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Abstract

Francis turbines with medium or high specific speeds may experience a particular type of instability in the upper part load in
which the precessing vortex has an elliptical shape. The occurrence of the upper part-load instability (UPLI) is accompanied
by large-amplitude pressure fluctuations at a distinct frequency between 2 and 4 times the runner rotational speed. This paper
experimentally investigates UPLI for a reduced-scale Francis turbine. To investigate the causal factors of this instability,
draft tube pressure measurements, particle image velocimetry, and high-speed flow visualizations have been performed at
several operating points under cavitation and cavitation-free conditions. It is shown for the first time that for an operating
point within the UPLI range, the vortex always features a circular section in cavitation-free conditions, which is preserved
even after the initial appearance of cavitation. It is only below a certain Thoma number that the vortex section turns into an
ellipse and shows an abrupt increase in pressure fluctuations. Analysis of the phase-averaged velocity fields reveals that a
concentrated vortex with a large precession radius is a prerequisite for UPLI, while the instantaneous velocity fields clearly
illustrate the asymmetric velocity distribution around the elliptical vortex. The existence of a breathing mode and the inter-
mittent formation of two side vortices along the elliptical vortex rope are also evidenced by high-speed flow visualizations.
These results provide a much deeper insight into the flow structures that favor the development of UPLI and help delimit its
thresholds to higher precision, and thus, prevent its occurrence during turbine operations.

1 Introduction translates to more frequent startups and shutdowns, faster

transition regimes, and more time spent in off-design condi-

As of 2020, hydropower is the largest source of low-carbon
energy accounting for about 60% of the renewable produc-
tion and for almost 16% of the global electric production.
Besides their important generation capacities, hydropower
plants have traditionally played a key role in grid resilience
by providing fast transitions and ancillary services account-
ing for nearly a third of the world’s capacity for flexible
electricity supply. With the current decarbonization plans
and the massive integration of intermittent renewable energy
sources, such as wind and solar, even higher levels of flex-
ibility are required from the hydropower sector, which
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tions. These maneuvers result in problems such as efficiency
drops, cavitation, hydro-acoustic resonances, and flow insta-
bilities, which, in turn, lead to pressure fluctuations, vibra-
tions, noise, fatigue, and premature wear of the components
(Favrel et al. 2019a; Gomes Pereira et al. 2022; Goyal and
Gandhi 2018; Kougias et al. 2019).

Francis turbines are the most widely used type of hydro-
power turbines and account for about 60% of the installed
capacity worldwide. These turbines can be operated over
a wide range of discharge and head variations. However,
depending on the operating regime, different phenom-
ena may arise within a Francis turbine including, but not
limited to, the formation of inter-blade vortices for deep
part load (Wack and Riedelbauch 2015; Yamamoto et al.
2017), a precessing vortex rope in the draft tube for part
load (Favrel et al. 2016; Goyal et al. 2017a; Li et al. 2021),
and a self-oscillating cavitation vortex for full load (Miiller
et al. 2017; Zhao et al. 2021). Cavitation is another common
consequence of operating a Francis turbine far from its best
efficiency point (BEP) and can lead to structural vibration,
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performance degradation, and mechanical damage due to
erosion (Avellan 2004; Escaler et al. 2006; Sreedhar et al.
2017; Arabnejad et al. 2020). Numerous studies have con-
tributed to understanding the cavitation physics (Teran et al.
2018; Amini et al. 2019a; Gawandalkar and Poelma 2022)
and to developing counter-measures to mitigate its adverse
effects in hydraulic machines (Rivetti et al. 2015; Amini
et al. 2019c; Joy et al. 2022; Khullar et al. 2022).

The part-load vortex rope has a precession frequency
(Jrope) between 0.2 and 0.4 times the runner rotational
frequency and induces significant pressure pulsations and
vibrations. This phenomenon has been the topic of several
studies and various techniques have been proposed for miti-
gating its side effects (Favrel et al. 2015; Goyal et al. 2017b;
Pasche et al. 2018, 2019a). Another important but less com-
mon form of instability that may develop in the part load
regime is the so-called upper part-load instability (UPLI).
This instability can occur for between 70 and 85% of the
nominal discharge (Nicolet et al. 2010) and is associated
with the transformation of the cross section of the part-load
vortex rope from a circle to an ellipse. UPLI occurs only in
medium- and high-specific-speed Francis turbines (Koutnik
et al. 2006) and is accompanied with pressure fluctuations
of much larger amplitude compared to the normal vortex
rope, emitted at a distinct frequency (f,pe,) in the range of
2—4 times the runner rotational frequency (Fisher et al. 1980;
Dorfler 1994; Nicolet et al. 2010). Koutnik et al. (2006)
show that, for a given section, these fluctuations are in phase
and synchronous. This instability causes severe vibrations
and impacts the performance and lifespan of the machine.

Since the vortex rope has an elliptical shape, Koutnik
et al. (2006) and Kirschner et al. (2009) attribute the high-
frequency pressure pulsations of the UPLI to the self-rota-
tion of the elliptical vortex rope, which develops a self-rotat-
ing asymmetric pressure distribution. In contrast, Nicolet
et al. (2010) suggest that a self-sustaining breathing pattern
may form in the cavitation volume within the draft tube,
which induces the observed pressure pulsations. In a numeri-
cal study, Alligné et al. (2011) assert that the root cause of
this phenomenon is an instability in the cavitation volume
that fluctuates at a frequency matching one of the eigenfre-
quencies of the hydraulic system. In two complementary
experimental and analytical studies (Dorfler 2019a, b), Dor-
fler demonstrates that the UPLI pulsations are self-excited,
meaning that at least one eigenvalue of the hydraulic system
becomes unstable. He also notes that all the instabilities of
this class are “breathing” pulsations and synchronous within
one cross section. This implies that there is no phase lag
between wall pressure measurements realized at different
azimuthal locations on a cross section of the draft tube at a
given distance from the runner outlet, which is in contrast
with the pressure variations due to the passage of the pre-
cessing vortex.
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Applying a phase shift analysis on the data gathered
from 104 pressure transducers installed along the draft
tube of a model Francis turbine, Arpe et al. (2009) show
that the location of the excitation source is in the elbow
and the emitted hydrodynamic waves propagate in both
upstream and downstream directions. Pasche et al. (2019b)
investigate the origin of these synchronous pressure waves
in a Francis turbine with a simplified axisymmetric draft
tube. Applying a Fourier series decomposition of the 3D
flow field and using asymptotic expansions, they show that
the synchronous pressure wave is amplified in the down-
stream direction and travels back upstream toward the tur-
bine runner. They argue that for a real draft tube geometry,
the disturbance that triggers the instability is the point
where the vortex rope hits the elbow. In an experimental
study, Favrel et al. (2019b) investigate this phenomenon
in a model of a Francis turbine by means of two cameras
to obtain a realistic estimation of the cavitation volume
in the draft tube. Although not able to either confirm or
refute the existence of a breathing mode, they found inter-
mittent central collapses within the elliptical vortex rope,
which lead to the development of two distinct cavities on
the two sides of the elliptical vortex rope. Amini et al.
(2021) highlight the influence of the Thoma number on
the initiation and development of UPLI and shed light on
the velocity field variations at the vicinity of the ellipti-
cal vortex. In a recent study, Favrel et al. (2022) develop
a simplified analytical model of a cavitation vortex and
demonstrate that the ellipticity of the vortex cross section
and the amplitude of its oscillations are directly correlated
with the amplitude of the UPLI pressure fluctuations.

