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The beginning of knowledge is the discovery
of something we do not understand.
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Résumé

Les pompe-turbines modernes sont soumises a des changements fréquents entre les modes de
pompage et de turbinage et sont utilisées dans une large plage de fonctionnement étendue a des
conditions hors-design. Dépendant de la vitesse spécifique de la pompe-turbine, les
caractéristiques débit-vitesse et couple-vitesse en mode turbine a ouverture constante des
directrices peuvent avoir la forme de “S”. Dans cette situation, le fonctionnement de la
machine peut devenir fortement instable a I’emballement et au-dela, avec une augmentation
significative des vibrations de la structure et des bruits. De plus, un point de fonctionnement
stable a ’emballement est difficile a atteindre, et par conséquent la synchronisation avec le
réseau électrique dans des conditions sures devient impossible.

L’hydrodynamique d’un mod¢le réduit d’une pompe-turbine réversible de type Francis, de
basse vitesse spécifique, présentant un comportement instable a 1’emballement du fait d’une
pente positive de sa caractéristique, est investiguée dans des conditions de fonctionnement
hors-design en mode turbine. Les points de fonctionnement normaux, I’emballement et le débit
positif trés bas, a 10° d’ouverture des directrices, sont étudiés par des méthodes expérimentales
et numériques.

Les expériences sont réalisées en utilisant des visualisations de 1’écoulement a haute vitesse en
utilisant des fils ou des injections de bulles d’air, ainsi que des mesures PIV dans le stator,
synchronisées avec des mesures de pression dans les deux domaines statique et tournant. En
partant du domaine de fonctionnement normal et en augmentant la vitesse de la roue, une
croissance significative des fluctuations de pression est notée principalement dans la région de
directrices. L’analyse spectrale des mesures de pression dans le stator montre 1’apparition
d’une composante de basse fréquence (~70% de la fréquence de rotation de la roue) a
I’emballement, qui s’amplifie en amplitude a proximité du point de fonctionnement a débit nul.
L’analyse de la distribution périphérique instantanée du champ de pression dans I’espace entre
les directrices et la roue révele une cellule de décollement qui tourne avec la roue a une vitesse
inférieure a la vitesse de rotation de la roue. La méme composante de basse fréquence est
¢galement retrouvée par les mesures de pression dans le domaine tournant. Dans le référentiel
tournant, la cellule de décollement couvre environ la moitié de la circonférence de la roue et
tourne a environ 30% de la vitesse de la roue, en sens inverse.

Les visualisations d’écoulement a haute vitesse, par injection de bulles d’air ou en utilisant des
fils, révelent un champ d’écoulement relativement uniforme dans les directrices au régime de
fonctionnement normal. A I’emballement, 1’écoulement est fortement perturbé par le passage
du décollement tournant. La situation est encore plus critique au point d’opération de débit
positif trés bas, ou des écoulements inverses et des tourbillons se développent dans les canaux



de directrices pendant le passage du découlement tournant. De plus, la position des fils entre
les directrices et a la sortie de la roue suggere un état d’écoulement similaire a celui observé
lors du fonctionnement en pompe inverse.

Les mesures de vitesse avec la technique PIV dans la région des directrices confirment
I’écoulement inverse a 1’entrée de la roue. En outre il se trouve que le phénoméne de pompage
dans les canaux des directrices se produit a I’aide d’un tourbillon. C’est de cette manicre que
I’écoulement change sa direction de 180° entre I’aval et ’amont des directrices. Donc, au point
d’opération de débit positif tres bas, 1’écoulement alterne entre les modes turbine et pompe
inverse pendant une révolution du décollement tournant.

Des simulations numériques incompressibles instationnaires d’écoulement turbulent sont
réalisées dans 1’ensemble du domaine a 1’échelle modele en utilisant le code commercial
Ansys CFX pour certains points de fonctionnement. Les équations incompressibles
instationnaires de Navier-Stokes de type R.A.N.S. sont résolues avec la méthode des volumes
finis. Le mod¢le de turbulence hybride RANS-LES basé¢ sur I’échelle de longueur de von
Karman pour la fonction de mélange, nommé SAS-SST est employé dans la simulation.

