ages are not so important [85]. Nevertheless, according to that study, its
effects on the runner, regarding useful life, are not negligible and simi-
lar as for the start, an optimized procedure could contribute in the min-
imization of these damages.

More critical is the case of a load rejection for relative high loads.
In this case the unit is accelerated to a runaway speed, that can be al-
most two times the rotating speed [1], before the unit starts to deaccel-
erate. In this case a structural resonance may occur due to the increasing
excitation frequency of the RSI, producing also high dynamic stresses.
Damaging effects can be also important if the governor sequence is not
properly adjusted [85]. The same study suggests, that the use of an air
admission during the load rejection could reduce the dynamic stresses
on the runner. In spite of this potential damaging effects, load rejections
are not considered as a normal event in the life of the Francis units.

According to the authors’ knowledge, there are no papers predict-
ing dynamic stresses during load rejection by means of computational
simulation. The most probably reason is the difficulty for an accurate
prediction of the pressure loads. Nevertheless, some papers have been
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found, where this transient condition has been computationally ad-
dressed and pressure fluctuations have been estimated [104-106]. Ef-
forts have been conducted to consider the elastic water hammer. De-
tailed simulation methods have been discussed by Cherny [106]. In that
study Unsteady RANS model was used. The water hammer was consid-
ered at the turbine inlet and outlet using a 1D-3D coupling method. Al-
though pressure fluctuations were calculated by means of CFD, no com-
parison with experimental results were reported.

4. Future techniques and perspectives to estimate dynamic
stresses on the runner

Dynamic stress measurements involves high direct costs(equipment,
staff) and indirect costs (loss of energy production, environmental)
[31,107]. The total time for such measurements can take around one
month [56]. Such measurements have helped to improve the knowledge
of dynamic stresses in Francis turbines and therefore life assessments are
more reliable now. Nevertheless, it is necessary to find more economic,
faster and reliable methods to predict dynamic stresses. This chapter re-
view some methods that have already started to be used and also future
possibilities based on a technology review.

4.1. Indirect methods

These methods consist of simplifying as much as possible the on-site
measurements tests. Instead of using sensors on the runner, which im-
plies much longer periods of time for the installation, the basic idea is
to estimate the same information with sensors installed on the station-
ary frame (vibration sensors & pressure sensors) or strain gauges on the
rotating shaft [68,90], whose installation can take few hours or a couple
of days.

Diagne et al. [90] used shaft torsion measurement for this purpose.
According to that study, shaft-torsion measurements are highly corre-
lated to stress on the runner and this type of measurements are much
cheaper (usually strain gauges on the shaft can be placed in one day
without dewatering the runner). They performed a measuring campaign
including both type of sensors (stress on the runner & torsion shaft).
Briefly described, first the spike noise due to electrical phenomena was
removed from the signals with a 3D phase space method [108]. After
that, the ARMAX model (auto regressive polynomial model) [109] was
used to predict the dynamic stresses on the runner based on the dynamic
stresses on the shaft. It was shown, for different start-ups sequences,
that the RMS error between the predicted and the measured value was
around 25% for a second order of polynomials model. This algorithm
was tested for the start-up sequence but not for the rest of the operating
conditions.

4.2. Other experimental techniques for stress determination
4.2.1. Optical fiber
The basic idea of the optical fiber, is that one fiber is a “sensing