Since UPLI occurs at discharge values quite close to
the BEP, determining the instability thresholds is a crucial
step to avoid undesired pressure fluctuations and structural
vibrations. Even though several authors have elaborated
on the topic, there exists no consensus on the origin of
this instability and its impacts on the flow structures in
the draft tube. The present paper aims at answering these
questions by performing an experimental study on the
occurrence and development of UPLI. To this end, draft
tube pressure measurements, particle image velocime-
try (PIV), and high-speed flow visualizations have been
deployed for several operating points in cavitation and
cavitation-free conditions. The details of the experimen-
tal setup and post-processing methods are described in
Sect. 2. The results and analyses are presented in Sect. 3,
which include an analysis of the pressure measurements in
the time and frequency domains, the effect of the Thoma
number on the cavitation vortex rope shape, and veloci-
metry results for both cavitation and cavitation-free vortex
ropes at various discharges. Lastly, a discussion on the
root causes of UPLI is provided in Sect. 4 followed by a
conclusion in Sect. 5.
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Fig. 1 Schematic of the PF3 test rig of EPFL with the three pressure sensors installed on the draft tube wall

2 Experimental setup

The experiments are performed with a reduced-scale Fran-
cis turbine installed on test rig PF3 of the Technology
Platform for Hydraulic Machines at EPFL. The reduced-
scale model has an upstream inlet pipe, a spiral case, a
runner with a reference outlet diameter of D=0.35 m, and
a draft tube consisting of a cone, an elbow, and a diffuser.
The tested turbine has a specific speed v = 0.33 defined by:

C()Ql/2

T 2REp* M

where  is the runner rotational speed [rad/s], Q is the tur-
bine discharge [m%/s], and E is the specific energy [J/kg].
The hydraulic power injected into the closed-loop test rig
is provided by two parallel 300-kW centrifugal pumps. The
amount of the specific hydraulic energy in the circuit is
determined by the rotational speed of the pumps while the
discharge is regulated by the guide vanes opening of the
turbine, and the rotational speed of the runner is controlled
by a 300-kVA DC generator. According to International
Electrotechnical Commission standards (Standard 1999) the
operating conditions of a hydraulic machine are character-
ized by the following non-dimensional parameters: speed
factor (ngp), discharge factor (Qgp), Froude number (Fr),
and Thoma number (o), which are defined by:
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where p, and z, are the static pressure and the level of the
downstream tank, respectively, p, is the saturation vapor
pressure at the water temperature, z,¢ is the reference level
of the machine centerline, and C,,, is the average fluid veloc-
ity at the draft tube outlet (discharge value divided by the
cross section area). The BEP of the turbine is characterized
by the following: ngpepep = 0.343 and Qppepep = 0.220.
In the experiments, the speed factor was kept constant at
its nominal value and the discharge factor was varied in the
part-load regime by changing the discharge. The value of ¢
was controlled by changing the static pressure in the down-
stream tank via a vacuum pump. Unless otherwise specified,
the measurements were performed at nominal Froude num-
ber (i.e., Fr = 7.75). It is worth mentioning that the measure-
ment uncertainties of the discharge, pressure, and the Thoma
number are +0.20%, +0.15%, and + 1%, respectively.

A schematic of the test rig is shown in Fig. 1. Three flush-
mounted piezo-resistive pressure sensors are installed at the
cone wall of the draft tube. Sensor p, is 0.3D downstream
of the runner whereas sensors p, and p; are installed farther
downstream at 0.85D below the runner outlet. Sensors p, and
p; are geometrically in phase whereas sensor p; is at 180°
from them. These sensors have an absolute pressure range of
0-5 bars with a maximum relative error of 0.7%. Their sam-

5~ [E . _ NPSE )
- gD’ - E ’ ()

where n is the rotational speed of the runner [Hz], g is the
acceleration due to gravity, and NPSE is the net positive
suction specific energy, which is defined by:

pling frequency is set to 1 kHz during the experiments. For
each sensor, the pressure coefficient [C, = (p — pavg)/ pgH|
is computed by comparing the instantaneous pressure (p)
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Fig.2 Photograph of the cavitation vortex rope in the transparent
draft tube illuminated by the PIV laser

with the mean pressure of that measurement (p,,,) and nor-
malizing it by the net head (H) of the turbine.

To provide visual access to the flow, the upper part of the
draft tube is manufactured from transparent Plexiglas. This
allows us to perform optical experiments, such as visualizing
the cavitation flow and making PIV measurements. To avoid
light distortion due to the curved surface of the draft tube,
a rectangular water box is attached to it on one side. The
box is filled with degassed water to avoid nucleation on its
walls. Figure 2 is a photograph of the draft tube cone with
the water box installed. This photograph was taken during
meridional PIV measurements in the part-load regime and
illustrates the cavitation vortex rope in the draft tube illu-
minated by the vertical laser sheet. As it is shown in Fig. 2,
setting the camera objective parallel to the water box face
allows for a complete neutralization of the light refractions
due to the curvature of the draft tube wall.

Fig.3 Schematic of the PIV
setup showing the three meas-
urement planes and the pressure
sensor locations

Upper Horizontal Plane < g

Lower Horizontal Plane +—
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High-speed flow visualizations of the cavitation vortex
rope at part-load conditions are achieved with a Photron
FastCam Mini 200 camera at image acquisition rates of up
to 10 000 frames per second and a resolution of 1024 x 1024
pixels. A 90% uniform LED screen (PHLOX LEDW-BL-
550X400-MSLLUB-Q-1R-24 V) of size 500 X 400 mm and
7000 cd/m? luminescence is installed as a backlight source to
enhance the contrast between the gaseous and liquid phases.
The illumination is improved by two 800-W continuous
lights installed at the front and side.

To obtain a better insight into the flow structures in the
draft tube cone, 2D planar PIV measurements are performed
on two horizontal cross sections and one meridional plane in
the draft tube. A double-pulse 200-mJ Nd:YAG laser with
a cylindrical lens illuminates the measurement planes and
images are captured with a CCD camera. Figure 3 shows
a schematic of the experimental setup with the measure-
ment planes as well as the visual access through the elbow
and the camera position for the upper and lower horizontal
planes of measurement. To avoid unwanted reflections from
the pressure transducers, the PIV planes are slightly off the
pressure sensor planes. Namely, the upper PIV plane is at
0.2D from the runner outlet and the lower plane is at 0.75D
from the runner outlet.

Fluorescent particles are used for the PIV tests over a
wide range of flow conditions, including cavitation flows,
which is not feasible with normal particles due to the exten-
sive light reflections from the cavity interfaces. The particles
are prepared in the laboratory based on the recipe available
in Miiller et al. (2013). The spherical polyamide particles
used have an average diameter of 20 pm and are dyed with
rhodamine 6G. This fluorescent dye absorbs laser light at
532 nm and emits light between 570 and 660 nm with a

Cylindrical Lens
e % L‘ Laser
Ps/ 8 - ;/ l

Meridional Plane

\/{
o0

—> \/isual Access to the Elbow

— CCD Camera
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maximum intensity at 590 nm. An orange filter is installed
in front of the camera so that unwanted reflections from
the cavity surface are eliminated and only the orange light
reflected from the particles reaches the camera sensor.