Les fluctuations de pression du a I’interaction rotor-stator sont en bon accord avec les
expériences en fonctionnement normal et hors design. Par contre, le décollement tournant est
saisi a ’emballement, alors qu’a la condition de faible débit, méme si I’écoulement dans
plusieurs canaux est pompé, le décollement tournant organisé qui est attendu n’est pas bien
défini. Malgré le fait que les résultats de simulations numériques ne sont pas quantitativement
précis, une analyse qualitative est utilisée pour esquisser le champ d’écoulement dans la roue
en présence du décollement tournant. En conséquence, il est montré que deux larges
tourbillons contrarotatifs dominent 1’écoulement dans les canaux de roue. L’origine de ces
tourbillons est liée a une large séparation de 1’écoulement a I’entrée de la roue. Cette
configuration d’écoulement peut fournir a la fois un débit positif et un débit négatif, avec un
passage continu entre les modes turbine et pompe inverse. De plus, un troisiéme tourbillon est
généré a la sortie de la roue pendant le mode pompe inverse en raison de la direction de la
vitesse relative.

Pour résumer, I’écoulement dans un pompe-turbine, fonctionnant aux conditions hors-design
en mode turbine, dans la région en “S” des caractéristiques, est dominé par une cellule de
décollement qui tourne avec la roue a une vitesse inférieure a celle de la roue et qui se situe
dans 1’espace entre les directrices et la roue. C’est la conséquence de la séparation de
I’écoulement qui se développe a I’entrée des canaux de la roue et qui conduit a leur blocage.
De plus, dans le cas du fonctionnement a faible débit positif, dans les canaux de roue bloqués
I’écoulement est pompé, ce qui induit le développement d’un écoulement inverse et des
tourbillons dans la région des directrices. L’instabilité tournante génere des déséquilibres
hydrauliques et des fortes vibrations de la structure.

Mots-clés: hydrodynamique, pompe-turbine, fonctionnement hors-design, mode turbine,
emballement, instabilité, décollement tournant, séparation d’écoulement, mesures de pression,
visualisation d’écoulement a haute vitesse, vélocimétrie avec image de particules, simulation
numérique, moyenne de Reynolds, simulation avec échelle adaptative.



Abstract

Modern pump-turbines are subject to frequent switching between the pumping and generating
modes with extended operation under off-design conditions. Depending on the specific speed
of the pump-turbine, the discharge-speed as well as torque-speed generating mode
characteristics at constant guide vanes opening can be “S-Shaped”. In such a situation, the
machine operation may become strongly unstable at runaway speed and beyond, with a
significant increase of structural vibrations. Moreover, seeing that a stable runaway operating
point is difficult to be reached, the synchronization with the electrical network in safety
conditions becomes impossible.

This thesis explores the hydrodynamics of a low specific speed Francis type reversible pump-
turbine reduced scale model, while operating at off-design conditions in generating mode and
experiencing unstable operation at runaway due to the presence of a positive slope on the
characteristic. More precisely, this work focuses particularly on normal operating range,
runway and very low positive discharge operating conditions at 10° guide vanes opening
angle. The methods employed in this process are the experimental and the numerical
simulation ones.

The experiments performed in this research involve: high-speed flow visualizations using tuft
or injected air bubbles, PIV measurements in the stator, and wall pressure measurements in
both stationary and rotating frames. When starting from the normal operating range and
augmenting the impeller speed, a significant increase in pressure fluctuations, mainly in the
guide vanes region, is noticed. Spectral analysis of pressure measurements in the stator shows
a rise of a low frequency component (~70% of the impeller rotational frequency) at runaway,
which further increases as the zero discharge condition is approached. Analysis of the
instantaneous pressure peripheral distribution in the vaneless gap reveals one stall cell rotating
with the impeller at sub-synchronous speed. The same low frequency component is identified
in the rotating frame pressure measurements as well. In the rotating frame referential, the stall
cell covering about half of the impeller circumference revolves with about 30% of the impeller
rotational speed in counterclockwise direction.