nerve” in all of its extension. When the fiber is attached to a surface, it
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can be used to measure strain/stress in the whole line/surface covered.
Therefore, it is acting as a multiple sensor system. In the last years, op-
tical fiber has been used for strain measurement in several applications
[110-113]. Although, most of them consider the static strain, there are
also some studies considering the dynamic strain measurement [112],
which is also of relevant interest when measuring a turbine blade. The
use of such fiber in a turbine blade would reduce the cost of installing
many strain gauges and avoid the mechanical difficulty of fastening
heavy powering systems on the rotating frame (optical fiber are intrin-
sically passive sensors). Ideally, the stress could be measured in much
more points than with the strain gauges. Some strain gauge manufactur-
ers actually offer these sensors as substitution of classical gauges [114].
The main drawback of these kind of sensors, at the present, is the gauge
factor and the spatial resolution. Nevertheless, with the improvement
of measurement techniques with optical fibers, the spatial resolution is
now in the order of mm instead of sub-meters [113]. Fig. 19 shows a
possible installation of a single optical fiber (multi-sensing) in a turbine
blade. Such shape of the optical fiber, which is a similar one to that one
used by Minardo et al. [115] minimizes the curvature of the fiber and
could permit to measure the stresses in much more points than a dis-
crete number of strain gauges.

4.3. Computational methods

In the previous section, the prediction capabilities of computational
methods have been discussed in detail for every operating point. Nev-
ertheless, all of the presented studies use experimental results to vali-
date the computational methods. The natural trend should be to pro-
gressively substitute experimental measurements and have reliable pre-
dictions of dynamic stresses with only computational methods.

From the fluid side, as shown in the references given in Section 3.4,
CFD methods have proven to have good prediction capabilities for the
pressure characteristics especially at full load conditions, when the RSI
dominates. Nevertheless, for deep part-load, speed no load and tran-
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Fig. 19. Possible installation of a single optical fiber (multi-sensing) in a turbine blade.
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sients there are intrinsic difficulties due to the stochastic nature of the
loads.

Recent studies [97] have shown the capability of LES model to ap-
proach the pressure fluctuations of the RSI components in these complex
condition. Nevertheless, the prediction of stochastic fluctuations is still
challenging. Finally, to include water hammer effects in the 3D model
for all the fluid domain including the turbine, would improve the pre-
dictions in some transients such as load rejections

From the structural FEM, more accurate estimation of the natural
frequencies and damping ratios will improve the reliability of stress pre-
dictions for the cases when the characteristic frequency of the pressure
load is close to a natural frequency of the runner. For this reason, the
main effects commented in Section 2 should be included in the struc-
tural model.

4.4. Statistical methods

The reliable extrapolation of measured data is one of the key points
in the case of stress in hydraulic turbines. Although extreme value the-
ory and neural networks have been used for the extrapolation of this
kind of data in other applications [116-119], in the particular case of
hydraulic turbines usually one record is available [31], due to the afore-
mentioned difficulties when performing dynamic stress measurements
on the runner.

Gagnon et al. [31] proposed a non-stationary stochastic method to
extrapolate signals acquired during one start up for a reliable life as-
sessment. It was concluded that long-term reliable service histories of
transients could be obtained with just one measurement. With the same
purpose Poirer et al. [107] used cyclostationary models [120] in order
to predict dynamic loads in steady state conditions. As in the previous
study, the necessity to estimate reliable long term signals (with deter-
ministic and stochastic components) with just one short measured signal
was pointed out (Fig. 20).

The aforementioned studies show that by the use of an appropri-
ate signal processing method, short experimental signals can be extrap-
olated for a more reliable life assessment of the turbine. Furthermore,
with the increasing number of data available in the upcoming years,
these and other statistical methods combined could be used for a reli-
able extrapolation of such signals, minimizing as much as possible the
number of experimental tests necessary.

5. Life expectancy according to stress measurements

The static and dynamic stresses in the hotspots are the departure
point for fatigue life assessment methods. Based on this information, a
relative or absolute life prediction can be performed.

The relative life prediction, has been performed by many researchers
recently and it has the aim to make a comparison within the different
operating conditions. This comparison is useful for machine operators,
because they can evaluate the relative cost of using the machine in some
very damaging conditions.

To define an absolute failure criterion (or an absolute value for the
reliability of the runner) is much more complicated and has to include
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statistic models. Recently, extensively work has been also performed
trying to define the reliability of a hydraulic runner (Gagnon et al.),
given the stress measurements and the high cycle fatigue behavior of
the material.