For each operating condition, 10,000 image pairs are
acquired at a rate of 10 image pairs per second. This num-
ber is sufficiently large such that the phase-averaged results
are statistically independent from the number of samples. To
calculate the velocity field from the acquired images, each
image is first de-warped, meaning that it is compared to a
calibration image of the same view. Thereafter, each pixel
is assigned to the corresponding physical coordinates. In
the next step, a mask is applied to the images to remove the
out-of-interest regions. This includes the near-wall region,
which contains a considerable number of spurious vectors
due to the light reflections from the wall. The final step is to
apply the cross-correlation PIV algorithm (with 50% overlap
in both directions) to each pair of successive images to find
the instantaneous velocity fields. To accelerate the calcu-
lations, the velocity components are initially computed on
interrogation areas of 64 X 64 pixels, which are ultimately
refined to windows of 16X 16 pixels. These windows cor-
respond to a physical vector-to-vector resolution of around
3.2% 3.2 mm, the exact size of which depends on the meas-
urement plane of interest. The time difference between two
successive frames is tuned at 200 ps in the experiments.
This value is selected such that the particles displacement
remains inferior to one third of the interrogation windows
size. To evaluate the measurement errors, an uncertainty
of 0.1 pixels is assumed in the measurement of the particle
displacements as in (Dreyer et al. 2014). In our experiments,
the average particle displacement is about 2.3 pixels on the
horizontal planes and 3.1 pixels on the vertical plane. Thus,
the uncertainty associated with the calculation of the veloc-
ity vectors is estimated to be around 4.3% and 3.3% on the
two horizontal planes and the vertical plane, respectively.
To remove the remaining spurious vectors from the results
in the not-masked central region, a range filter, and then,
a moving average filter with a 3 X3 neighborhood and an
acceptance factor of 0.15 are applied to the velocity fields.
It is noteworthy that the number of spurious vectors does not
exceed 5% of the total population.

2.1 PIV post-processing

As the experiments are performed in the part-load regime,
the flow in the draft tube is driven by the precession of the
vortex rope, which has a periodic behavior with an almost
constant frequency, f;.,.. This necessitates the application
of phase averaging as presented in Favrel et al. (2015); thus,
the pressure signal is selected as the reference. For a given
cross section, the passage of the vortex rope in front of a
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Fig.4 Results of the minimum pressure detection algorithm and
phase labels for PIV images

pressure sensor induces a drop in the measured pressure.
Therefore, each pair of successive minima in the pres-
sure signal represents a complete revolution of the vortex
rope in that section. The relative distance of a given point
to its preceding minimum is used to determine the revolu-
tion phase. Concretely, the wall pressure and PIV trigger
signals are recorded synchronously. The pressure signal is
first filtered (low pass filter and moving average) to smooth
down its high-frequency fluctuations. A minimum detection
algorithm is applied to the filtered signal to determine the
exact location of the pressure minima. Each PIV instance
is labeled with the revolution phase based on the relative
distance of its trigger signal to its adjacent pressure min-
ima. The procedure is illustrated in Fig. 4. Ultimately, the
instantaneous velocity fields obtained for a given operating
condition are phase-averaged over all the measured instants
based on the assigned phase labels. In this work, a total of
100 phases are considered. Thus, each phase represents 3.6°
of one whole revolution of the vortex rope.

The phase-averaged velocity fields are subsequently ana-
lyzed to extract quantitative information. These analyses
included determining the vortex precession radius, extract-
ing its intensity, and finding its tangential velocity profile,
and thereby, its viscous core radius. The first step is to
determine the vortex center location and delimit the vor-
tex boundaries. For this purpose, the methods developed by
Graftieaux et al. (2001) are adopted. These authors introduce
two non-dimensional scalars I1; and I1,:

(PM x C(M)) - z

M, P) = Z PM]| - [COD @
(PM x (C(M) — C(P))) - z

IL(P) = Z IPM]| - [CM) — CP)|| ®
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where P and M are two arbitrary points within the rectan-
gular domain S, which has a fixed size of N points. PM is
the vector connecting the two points, C(M) and C(P) are the
velocity vectors at points M and P, respectively, and z is the
unit vector normal to the plane of the rectangular domain.
Once these two values are computed for a 2D velocity field,
the location where I1; is maximum shows the center of the
vortex and the area where |l'[2| is larger than 2/7 specifies
its boundaries. The advantage of this method is that the
detected boundaries can have any arbitrary shape depending
on the velocity field. These methods have been successfully
implemented by different authors with applications such as
detecting vortex centers and making a wandering correc-
tion of tip trailing vortices (Dreyer et al. 2014; Amini et al.
2019b) as well as for phase-averaging and evaluating vortex
ropes in Francis turbines (Favrel et al. 2015). In the present
work, to accelerate the computation, I1, is first calculated on
a down-sampled velocity field (by a factor of 5) to quickly
detect the approximate position of the vortex center. In the
second step, the original fine mesh is restored around this
area and the algorithm is applied again to compute the exact
location of the vortex center. Once the center of the vortex is
found, Eq. (5) is used to precisely determine its boundaries.
When the vortex boundaries are found, its circulation (I")
can be calculated with both curvilinear and surface integrals
shown in Eq. (6):

r:y{c-dl:/wzds. ©)

l S

The curvilinear integral uses the inner product of the
velocity vector (C) along the contour of the vortex boundary
whereas the surface integral requires that the out-of-plane
vorticity (w,) is computed in advance. The normal compo-
nent of vorticity at a given point is defined by:

oC, ac,
w, = -

T oy @

where C, and C, are the x and y components of the velocity
at that point. To compute this variable, a five-point centered
numerical scheme is implemented for both directions:

1
@;; = m(_va +8viy; — 8+ Vi—2,j)
1 (®)
BRTING (_“i,j+2 +8u;jy — 8ujjy + “i,j—z)-

In Eq. (8), i, j,u, v, AX, and AY are the indices, veloc-
ity components, and the grid sizes in the x and y direc-
tions, respectively. This methodology is applied to each
phase individually. The final values are calculated as an
average over the 100 phases. To obtain the average tan-
gential velocity fields for any given phase, the location of
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the vortex center is determined, and then spatial averag-
ing is performed at 360° around this point to calculate the
average tangential velocity as a function of distance from
the vortex center, i.e., the vortex radius. This approach
is repeated for all phases. Finally, the mean and stand-
ard deviation of the tangential velocity of the vortex are
determined for the 100 velocity profiles. The results pro-
vide useful information on the viscous core radius and
the maximum tangential velocity of the vortex rope for
different operating conditions.

3 Results and discussion

3.1 Evidence of UPLI

Presented in Fig. 5 (left) are flow visualizations captured
at Q/Oggp = 0.84 and nominal ng;, for two Thoma num-
ber values: o = 0.14 and ¢ = 0.10 depicted at the top and
bottom, respectively. UPLI is associated with the trans-
formation of the vortex cross section from a circle into an
ellipse. This effect is well depicted in Fig. 5 (left). At the
top, the vortex rope has a circular cross section and is sta-
ble. A slight decrease in the Thoma number from ¢ = 0.14
to o = 0.10, however, triggers the UPLI. The vortex rope
becomes unstable and holds an elliptical shape as shown
at the bottom of Fig. 5 (left). When the UPLI mode is acti-
vated, in addition to the precession motion, the vortex rope
undergoes self-rotation around its own axis. This drastic
change in the vortex form leaves a clear fingerprint in the
pressure signals measured at the draft tube wall, which are
illustrated in Fig. 5 (right). As is clear, a high-amplitude
and high-frequency excitation appears in the pressure sig-
nal for the unstable vortex at ¢ = 0.10. This excitation is
associated with a distinct frequency peak between 2 and 4
times the runner frequency and results in high-amplitude
noise and vibrations in the whole test rig.

3.2 Dynamics of the precessing vortex

To develop a better understanding of the UPLI, the part-load
regime is first investigated in cavitation-free conditions. For
this purpose, the power spectral densities of the pressure
coefficients measured at the draft tube wall are calculated
for different discharges. As the flow in this regime is reigned
by the precession motion of the vortex rope, the dominant
frequency in the resulting spectrum corresponds to the vor-
tex precession frequency (fiop), the values of which are
plotted in Fig. 6 (left) as a function of the discharge. The
spectral power of the pressure coefficient at f,,., denoted by
G,,, is also plotted in Fig. 6 (middle) versus the discharge.