High-speed flow visualizations, using injected air bubbles and tuft, reveal a quite uniform flow
pattern in the guide vanes channels at the normal operating range. In contrast, when operating
at runaway, the flow is highly disturbed by the rotating stall passage. The situation is even
more critical at very low positive discharge, where backflow and vortices develop in the guide
vanes channels during the stall passage. In addition, the wires position in the guide vanes and
at the impeller outlet suggests a flow state similar to the one in reverse pump mode operation.



PIV measurements in the guide vanes region confirm the outflow at the impeller inlet.
Moreover, it is found that the pumping phenomenon in the guide vanes channels is performed
with the help of a vortex. Indeed, this is the way the flow may change the direction by 180°
from the vaneless gap to the upstream side of guide vanes. Therefore, at the low positive
discharge condition, the flow alternates between turbine and reverse pump modes during one
rotating stall revolution.

Unsteady incompressible turbulent flow numerical simulations are performed in the full
reduced scale model water passage domain by using the Ansys CFX code for few operating
points. The finite volume method is used in order to solve the incompressible unsteady
Reynolds-Averaged Navier-Stokes equations. The hybrid RANS-LES turbulence model, based
on the von Karman length scale for blending function, which is called SAS-SST, is employed
in simulation.

The pressure fluctuations, produced by the rotor-stator interaction, are in good agreement with
the experiments for both normal operating range and off-design conditions. By contrast, the
rotating stall is captured at runaway. As for the expected organized rotating stall, it is not well
defined at low discharge operating condition, even if several impeller channels are found to
pump. Despite the fact that numerical simulation results are not quantitatively accurate, their
qualitative analysis is used to draw the flow pattern inside the impeller in the presence of
rotating stall. Thereby, it is shown that two stationary counter-rotating large vortices dominate
the impeller channels flow. Their source is the large flow separation at the impeller inlet. This
flow configuration can provide both a positive and a negative discharge, with a smooth
transition between the turbine and reverse pump modes. In addition, a third vortex is generated
at the impeller outlet during the reverse pump mode as a result of the relative velocity
direction.

To sum up, the flow in a pump-turbine operating at off-design conditions in generating mode,
in the so-called “S-shaped” region of characteristics, is dominated by one stall cell rotating
with the impeller at sub-synchronous speed in the vaneless gap between the impeller and the
guide vanes. It is the result of flow separation developed at the inlet of the impeller channels
that leads to their blockage. Moreover, at low positive discharge condition, the stalled impeller
channels are found to pump, leading to backflow and vortices development in the guide vanes
region. The rotating instability generates hydraulic unbalance and strong structural vibrations.

Keywords: hydrodynamics, pump-turbine, off-design, generating mode, runaway, instability,
rotating stall, flow separation, pressure measurements, high-speed flow visualization, Particle
Image Velocimetry, numerical simulation, Reynolds-Averaged Navier Stokes equation,
Scale-Adaptive Simulation.
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Notations

Latin

b Channel height [m]
Cp Pressure coefficient [—]
Cp Pressure coefficient fluctuation [—]
¢p Pressure fluctuation standard deviation [—]
d Distance [m]
f Frequency [Hz]
f Body force per unit mass [m - s72]
In Impeller rotational frequency [Hz]
g Gravity [m - s77]
k Distribution coefficient [-]
k Turbulent kinetic energy [m? - s72]
l Length [m]
n Rotational frequency [s7]
n Normal vector [—]
p Static pressure [Pa]
t Time [s]
X, ¥,z Cartesian coordinates [m]
y* Dimensionless sublayer-scale distance [—]
z Number of blades (-]
Zch Number of guide vanes channels —]
A Area [m?]
Ay Intercept [Pa]
Ay Slope [Pa-V~]
C Absolute flow velocity [m-s™1]
Cnm Meridional absolute flow velocity component [m-s™1]
C. Peripheral absolute flow velocity component [m-s™1]
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vi Notations
D Diameter [m]
D;; Rate of deformation tensor [s7']
E Specific energy kg™
H Head [m]
Lok von Karman length scale [m]
L¢ Turbulence length scale [m]
N Samples number [—]
P Perimeter [m]
P Power [W]
Q Discharge [m? - s71]
R Radius [m]
S Surface area [m?]
T Time period [s]
T Torque [N - m]
U Voltage [V]
U Peripheral flow velocity [m-s™']
w Relative flow velocity [m-s™']
X Displacement (PIV correlation) [m]
Z Altitude [m]
Greek