5.1. Relative damage of the operating conditions

Using the stress measurements, the relative damage of every op-
erating condition can be easily obtained by classical fatigue meth-
ods. This type of study has been recently made by the respective re-
search groups of some of the main hydraulic turbines manufacturers
[7,68,77,82,83,93,94,101,121].

Stress measurements (with the same time length) acquired for dif-
ferent operating conditions are considered. Using the well-known rain-
flow algorithm [122], the dynamic stress time signal is transformed in
cumulated number of cycles vs stress. Fig. 21 shows the typical diagram
obtained after applying this algorithm on the stress signals of a Francis
turbine at speed no load and part load condition.

The use of the rainflow algorithm permits to establish, the number
of stress cycles for every amplitude level (Eq. (1))

o, =1 (m) )}

Where o; is the stress level i and n; the number of cycles with that level
of stress. Then the Minner's rule [123] is applied to combine all the rain-
flow stress characteristic (Eq. (2)).

k
Zjn_vl =C,withN; =g (al-) (S.NCurve) &)

i=1""1

C defines the cumulative damage. N; is the number of cycles neces-
sary to produce a failure at the level o;. N; can be taken from the S.N
curve of the material tested. According to the theory, when the value
C = 1, a failure should occur. The Rainflow curves generated with few
seconds or minutes of signals, will give a C value which will be much
smaller than 1, since it is not expected to have a failure in such short
time. Nevertheless, the relative comparison of C for the different oper-
ating conditions tested can be used to estimate the relative damage.

Fig. 22 shows the relative damage as function of the operating con-
dition (operating power) for different runners of Table 3. For all of the
runners the most damaging position is between the speed no load (0%)
and deep part load (until 25%). As an example, if the relative damage
number is 1000, this means that if the runner work for one hour at this
condition, the accumulated damage will be the same as 1000 h working
in its best condition (relative damage 1). Note that the best condition is
at 75-90% of the power for all the runners considered.

As seen in the same figure, for the turbine runners R6, R8, R9, R12
and R13, which are low head runners the relative damage after part
load conditions (around 20% of the active power) decreases fast as the
RSI does not contribute at higher loads. On the opposite side, for R11,
which is the highest head runner in this comparison, the RSI is impor-

Speed no load

Amplitude [MPa]

N /N A AT

Cumulative number of cycles
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tant and therefore it exhibits a higher relative damage for high loads.
Nevertheless, at Speed No Load, the relative damage is less important
for this runner.

The runners R9, R10 and R13 are turbine runners designed for a
wide range of operation according to Table 3. Comparing the relative
damage of these turbines at low loads and until the optimal point (rel-
ative power 25-75%), these runners exhibit the best performance. Fur-
thermore, R13 exhibits also a good performance at high loads. There-
fore, these runners are better to be used for regulation purposes working
at part loads.

These type of graphs may be useful for the turbine operators, to bal-
ance the life cost of using the machine at part load or deep part load
conditions and the economic benefit of doing it. They can also be useful
for turbine manufacturers in order to design runners adapted to a spe-
cific life plan or Design Reference Mission [82,94].

5.2. Failure criteria and reliability

Although, the Minner's rule can give some interesting conclusions
when different operating conditions are compared, it may not be used as
an “absolute” prediction for the fatigue life in Francis turbines. This rule
was initially developed to more simplified cases and its formulation is
deterministic [124]. Furthermore, from the S-N diagram it is not possi-
ble to estimate the residual life given an actual state if the accumulated
damage is not known. Therefore, more complex failure criteria and re-
liability index of the runners have been adopted by operators of Francis
units. The departure assumptions to adopt the ideas mentioned in the
following paragraphs are:

1. The risk of a catastrophic failure in a Francis runner, which compro-
mise the safety of the powerplant, is limited. The main concerns are
from reparation costs and downtime period (economical) [125-128]