XX
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Fig.5 Left: Comparison of a stable circular (top) and an unstable elliptical vortex (bottom). Right: Emergence of high-amplitude high-frequency
oscillations in the pressure signal measured at the draft tube wall. The operating conditions correspond to nominal nz;, and Q/Qggp = 0.84
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Fig.6 Left: Normalized frequency of the precessing vortex plotted as a function of the discharge value. Middle: Spectral power of the pressure
coefficient at the precession frequency. Right: Standard deviation of the pressure coefficient over the 1000 s of measurement

Moreover, the standard deviation of the pressure coefficient
is depicted for the different discharge values in Fig. 6 (right).

It can be inferred from Fig. 6 (left) that for this specific
machine, the vortex passage frequency is mainly between 20
and 30% of the runner frequency (f, mner)- Above 60% of the
BEP discharge, the precession frequency increases almost
linearly to its highest value at Q/Qppp = 0.84. Beyond
this discharge value, f,,,. undergoes a rapid decrease. This
decline is also pronounced in Fig. 6 (middle), which shows
that at around 90% of the nominal discharge, the spectral
power of the precession frequency is much lower com-
pared to that for lower discharges. In Fig. 6 (right), a similar
decrease is observed at the same discharge values for the
standard deviation of the pressure coefficient. These obser-
vations clearly reflect the upper bound for the formation of
a coherent and strong precessing vortex in the draft tube. It
can be observed that the highest values for both the preces-
sion frequency and the corresponding signal power occur
between Q/Qpgp = 0.75 and 0.85. This range corresponds
to the so-called upper part-load regime. It can be inferred
from the results that, in this range, the vortex rope has its

most coherent structure. The standard deviation of the pres-
sure indicates that these values remain almost constant at
the different discharge values. The measurements shown in
Fig. 6 were performed under nominal 7,

3.3 Cavitation-free flow measurements

The pressure coefficient is plotted for different values of the
turbine discharge in Fig. 7. The pressure is measured with
sensors p, (upper plane) and p; (lower plane). The moment
when the vortex passes each sensor corresponds to the low-
est pressure and is chosen as reference. One complete revo-
lution is divided into 100 phases. Given its relative distances
from the extrema, each data point between any two succes-
sive minima in the pressure signal is attributed to a certain
phase. The pressure values are then phase-averaged over the
whole sample of 1000 s acquired at 1 kHz. Note that, for
clarity, the lines for the standard deviations are scaled to
40% of the real values to ensure the graphs are readable.
The values of the pressure coefficient close to the run-
ner exit (C,, ) are shown in Fig. 7 (left). As is clear, close to
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Fig. 7 Effect of the discharge %1073

%107

value on the phase-averaged
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ment planes in the draft tube at
nominal ngy,

[—4—75% —+—80% —4—84% —4—87%)

180°
Phase [°]

0° 90°

the BEP, the pressure coefficient measured at the draft tube
wall is relatively small. The value increases in amplitude
quite significantly as the discharge decreases from 87% of
the BEP to 75%. Similar observations can be made regarding
the pressure values from the sensor installed slightly farther
downstream (CI,}), as plotted in Fig. 7 (right). Close to the
BEP, the amount of swirl injected into the draft tube is quite
small, leading to the formation of a weak vortical flow at
the center of the tube with a small precession radius, which
barely influences the wall pressure. Farther from the BEP,
more swirl is injected into the draft tube, and therefore, a
stronger vortical flow forms. This results in a stronger vor-
tex in terms of intensity (circulation) and probably a larger
precession radius, leading to higher impacts on the wall
pressure. The values of the standard deviations are notably
higher for Q/Qggp = 0.87 compared to the lower discharge
values. This is probably because, at this discharge value,
the vortex has a less coherent structure with a small preces-
sion radius, leading to a higher ratio of noise to periodic
fluctuations.

The results presented in Fig. 7 explain how the flow
develops in the draft tube. Right at the runner exit (p,), the
pressure coefficient has a symmetric profile so that the time
it takes for the pressure to recede due to the vortex pas-
sage is almost equal to the time it takes to rise back. This
implies that the flow around the vortex is symmetric at this
horizontal plane. As the flow develops farther downstream,
two differences are observed. First, the amplitude of the
pressure coefficient increases drastically. This is due to an
increase in the precession radius that takes the vortex closer
to the wall. Second, the profile of the pressure coefficient
also alters and is no longer symmetric at the lower measure-
ment plane. In fact, it takes only 25% of a complete revolu-
tion for the pressure to rise back to its maximum after the
passage of the vortex. For the rest of the cycle, the pressure
decreases gradually to its minimum value. This behavior is
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more pronounced at Q/Qpgp = 0.75 and diminishes as the
discharge increases toward Qgpp. This observation is in line
with previous research (Cala et al. 2006; Favrel et al. 2015)
which show that as the vortex center gets closer to the wall
(precession radius increases), the vortex core becomes more
asymmetric, resulting in a more asymmetric pressure field.

The contours of the velocity magnitude,

1/2
C= <C§ + Cyz) , along with the local velocity vectors are

illustrated in Fig. 8 for four discharge values (in columns)
and for the three measurement planes (in rows). For all
cases, the precession is counterclockwise. The contours pre-
sented here all correspond to the same vortex revolution
phase for the pressure measured at p;. As the PIV planes are
slightly off the pressure sensor planes to avoid unwanted
reflections, the phase selected does not necessarily corre-
spond to vortices at similar positions on each measurement
plane. For all the cases, the circles and trapezoids drawn in
bold lines depict the physical boundaries of the draft tube in
each cut, whereas the dashed lines represent the areas where
the PIV results are reliable (sheltered from wall reflections).
The parameter R, used for nondimensionalization, is the
draft tube radius at the upper plane and U is the runner cir-
cumferential velocity at the turbine exit. Also note that when
making measurements on the lower horizontal plane at
Q/Ogep = 0.84, the vortex is slightly filled with cavitation
despite having the same Thoma number as the upper plane.
This is why the contour shown for this flow condition is
marginally distorted around the vortex center.

The measurements on the two horizontal planes shown
in Fig. 8 reveal that at lower discharge values, the precess-
ing structure in the draft tube is larger and the vortical flow
occupies a larger portion of the cross section compared to
higher discharges. At higher discharge values, the vortex has
a quite concentrated structure with a small viscous core, and
therefore, does not influence the entire flow in the draft tube.



Experiments in Fluids (2023) 64:110

Page90of21 110

QED/QED@BEP =0.80

Qep/Qepesep = 0.75

y/R[]
y/R[

Upper plane

0
x/R[]

y/R[

Lower plane
y/R[]

y/RI[
y/RI[1

Meridional plane

QED/QED@BEP =0.87

QED/QED@BEP =0.84

cIu
y/R[]

0 05 1
x/R[

y/R[]

y/RI[

Fig. 8 Phase-averaged velocity magnitude contours on the three measurement planes for four discharges

At 75% of the nominal discharge, the precessing vortical
structure occupies almost half of the cross section, whereas
at 87%, the vortex is barely precessing at all on the upper
plane and remains very close to the center point. Being
smaller than the PIV resolution, the viscous core structure of
the vortex is not fully captured for Q/Qppp = 0.87. Despite
this shortcoming, it is still evident that as the flow develops
downstream at this discharge value, the vortex undergoes
a helical breakdown and precesses with a relatively large
radius on the lower plane. This is, though, accompanied
by a noticeable decrease in the magnitude of the tangential
velocity component. This observation at 87% of the BEP
discharge clearly explains the C, profiles shown in Fig. 7.
On the upper plane, the vortex remains close to the center;
therefore, the wall pressure is barely impacted. On the lower
plane, the vortex moves closer to the wall and the pressure
coefficient has a profile similar to the other discharge values,
although with a smaller amplitude. Similarly, for the three
other discharge values, it is observed that the vortex has a
more concentrated and coherent structure close to the runner
exit (upper plane), which becomes diffused as it flows down-
stream. As a result, a larger portion of the section is affected
by the vortical flow while the magnitude of the tangential
velocity decreases. The coherent structures observed in these
contour plots clearly explain the high values of G, in Fig. 6
(middle) for the discharge values between 75 and 84% of

the BEP. Accordingly, UPLI is primarily observed at 80%
and 84% of the BEP discharge in the present experiments.