a Absolute flow angle [°]
a Guide vanes opening angle [°]
B Relative flow angle [°]
£ Error, deviation [—]
£ Turbulent dissipation rate [m? - s73]
n Efficiency (-]
0 Angle [rad]
6 Phase shift [rad]
m Dynamic viscosity [kg-m™" s
Ur Turbulent eddy viscosity [kg-m™'-s7]
v Kinematic viscosity [m? - s71]
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Notations vii

p Water density [kg - m™3]
Shear stress [Pa]

7 Instantaneous phase [rad]

X Acceptance factor [—]

w Turbulent frequency [s71]

) Angular speed [rad - s71]

w, Impeller angular speed [rad - s71]

W, Dimensionless vorticity around z axis [—]

Subscripts

b Impeller (blade, domain, channel)

e Energetic

e External

gv Guide vanes profile

h Hydraulic

; Internal

ich Impeller channel

inlet Spiral casing inlet surface

ij i"™ and j™ components of the Cartesian coordinates system

m Mechanical

max Maximum value

min Minimum value

n Nominal

o Guide vanes (blade, domain, channel)

opt Optimal

q Volumetric

r Losses

r Runaway

ref Reference

m Disc friction losses

¢ Transformed

B Head water reservoir reference section
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Notations

viii

B Tail eater reservoir reference section

I Power unit high pressure reference section
I3 Power unit low pressure reference section
Il First and second image frames of one PIV capture
S Stall

Sr Stall in rotating frame referential

1 Impeller high pressure reference section

i Impeller low pressure reference section

1* Impeller channel inlet cross section width
Superscripts

Time average of measured quantity, signal mean
Average quantity in Reynolds averaging
Fluctuating quantity in Reynolds averaging
Fluctuation of measured quantity, centered signal

Vector

Dimensionless Numbers

Ngp

QED

Re

Specific speed

Discharge coefficient

Specific energy coefficient

Speed factor

Discharge factor

Torque factor

Reynolds number
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Abbreviations

BEP Best Efficiency Point

CCD Camera Charging Device

CFD Computational Fluid Dynamics

CPU Central Processing Unit

DES Detached Eddy Simulation

DNS Direct Numerical Simulation

EPFL Ecole Polytechnique Fédérale de Lausanne
GGl General Grid Interface

IEA International Energy Agency

IEC International Electrotechnical Committee
LDV Laser Doppler Velocimetry

LES Large Eddy Simulation

LMH Laboratory for Hydraulic Machines
MGV Misaligned Guide Vanes

Mtoe Million tons of oil equivalent

Nd-YAG Neodymium Yttrium Aluminum Garnet

op Operating Point

PC Personal Computer

PIV Particle Image Velocimetry
PSPP Pumped-Storage Power Plant
RANS Reynolds-Averaged Navier-Stokes
RMS Root Mean Square

RSI Rotor-Stator Interaction

SAS Scale Adaptive Simulation
SST Shear Stress Transport

STD Standard Deviation

TTL Transistor-to-Transistor Logic

URANS Unsteady Reynolds-Averaged Navier-Stokes
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Chapter 1

Hydroelectric Power

1.1 Electrical Grid

1.1.1 Demand and Supply of Electricity

Electrical energy, commonly known as electricity, is a key component in the progress of a
modern world dominated by technology. Being a secondary source of energy, electricity can
be obtained through the conversion of primary sources of energy, such as fossil fuels, nuclear
energy or green energy. Moreover, it has the great advantage of being flexible, cheap, clean as
well as easy to control and transmit. However, since the consumers are not located where the
electricity is produced, very long transmission lines are used to transmit electrical energy. A
complex system, called electrical grid (see Figure 1.1), supplies the electrical energy produced
in generating stations, such as thermal — coal or nuclear — as well as hydro, wind and solar, in
order to reach the demand of domestic and industrial consumers. This request is satisfied
through the use of a distribution network, consisting in transmission lines, transformers,
transmission towers, electric posts, etc.