2. In order to reduce repair costs, a crack has to be repaired as soon as
it is detected but the interval between inspections should be maxi-
mized to reduce the downtime of the unit [125-127,129]

Furthermore, according to the Linear Elastic Fracture Mechanics, the
growth of a crack (or flaw) during the first part of its life is slow and de-
fined by the Low Cycle Fatigue (LCF), i.e. only high amplitude stresses
(usually associated to low frequency) contribute to the slow propagation
of the crack. The influence of high cycle fatigue (HCF), which has nor-
mally smaller amplitudes and higher frequencies, is not seen in this first
stage, as shown in Fig. 23. Nevertheless, after a point in time, which is
known as HCF onset, the HCF loads lead to a rapid propagation of the
crack (shown in Fig. 23 as the step line).

Taking into account this evolution of the defect size; if the time be-
tween inspections is too short (before the HCF onset point), no crack
would be clearly detected because of its small size, although the HCF
onset point may be close. Nevertheless, if the inspection occurs after
the HCF onset, the crack length may be considerable large (according
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Fig. 21. Rainflow algorithm applied to strain measurement data in a Francis turbine [82].
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to the rapid grow after HCF onset) and therefore repair costs will be
very high.

Therefore, according to the work made by Gagnon et al. [125-129]
the failure criteria is defined as the HCF onset and the reliability of
the runner is defined as the probability of not exceeding this point. In
order to define the state limit, where the HCF onset occurs, the Kita-
gawa-Takahashi diagram [130] with the correction proposed by El Had-
dad et al. [131] was used in those studies. The limits define the thresh-
olds below which HCF does not contribute to a rapid growth of the
crack. Using this diagram, the uncertainties of every parameter and a
probabilistic model, the reliability of the runner, based on experimental
measurements, could be defined. Probabilistic models have to be used,
as uncertainties appear in the determination of the stress level, the size
defect, the HCF onset and the o, (Fig. 24). In this context, the reliability
is defined as the probability of not exceeding the limits defined in this
diagram considering all the possible uncertainties [125-129].
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Fig. 24. Kitagawa-Takahashi diagram with the variables with uncertainties introduced by
Gagnon et al. [125].
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6. Summary

Fatigue life assessment in hydraulic turbines and particularly in
Francis turbines is of relevant interest nowadays. Due to the massive en-
trance of intermittent renewable energy sources, Francis turbines have
to work far away from design conditions and withstand multiple tran-
sients, that shorten their useful life and cause fatigue damages. The re-
view of several studies related to fatigue and structural problems in hy-
draulic turbines leads to the following main conclusions:

e The flow excitation characteristics and structural parameters of Fran-
cis turbines in operation are only partially understood and cannot be
completely simulated with numerical models. Therefore, in order to
address the fatigue problem, it is still necessary to determine stresses
with complex experimental measurements on the turbine runner.

e Static stresses on the hotspots show a similar trend with the relative
power for different runners. Simulation results obtained with actual
computational methods can approximate relatively well the experi-
mental results.

e Start-up transient, speed no load and deep part load conditions show
high static and dynamic stresses. The main component of such stresses
is stochastic and therefore the estimation of them with computational
methods is still challenging. At higher loads, where periodic phenom-
ena (such as RSI) dominate, dynamic stresses determined with numer-
ical models approach well the experimental ones.

® There are potential experimental techniques (indirect measurements,
optical fiber) which could simplify and maybe improve actual experi-
mental measurements with strain gauges on the runner. Also compu-
tational and statistical methods will improve as the existing experi-
mental data (reference data for comparison) will become larger.

e Relative damages of different operating conditions can be estimated
with simple fatigue models. Different studies agree that start-up,
speed no load and deep part load are the most harming ones for
the turbine. Nevertheless, for an accurate useful life estimation more
complex fatigue models using probabilistic approaches have to be
used.
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