The velocity contours on the meridional plane in Fig. 8
show the interaction between the mainstream downward flow
and the rotational velocity of the vortex rope at its intersec-
tions with the measurement plane. At the outer side of the
intersections, the tangential velocity of the vortex and the
mainstream flow are co-directional, resulting in a boosted
downward flow close to the draft tube wall. The extent of
this amplification increases as the discharge is reduced,
which is a result of the higher tangential velocities obtained
at the lower discharge values, as was observed in Fig. 8 for
the horizontal planes. The opposite holds for the inner side
of the intersections where the mainstream flow and the tan-
gential velocity of the vortices are counter-directional. It can
be seen in the contour plots that an almost stagnant region
forms at the center of the draft tube. Examining the flow
structure in phases in addition to the one presented in Fig. 8
reveals that the dead zone grows in size as the discharge
decreases. This is due to the stronger vortices that form at
the lower discharges, which counterbalance the mainstream
more effectively and lead to a larger stagnant area at the
center of the draft tube cone.

To further investigate the velocity fields, an algorithm
to detect vortex centers is developed based on Graftieaux’s
method (Graftieaux et al. 2001). The method is applied to
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Fig.9 Left: Detecting a vortex
center with high accuracy.
Right: Vortex centers detected
for 100 phases along with the
fitted precession trajectory
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Fig. 10 Precession radius at the upper and lower planes as a function
of the turbine discharge

the phase-averaged velocity contours and provides the aver-
age precession radius for each flow condition. An exam-
ple of vortex center detection for a given phase is shown in
Fig. 9 (left). The colored area around the vortex center is the
contour of I1, in Graftieaux’s algorithm, the maximum of
which occurs at the vortex center. Executing the algorithm
for all 100 phases and fitting a circle to the obtained cent-
ers provides the average precession radius (r,,,.), which is
illustrated in Fig. 9 (right). Based on the results obtained, the
fitted circle is assumed to be concentric with the coordinate
system for all the flow conditions.

The average precession radius is obtained for the vari-
ous discharge values by applying the above-mentioned
method to the velocity fields obtained for the two horizon-
tal measurement planes. The results are plotted in Fig. 10.
Clearly, the precession radius is almost zero on both planes
when Q/Qgpp = 0.91, meaning that at this discharge the
residual swirl exiting the runner forms a concentric vortex
in the middle of the cone. The local swirl number in this
case is not high enough for a distinct helical breakdown of
the vortex. At Q/Qppp = 0.87, the vortex has a relatively
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small precession radius on the upper plane, which notice-
ably grows on the lower one. The amount of swirl at the
runner exit is not high enough to trigger the helical insta-
bility. However, flowing downstream, the axial component
of the velocity decreases due to the divergent geometry of
the draft tube while its circumferential component remains
almost constant. This increases the swirl number locally and
initiates the breakdown of the vortex at a point between the
upper and lower planes. For the three lower discharge values,
the injected swirl is high enough so that the helical vortex
breakdown occurs right at the runner exit, and therefore,
Irope 18 Telatively high on both planes. The precession radius
has a maximum at Q/Qpgp = 0.84 and decreases gradually
below this discharge. Recall that in the present experiments,
UPLI is principally observed between 80 and 84% of the
BEP discharge value, and the largest precession radii happen
in this range as well.

Once the vortex centers have been determined, the spa-
tial average of the tangential velocity profile (the tangential
velocity as a function of distance from the vortex center) is
obtained for each phase and then these averages are aver-
aged over the entire precession cycle. An arbitrary radial
coordinate system is first placed on the vertex center. All
the measured tangential velocities at a given distance from
the vortex center () are averaged over each 360° revolution
to give the average velocity profiles per phase. The overall
average and standard deviations are calculated over all the
phases, the results of which are presented in Fig. 11 for the
upper plane. As observed in Fig. 8, the vortices get closer
to the draft tube wall as they flow downstream. This makes
the 360° averaging method incapable of providing reliable
results for the lower plane as a considerable proportion of
the velocity vectors lie outside the confidence area. Hence,
the tangential velocity profiles in Fig. 11 are only shown for
the upper plane.

Figure 11 shows that as the discharge increases toward
the BEP, the tangential velocity profile becomes more
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Fig. 11 Tangential velocity profiles obtained by spatial- and phase-
averaging for different discharge values

concentrated with higher maximum tangential velocities
and smaller viscous core radii. Note that the point [0, 0]
is imposed on all the profiles. When Q/Qpgp = 0.87, the
viscous core of the vortex is smaller than the measurement
resolution, and thus, the maximum tangential velocity is
not fully recovered in Fig. 11. As the discharge decreases,
although the maximum tangential velocity of the vortex
falls, a larger proportion of the sectional flow is forced to
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rotate around the vortex center at a higher velocity. It is
noted that in Fig. 11, the error bars are multiplied by a fac-
tor of two to make them visible. Despite this magnification,
the standard deviations remain very small, especially far
from the vortex center, showing the reliability of the PIV
measurements and the averaging algorithm used here. The
higher errors close to the vortex core could be due to higher
fluctuations in this area (actual flow fluctuations or induced
by vortex wandering at each phase) or could be related to the
limited number of valid vectors that were found at shorter
distances from the vortex center.

The contours of the out-of-plane vorticity calculated from
the PIV velocity fields by Eq. (8) are presented in Fig. 12.
The contours clearly demonstrate how the flow patterns
change on the different measurement planes (presented in
rows) as the discharge increases from Q/Qgpp = 0.75t0 0.87
(presented in columns). The results can be interpreted in two
ways: (1) the magnitude of the vorticity and (2) the area that
is affected by the vortex rope in each section. Interestingly,
by decreasing the discharge and going deeper into the part
load, the magnitude of the maximum vorticity observed at
the center of the vortex decreases. In contrast, the vortex-
affected area grows and fills a much larger portion of the
section at lower discharge values. This observation is in line
with previous results that show that closer to the BEP, the
vortex has a more concentrated structure with a lower impact
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Fig. 13 Vortex intensity as a function of the discharge at nominal n,

on the surrounding flow. Moving farther downstream, the
vortical structures become diffused in space and their maxi-
mum values are attenuated due to viscous diffusion.

To better compare the cases presented in Fig. 12, the con-
tours of vorticity are further processed to extract the vortex
intensity or circulation (I") for each case. This is achieved
with the surface and curvilinear integrals detailed in Sect. 2.
To this end, the area surrounding the vortex center, where
the vortical flow is dominant, must be determined first. This
is done with the second rule of Graftieaux’s method (Graft-
ieaux et al. 2001), where the variable I1, is calculated for the
whole velocity field. In this method, a threshold of I, = 2/#
denotes the boundary of the vortex. Once the vortex bounda-
ries are delimited, its circulation can be calculated by the
surface and curve integrals. The results of both methods are
shown in Fig. 13 for the upper measurement plane. Being
located close to the wall, it was not possible to close the
vortex boundaries within the zone of the reliable velocity
vectors on the lower plane of measurement. Consequently,
these results are not included in Fig. 13.