Electrical grid
Demand Supply

1/ f EZ
N

Domestic consumption ’///— Wind power

e

Distribution network

Industrial consumption Hydro power

Figure 1.1: Overview of electrical grid

EPFL — Laboratory for Hydraulic Machines



4 I. Introduction

Both the demographic growth and the socio-economic development that took place during the
last century have led to a continuous increase in electricity demand. According to International
Energy Agency (IEA) [72], these two events caused an augmentation of the yearly total world
electricity generation in the period 1973-2008, which increased from 6’116 TWh/year to
20’181 TWh/year. As illustrated in Figure 1.2, in 2008, about 81% of the total world electricity
was generated from the use of non-renewable fuels, such as coal, oil, gas, and nuclear. In
contrast, the rest (about 19%) was produced from renewable sources. More precisely, hydro
sources generated the majority of this 19% energy while geothermal, solar, wind, as well as
bio fuels and waste created a small part of it (see Figure 1.3).

1973 2008
Hydo ~ Other" Other**
21.0% 0.6% Coal/ peat :{;{é{; 2.8% Coal/ peat

38.3% 41.0%

Nuclear
3.3% Nuclear

13.5%

Gas
12.1%

; Gas Oil
Oi 21.3% 5.5%

24.7%

616 TWh 20181 TWh

* Excludes pumped storage.
**Other includes geothermal, solar, wind, combustible renewables and waste, and heat

Figure 1.2: 1973 and 2008 yearly total world electricity generation by fuel, [72]

1.1.2 Green Power

Renewable Sources

Electricity obtained by renewable energy sources is considered “green” due to the negligible
impact on the greenhouse gas emissions (Rahman [118]). While in the past the interest in
green power was driven by the goal of replacing fossil fuels to minimize the dependence on
oil, contemporary researchers aim rather at minimizing the CO, emissions that results from the
burning of fossil fuels, which are the main responsible for the global warming. According to
IEA [73], an annual growth rate of 1.9% was registered in the period 1990-2008 (see Figure
1.3) despite a slight reduction of renewable energy contribution to yearly total generated
energy between 1973 and 2008. Thanks to the effort to limit global warming and climate
change, this contribution is expected to continue growing in the future.

The list of economically feasible renewable sources used for electricity production includes
hydro, wind, biomass, geothermal, solar and wave/tide energy. Hydro energy is considered as
the most mature renewable source of electricity around the world (Rahman [118]). Moreover,
even if opportunities for new and large hydro projects are very limited in most industrialized
countries - the reason being that most economically exploitable sites have already been created
- there still exist many potential hydro sites in the developing world. Wind, which is an
indirect form of solar energy, represents the next most popular source of green energy. It
provides a variable and environmental friendly option in an epoch where the long-term

EPFL - Laboratory for Hydraulic Machines



Chapter 1. Hydroelectric Power 5

sustainability of global economy is threatened by the decreasing of global reserves of fossil
fuels (Joselin Herbert et al. [76]). Biomass is the conversion of plant material into a suitable
form of energy, usually as electricity or as fuel for an internal combustion engine. Electricity
produced from landfill gas is considered to be a renewable energy source and, as such, it
attracts a premium sale value per unit (McKendry [101]). Another source of energy that
generates electricity cost-competitive with conventional sources (Barbier [8]) is the so-called
geothermal energy, which is contained in the Earth’s interior in the shape of natural steam or
hot water. Solar energy may be converted in electricity using photovoltaic cells that capture the
energy of solar photons. With increasing attention toward carbon-neutral energy production,
photovoltaic technology is seen as a potentially widespread approach to sustainable energy
production (Lewis [92]). The ocean provides a vast source of potential wave and tidal energy.
The greatest potential of wave energy is found in the regions with the strongest winds — at the
temperate latitudes between 40° and 60° north and south, on the eastern boundaries of oceans.
Contrary to solar, wind and wave energy, tidal power has the advantage of being highly
predictable. Furthermore, tidal fences and turbines can be installed where tidal flows and
topographical constraints create predictable currents of 2 m's™ or greater (Pelc and Fujita

[116]).