Figure 13 shows that the two integrals both give almost
the same values for the vortex intensity at each discharge.
The trend is clear between Q/Qgpp = 0.75 and 0.84. The vor-
tex intensity increases as the discharge is lowered. This is in
line with the expectation, since a lower discharge is associ-
ated with a higher residual swirl injected into the draft tube.
This swirl feeds up the vortex rope, and therefore, stronger
vortices are expected. This is, however, in contrast with the
results presented in Fig. 12 where the maximum value of
the phase-averaged vorticity at Q/Qgpp = 0.75 is shown to
be lower than in higher discharge values. This observation
could be explained by the fact that the vortical flow is more
dominant at Q/Qgpp = 0.75 and has larger boundaries (see
Fig. 12), which ultimately leads to higher values of the inte-
gral parameter I" presented in Fig. 13. Regarding the vor-
tex intensity values obtained for the case of Q/Qggp = 0.87
in Fig. 13, it is difficult to explain the observed jump. The
value obtained could be physical or just an artifact of the
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measurements since the structure of the viscous core of the
vortex was not fully captured for this discharge.

3.4 Effect of cavitation on the instability

The effect of Thoma number on UPLI is investigated in this
section. Visualizations of the cavitation vortex rope in the
draft tube are given in Fig. 14. The discharge is fixed at
Q/Oggp = 0.84 under nominal rotational velocity and nomi-
nal head. Initially, the Thoma number is ¢ = 0.16 and the
vortex rope has a circular cross section. However, a slight
decrease in the Thoma number to 0.14 triggers the UPLI and
results in a drastic change in the shape of the vortex rope.
At o = 0.14, the vortex cross section has an elliptical shape
and emits high-amplitude noise at frequencies higher than
Jrope (studied in detail in Fig. 15). The high-speed visualiza-
tions clearly evidence that this trend continues. The ellipti-
cal shape of the vortex becomes more pronounced as the
Thoma number is further decreased. This is accompanied
by an increase in the amplitude of the pressure fluctuations
induced by UPLI, as is shown in Amini et al. (2021). At
lower values of o (i.e., 0.08 and 0.06), the vortex rope loses
its coherent shape and exhibits chaotic behavior with inter-
mittent collapses and recoveries, which, in turn, reduce the
amplitude of the UPLI-related pressure fluctuations, as evi-
denced in Amini et al. (2021).

Samples of the pressure signals recorded on the draft
tube wall over a few revolutions of the runner at ¢ = 0.16
(black) and ¢ = 0.12 (red) are presented in Fig. 15 (left) for
Q/Ogep = 0.84. At 0 = 0.16, the vortex undergoes simple
precession. The minima of the curve represent the passage of
the vortex in front of the pressure sensor. At = 0.12, there
is a second source of high-frequency and high-amplitude
fluctuations added to the initial precession. Clearly, UPLI is
superimposed on the rotating vortex, and the high-frequency
oscillations are modulated with the precession frequency.
Still, the vortex passage can be detected by following the
trend of the red curve and focusing on its absolute minimum
in each period.

The power density spectrum of the pressure coefficient
is depicted in Fig. 15 (middle) for the two signals meas-
ured under stable (¢ = 0.16) and unstable (¢ = 0.12) con-
ditions at Q/Qggp = 0.84. At the higher Thoma number, a
distinct peak is obtained in the frequency domain at around
0.25f, 4nner- Which corresponds to the precession frequency
(frope)- The second smaller peak of the black curve, which is
close to the first one, is the first harmonic of the precession
frequency. These two peaks are also present at the lower
Thoma number. However, the occurrence of the instability
ato = 0.12is associated with the appearance of an outstand-
ing peak at f e = 2.8, ner- The UPLI frequency is about
10 times higher than the precession frequency and its peak
is even stronger in magnitude than that for the precession. A
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Fig. 14 Effect of Thoma
number on the cavitation
vortex rope and the occurrence
of UPLI at nominal ng, and
O/Qpep = 0.84
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Fig. 15 Comparison of a simple precessing vortex and a vortex with
UPLIL Left: Pressure signals in the time domain. Middle: Power
density spectrum of the pressure coefficient. Right: Effect of Thoma

deeper look at the plot also reveals the existence of two side
peaks around the UPLI frequency at f,.e; £ fiope> Which
reflect the convective transfer mode of this instability with
the precessing vortex, in line with previous studies (Koutnik
et al. 2006; Favrel et al. 2019b).

The UPLI frequency and peak power are plotted in Fig. 15
(right) as functions of the Thoma number at Q/Qgpp = 0.84.
It is clearly observed that f,.., decreases almost linearly
as the Thoma number is reduced. A lower o is associated
with higher vapor volumes in the draft tube, which increases
the flow compressibility and induces a decrease in the wave
speed, and thus, in the eigenfrequencies of the system. Since
UPLI occurs at an unstable eigenfrequency of the system
(Dorfler 2019b), its frequency decreases as the cavitation
volume increases. The peak power exhibits a more com-
plex behavior. At the development phase of the instabil-
ity, i.e., between its trigger at o = 0.14 down to o = 0.10,

number on UPLI peak frequency and power (measurements per-
formed at nominal n, and Q/Qgrp = 0.84)

the power of the signal at f,,.. increases as Thoma num-
ber is reduced, as illustrated in Fig. 14 (right). Lowering
o leads to a higher vapor volume and higher compressibil-
ity in the system, which, in turn, stores and releases higher
amounts of energy in each cycle, resulting in higher signal
power obtained at fupper. At lower values of o, however, the
amplitude of the fluctuations at f,,., decreases, drastically.
Namely, at o = 0.08 and 0.06, the vortex loses its coherent
shape due to the increased amount of cavitation, and conse-
quently, the amplitude of the UPLI fluctuations decreases,
as documented in Amini et al. (2021).

To better illustrate the effect of UPLI on pressure coeffi-
cients, the phase-averaged pressure profiles in cavitation-free
(o = 0.48), stable cavitation (¢ = 0.20), and unstable cavi-
tation (¢ = 0.09) conditions are depicted in Fig. 16. These
measurements are performed at a slightly lower discharge
of Q/Qpgp = 0.80 at nominal ngp and head. Obviously, the
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formation of a moderate amount of stable cavitation at the
core of the vortex rope at ¢ = 0.20 does not influence the
pressure coefficient measured at the draft tube wall. The only
difference between these two flow conditions is the higher
standard deviation values observed with cavitation present,
about 60% higher on average. However, at ¢ = 0.09 (UPLI
activated), the shape of the C, profile completely alters.
The precession is no longer the only dominant effect, and
high-pitch high-amplitude fluctuations are superposed on
it. As UPLI occurs, the standard deviation jumps to around
3.7 times that for ¢ = 0.20 on average.

It should be noted that for the unstable case in Fig. 16,
as there are two dominant frequencies with similar powers
in the pressure signal (precession motion and UPLI), the
phase-averaging applied here could be contaminated with
some sort of inaccuracy. The idea is, in fact, to divide the
measurements into moments of the same phase based on the
precession of the vortex. Thus, the minimum values in the
pressure signal are chosen as the reference, as they indicate
the passage of the vortex experienced by the sensor. How-
ever, in this case, the pressure fluctuations due to UPLI are
strong enough to alter the pressure signal significantly. Thus,
the minimum values detected do not necessarily correspond
to the exact moment of the vortex passing by the sensor. As
Jupper 18 DOt an integer product of f,.. in general, this leads
to some level of inaccuracy in the phase-averaged signals.
For instance, as shown in Fig. 16, the sub-cycle oscillations
do not occur at a fixed frequency equal to ... The purpose
of the results presented in Fig. 16 is, thus, to provide the
readers with a qualitative comparison between the stable and
unstable cases in terms of phase-averaged signal amplitude
and contamination.