iy 50% 1
|l—|qU|d : SolarPV
Geothermal biomass 45% 42.3%
0/ —
Solar, Tide ,3-7% 3.0% 40% A
0.8% Renewable
Renewable mun. 350 -
Wind combustibles/ waste 0% 1 Wind
1.2% waste 0.9% 25.1%
76.7% Solid 25% 1

biomass/ 20% 1 Biogas  |iquid
charcoal 15.4%  biomass Solar

71.5% 5% 12.1%  thermal
10.1%  Geo-
10% ot thermal Hydro ‘SO|Id i}
5% otal  Renew. 3.1% 739, biomass
1.9% 1.9% 1.3%
s N s . . . . . ™ B -

0%

Biogas

1% * Solid biomass includes primary solid biomass and charcoal

Figure 1.3: 2008 world renewable energy supply by sources and their world annual growth
rates from 1990 to 2008, [73]

Hydropower

Hydroelectric power may be defined as being the electricity produced from generators driven
by water turbines that convert the potential energy from falling of fast-flowing water, to
mechanical energy (Columbia Encyclopedia [28]). To generate hydroelectric power, water is
collected or stored at a higher elevation and led downward through headrace tunnels and/or
penstocks to a lower elevation, the difference between the upper and lower water surface levels
being known as head. At the end of its transit down the pipes, hydraulic energy of falling water
is transformed into mechanical torque with the help of turbines runners. Furthermore, the
runners in turn drive electric generators that convert the mechanical energy at the runner shaft
into electricity. Depending on the way the water utilization is managed, two types of water
power stations are possible. Hereupon, in storage power plants, the water stored in an upper
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6 I. Introduction

dam is transferred to a lower reservoir through the turbine during electricity production,
whereas in case of a run-off power plant, the whole natural discharge and slope of a river are
usually used to generate electricity.

1.1.3 Pumped-Storage Power Plants
Network Stability

In order to compensate the random nature of consumption, major development of thermal
power generators — either coal or nuclear — within a power generation mix, requires the
construction of pumped-storage power plants (PSPP). This compensation is achieved by
storing energy in excess or delivering peak energy, which, in turn, permits to meet the demand.
Figure 1.4, which offers examples of daily electricity production and consumption in
Switzerland provided by the Swiss Federal Office of Energy [140], aims at showing the
randomness that characterizes the demand as well as the supply of electricity.

Mw Production Mw Consumption

14000 T T T T T T T T T T 14000 T T T T
i i i ‘ ‘ i j H | ‘ H H H | i H H H ' | ‘
[] storagepowerplants [l Nuclear power plants [ export (I tmeport

H 12000 — .
- Run-off power plants | |:| Thermal power plants - PUmping I:l C")tr;\s:":z“:p'ng
| wi U Ul |

12000

10000 | ' orfeeees o el 10000 ettt et N B i S s S

8000 M —V
6000

4000— N — -1

6000

4000

2000

2000 — - -1 -

o

0
| [ [ | I I [ [ I I I I
Qo 6 12 18 24 Q 6 12 18 24 0 6 12 18 24 0 & 12 18 24 0 6 12 18 24 o 6 12 18 24 0 6 12 18 24 0 [ 12 18 2

18.3.2009 17.6.2009 16.9.2009 16.12.2009 18.3.2009 17.6.2009 16.9.2009 16.12.2009

Figure 1.4: Example of daily electricity production and consumption in Switzerland, [140]

Recently, Koutnik et al. [82] stated that, one of the primary tasks of PSPP in this era of rapidly
growing employment of renewable energy sources consists in supplying energy storage while
contributing to the stabilization of electrical grid. In addition to this, the fact of upgrading
electricity grids so that they can integrate large amount of renewable energy resources, is a
fairly universally accepted step necessary to achieve a clean and secure electric power industry
(Roberts [119]). To cope with these needs, large scale energy storage systems such as
underground compressed air energy storage feeding a gas turbine, battery energy storage
systems or arrays of large flywheels are developed as well. However, the energy storage in

elevated water remains the most economical method of load leveling for the power plants
(Garg et al. [50]).
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Chapter 1. Hydroelectric Power 7