The phase-averaged velocity and vorticity contours of
the cavitation-free flow as well as the two stable and unsta-
ble cavitation states measured on the upper PIV plane
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are presented in Fig. 17. The turbine discharge is fixed at
Q/Oggp = 0.80, and nominal n;, is maintained. Obviously,
the occurrence of cavitation partly blocks the acquired PIV
images, and thus, the obtained contours include some use-
less areas where, instead of the velocity field on the meas-
urement plane, only a reflection of the cavitation body of the
vortex rope is captured.

In Fig. 17, the phase-averaged velocity and vorticity
contours of cavitation-free flow at o = 0.48 are presented
on the left, whereas the results shown in the middle and
right correspond to cavitation conditions. At ¢ = 0.20, the
cavitation vortex rope is stable with a circular cross section.
At o0 = 0.09, UPLI occurs, and the vortex rope is ellipti-
cal. The contours presented in Fig. 17 clearly show that at
Q/Oggp = 0.80, which has been shown to be quite suscep-
tible to UPLI occurrence, the vortex rope originally holds a
circular cross section in cavitation-free flow; and it is only
through the diminution of the cavitation number below a
certain threshold that the instability is triggered and the vor-
tex section turns elliptical. It is also observed that the vortex
is well defined in the cavitation-free flow, and the vorticity
contour clearly depicts the vortex core where viscous effects
are dominant.

At o = 0.20, a considerable amount of vapor is already
present in the vortex core. The contours shown in Fig. 17,
however, suggest that the occurrence of cavitation within the
core of the vortex rope, as long as it remains circular, does
not modify the velocity or vorticity field drastically. It seems
that the viscous core of the vortex is moderately enlarged
due to cavitation, and as a result, the maximum tangential
velocity and the maximum vorticity measured close to the
edges of the cavitation core are slightly diminished. It is
more difficult to compare the result at o = 0.09 with the two
other situations, as the cavitation vortex rope is quite large
and blocks a considerable part of the view. However, it may
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Fig. 17 Phase-averaged contours of velocity magnitude (top) and vorticity (bottom) obtained on the upper plane for three different values of

Thoma number at Q/Qggp = 0.80 and nominal ny,

still be inferred that the velocity field is more diffused at this
Thoma number and that the maximum tangential velocity
adjacent to the vortex core is significantly diminished.

It should be recalled that the observed diffusion effect in
the velocity and vorticity fields at ¢ = 0.09 in Fig. 17 may
partially stem from the aforementioned effect of phase-aver-
aging that occurs for UPLI due to large-amplitude pressure
fluctuations. To get a better insight of the flow field in the
presence of cavitation within the vortex rope, three contours
of instantaneous velocity fields are shown in Fig. 18. The
corresponding PIV images are also presented so that the
readers can have a clear view of the position and size of the
cavitation vortex. As the vortex has a circular cross section
at o = 0.20, only one instant of the flow field is presented
for this Thoma number. The occurrence of UPLI, however,
results in a self-rotating elliptical vortex. Therefore, for
o = 0.09, two moments at which the vortex is at the same
phase of precession are presented. The first PIV image is
taken when the smaller diameter of the ellipse faces the cam-
era, whereas in the second image, the larger diameter is vis-
ible. This allows one to compare the velocity fields obtained
on the two sides of the elliptical vortex core.

It is noted that all the PIV images of circular vortices
have almost the same shape as the one in Fig. 18 (left). How-
ever, this does not hold for the elliptical vortices, and two
completely different states may be observed, depending on
whether the shorter or larger diameter of the ellipse faces the

PIV camera. It is clear in Fig. 18 (middle) that the velocity
field surrounding the sharper edge of the ellipse strongly
resembles that of the circular vortex (the left contour), in
terms of both magnitude and distribution pattern. In contrast,
when the larger diameter of the ellipse faces the camera, the
velocity field alters so that the magnitude of the circum-
ferential velocity is significantly lower close to the vortex
core and higher at farther locations. This makes it apparent
that, for the elliptical vortex, the state of the flow is not fully
described by the precession phase, and therefore, the phased-
averaged velocity fields are not high-fidelity representations
of the flow.

The ensemble of the observations in this paper suggests
that the occurrence of UPLI strongly depends on the cavi-
tation volume inside the core of a precessing vortex. For
each given flow condition, the vortex becomes unstable once
the cavitation volume surpasses a certain threshold. So far,
this has been achieved by fixing Fr and ngy, at their nominal
values and gradually reducing o at a given discharge. Now,
the effect of the distribution of the cavitation volume on
UPLI is evaluated by changing the Froude number. The cor-
responding results are shown in Fig. 19, where the flow con-
ditions are fixed at Q/Qggp = 0.87, o = 0.06, and nominal
ngp, whereas Fr is varied by changing the turbine head. At
nominal Froude number (Fr = 7.75), UPLI does not occur
at this high discharge (87% of BEP), even for a ¢ as low as
0.06. Interestingly, it is observed that UPLI can be activated

@ Springer



110 Page 16 of 21

Experiments in Fluids (2023) 64:110

y/R[]

0.25

0.2

0.15

]

c/u[

0.1

0.05

-1 -0.5 0 0.5 1 -1 -0.5

xIR[]

05 1 A 0.5 0 0.5 1
xIR[]

Fig. 18 PIV images along with their corresponding instantaneous velocity fields obtained on the upper measurement plane for different values of

Thoma number at Q/Qggp = 0.80

Fig. 19 Influence of Froude
number on the cavitation
vortex rope and the occur-
rence of UPLIL. Measurements
are performed at nominal n,,
o = 0.06, and Q/Qgpp = 0.87

by increasing the Froude number to Fr = 9.10. This obser-
vation is in agreement with Nicolet et al.’s findings (Nicolet
et al. 2010), which shows that UPLI is more likely to occur
in models compared to prototypes as the Froude number is
normally higher for the former. An increase in the Froude
number is known to lead to thinner but longer cavitation
vortices in the draft tube for a fixed Thoma number. This
observation clearly evidences that it is not only the total
cavitation volume but also its distribution along the draft
tube that plays a pivotal role in the initiation and develop-
ment of UPLIL.

@ Springer

4 Discussion: root cause analysis of UPLI

Considering the presented results, two principal questions
arise on the nature of this instability: (1) Why is this phe-
nomenon associated with large-amplitude pressure fluctua-
tions? (2) What is the driving force that activates this unsta-
ble mode?

Regarding the first question, Koutnik et al. (2006) and
Kirschner et al. (2009) attribute the UPLI-induced pressure
fluctuations at f,.., to the self-rotation of a vortex rope
with an elliptical shape. They believe that the rotation of
an asymmetric velocity field about the vortex axis, which
is also highlighted by our PIV results in Sect. 3, creates an
alternating pressure field. Although relevant, this theory is
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Fig.20 Breathing mechanism observed at the upper part of the vortex rope connected to the runner hub. The operating conditions are nominal

Ngps Fr =9.10, 6 = 0.06, and Q/Qppp = 0.87

not consistent with the synchronous nature of these fluctua-
tions. In contrast, Nicolet et al. (2010) and Dorfler (2019b)
consider that a breathing mode is the source of these fluc-
tuations. In this regard, a sequence of images extracted
from high-speed flow visualizations depicting the root of
the cavitation vortex rope at nominal ngy,, Q/Qppp = 0.87,
Fr =9.10, and ¢ = 0.06 are shown in Fig. 20. These flow
visualizations clearly reveal that there is a periodic increase
and decrease in the vapor volume (with period T') at the
upper part of the precessing vortex where it attaches to the
turbine hub. This implies the existence of the so-called
breathing mechanism. The period of these volume oscilla-
tions exactly matches f, ..., which proves that the UPLI-
induced pressure pulsations and the cavitation volume
oscillations are strongly interconnected and both fluctuate
at (probably) one of the systems eigenfrequencies, which
can explain the synchronous nature of these fluctuations.
To determine the origin of this instability, we can refer to
the governing principles of swirling flows. In these flows, as
the swirl number, roughly defined as the ratio of the angular
momentum to the axial momentum, exceeds certain critical
thresholds, the flow undergoes a sequence of instabilities.
As shown in Ruith et al. (2003), this sequence includes bub-
bling, helical, and double-helical modes. A precessing vor-
tex rope has already experienced the bubbling (the inflated
part attached to the hub) and helical breakdowns. A further
increase in the swirl number of the flow in the draft tube
pushes the vortex toward the double-helical breakdown,
which is associated with two co-rotating vortical braids that

create an elliptical cross section, as is also observed with
UPLL

It has been shown in this paper that UPLI occurs when
the vapor volume in the core of the vortex exceeds a criti-
cal value. The center of the vortex holds vapor whose
angular momentum is negligible compared to that of the
liquid phase. Therefore, as the cavitation volume increases
within the vortex core, the remaining swirl that leaves the
runner must be distributed over a lower surface area and
at larger radii. This hypothesis suggests that an increase
in the cavitation volume could lead to an increase in the
local swirl number, which, in turn, may trigger the double-
helix breakdown mode. The evidence for the occurrence
of this phenomenon for UPLI is presented in Fig. 21.
The sequence of images illustrates the partial collapse
of the cavitation core of the vortex rope at nominal ny,,
Q/0Oggp = 0.84, and 6 = 0.10. As is clear in the fifth pic-
ture (24 ms), two cavitation braids remain on the two
sides of the elliptical vortex during the partial collapse. A
deeper look at the high-speed video of Fig. 21 (provided as
supplementary material) reveals that these two side struc-
tures are co-rotating vortices, which strengthens the theory
for a vortex breakdown. This observation is in good agree-
ment with recent studies (Favrel et al. 2019b) and shows
that the elliptical cavitation vortex is, in fact, made of two
smaller cavitation vortices, the space between which is
filled with vapor due to low pressures between the two
braids. A rise in pressure (due to the oscillations induced
by the breathing mechanism) results in the removal of
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Fig.21 Occurrence of the
double-helical vortex break-
down and the emergence of two
co-rotating vortex cores. The
flow conditions are nominal

ngp, @/ Ogep = 0.84, and
o =0.10

vapor at the center of the elliptical vortex, while the two
side vortices continue to cavitate due to lower pressures
created by the rotational motion. This observation and
analysis suggest that the elliptical shape of the vortex rope
at UPLI is most likely the result of an increased swirl num-
ber due to an augmented cavitation volume in the draft
tube. The double-helical breakdown may occur at the run-
ner outlet or farther downstream, leading to the formation
of an elliptical cavitation vortex rope. Further research is
required to prove this theory and determine which of the
influencing parameters plays the most critical role in the
activation of UPLI in Francis turbines.

The analysis on the origin of the UPLI would not be com-
plete without discussing the possible effects of dissolved
gases. Although not investigated explicitly in the present
study, it is believed that the air content should play a role in
the initiation and development of UPLLI. In fact, it has been
shown here that the instability threshold of UPLI strongly
depends on the cavitation volume. For a fixed operating
point, a change in the air content is expected to alter (even
slightly) the size of the cavitation core of the vortex. As
a higher gas content results in a larger cavitation volume
due to diffusion effects (Amini et al. 2019a), it can poten-
tially shift the instability toward higher Thoma numbers.
Moreover, a higher amount of non-condensable gases in the
cavitation vortex changes its compressibility, which, in turn,
influences the system eigenfrequencies. Consequently, the
breathing frequency of the UPLI, which is believed to match
one of the system eigenfrequencies, should change accord-
ingly. Further studies are required to confirm these assump-
tions and investigate them in detail.
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5 Conclusion

In this paper, the UPLI is investigated experimentally for a
reduced-scale model Francis turbine. It is known that UPLI
may occur in medium- and high-specific-speed Francis tur-
bines at discharge values between 70 and 85% of the BEP.
This instability, in which the vortex rope has an elliptical
shape, is accompanied by large-amplitude pressure fluctua-
tions emitted at a distinct high frequency between 2 and 4
times the runner rotational speed. These fluctuations induce
strong vibrations in the hydraulic circuit and negatively
impact the machine performance and health.

A significant number of tests are conducted on operating
points featuring UPLI, both in cavitation-free and cavitation
flows, to delimit the instability ranges, to identify its driv-
ing forces, and to clarify its impacts on the draft tube flow.
The measurements performed in cavitation-free conditions
clearly demonstrate that the precession frequency of the vor-
tex rope as well as the power of this frequency in the spec-
trum increase significantly at operating points susceptible to
UPLLI. This is a key finding, as such behavior is not observed
for other Francis turbines that do not suffer from this type of
instability (Favrel et al. 2015). This pattern could be used as
an indicator to evaluate the risk of UPLI. Further measure-
ments on other machines are necessary before generalizing
this statement, though.

Moreover, the velocimetry results clearly show that the
flow pattern in the draft tube is identical for all the cavita-
tion-free part-load cases (with UPLI or not). The vortex rope
has a circular cross section as long as there is no cavitation
within its core. PIV results for cavitation-free conditions
demonstrate that the operating points most susceptible to
UPLI (in this case, 80% and 84 % of the BEP discharge) have
very concentrated vortical structures and show the largest
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precession radii within the measured range. Although they
have smaller circulation values, their compact viscous cores
lead to larger maximum tangential velocities and higher
vorticities at their centers. The instantaneous velocity fields
obtained during UPLI in the presence of cavitation reveal
that the flow is not symmetric around the elliptical core of
the vortex rope and higher velocities are observed along the
sharper edges of the ellipse.

It is also evidenced that the occurrence of UPLI
strongly depends on the cavitation volume within the
precessing vortex rope. Above the instability threshold,
the vortex is circular and stable. Decreasing the Thoma
number leads to an abrupt change in the flow regime by
triggering UPLI while the vortex cross section transforms
into an ellipse. In addition, it has been shown that f..,
decreases constantly as o is reduced while its power first
experiences a rise and then a sudden drop, which is prob-
ably due to the loss of coherence in the flow caused by
excessive amounts of cavitation. The existence of a breath-
ing mode in this instability is proven with high-speed flow
visualizations. The videos also highlight the development
of two side vortices on the sharp edges of the elliptical
vortex, which gives rise to the hypothesis that UPLI is the
next episode in the instability sequence of swirling flows
after a helical breakdown. This suggests that the amount
of swirl increases in the draft tube as the Thoma number is
reduced. Once it exceeds a critical threshold, the double-
helix mode is activated.

The results presented in this paper provide a much deeper
insight into the flow structures that favor the UPLI occur-
rence as well as its impact on the draft tube flow and help
delimit its thresholds to higher precision, which can be used
to prevent UPLI during turbine operation. These findings can
also be used to enhance theoretical and numerical modeling
of this phenomenon in Francis turbines. Further investiga-
tions are still required to improve our understanding of this
instability. One of the remaining questions is the possible
role that air content may play in the initiation and develop-
ment of UPLI. The study of the match between the UPLI
breathing frequency and one of the system eigenfrequencies
as well as how one can transpose UPLI results of model tests
to prototype are other important topics to investigate regard-
ing this phenomenon.
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