Economic Argumentation

Rudnicky [121] asserted that the justification of a pumped-storage station is very specific and
particularly interesting. When estimating the economic yield from a pumped-storage station,
several aspects must be considered: the increase of the system fuel consumption, because the
efficiency of any specific pumped-storage facility ranges from 70 to 85% (Tietjen [145]); the
operation of pumped-storage station mainly on the sharpest and shortest system peak loads; the
low direct operating costs and high energy indices compared to thermal power stations
employing gas turbine units; the capital investment, which is closely related to the topographic
conditions. Lately, the advent of increased variable renewable energy generation and the
development of liberalized electricity markets have renewed the commercial and technical
interest in pumped hydro energy storage (Deane et al. [35]). In this context, as illustrated in
Figure 1.5, storage takes the advantage of the hourly off- and on-peak electricity price spread
first, by storing electricity at low price, and then, by selling it back to the grid when the price
of energy has risen (Sioshansi et al. [132]). Moreover, the development and implementation of
models for pumped-storage operation and valuation, e.g. Horsley and Wrobel [62], comes to
maximize the short-run profit.

110

200

Electricity Price

150+ 1100

100+

Nh)

50

b

ctricity Price ($/MV

Ele

-100

Net Energy Sold (% of Power Capacity)
o

=150
[ I Net Energy Sold

Thu Fri Sat Sun Mon Tue Wed
Day

=200

Figure 1.5: Example of electricity prices and the optimal hourly dispatch of storage device
during one week, [132]

A Review of Hydro Pumped-Storage Facilities

As illustrated in the schematic of Nant de Drance (Switzerland) pumped-storage facility
(Figure 1.6), a PSPP uses a head and a tail reservoir connected by headrace tunnels, penstocks
and tailrace tunnels, to produce (generating mode) or store (pumping mode) energy with the
help of installed power units. A brief history of pumped hydro provided by Roberts [119]
informs the readers that, the earliest known use of pumped hydro technology dates back to
1882 (Zurich — Switzerland), while the construction of several small hydroelectric pumped-
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8 I. Introduction

storage plants in Europe, mostly in Germany, goes back to the beginning of early 1900s. It
should also be clarified that, the use of a motor and pump on one shaft and a separate shaft
with a generator and turbine, rendered these early units relatively expensive. Subsequent
developments that occurred throughout the middle of the 20™ century, led to a tandem system
that possessed a single vertical shaft, which was coupled to a motor-generator (at the top), to a
pump (above), and to a turbine (at the bottom), usually of Francis type (Ley [93]). Early on,
researchers realized that a Francis turbine could also operate as a pump (e.g. the hydraulic
power-accumulation system proposed by Sharp [129]). Nevertheless, it is only in 1956, in
Hiwassee Dam Unit 2, Tennessee Valley Authority - [144], that, for the first time, it was
employed for both purposes. In the three decades that followed, developments in technology
and materials improved the reversible pump-turbines overall efficiency, reduced start-up issues
and allowed the construction of larger units as well as the creation of different technical
solutions (single-stage: Hutarew [67] and Atencio [5]; multi-stage: Jelusic [74] and Gokhman
[51]) of implementation in pumped-storage stations.

Réservoir de
Vieux Emosson

Réservoir d’'Emosson
Niveau max. 2205.00 NM

Niveau max. 1930.00 NM -

S ]

AH =250 m |
Niveau min. . AH =375 m ’
2180.00 NM |

Puits

vertical
Niveau min.

1695 NM* " 1830.00 NM
Cavernes

Galerie d'accés Principale

* = Niveau de la Mer

Figure 1.6: Schematic of Nant de Drance (Switzerland) pumped-storage facility, [107]

In the 1970s, the major development of nuclear power plants drove the development of PSPP
while reversible pump-turbines provided an efficient way to stabilize the electricity grid by
moving water back and forth between upstream and downstream reservoirs. Such examples are
the Raccoon Mountain — Tennessee, USA (Wirschal [154] and Adkins [1]) equipped with
high-head pumped-turbine impellers, or the Grand Maison — France, equipped with multi stage
pump-turbine impellers (Courier [30] and Henry [58]). Nowadays, in a liberalized electricity
market, PSPP as Goldisthal - Germany (von Nessen-Lapp and Nowicki [147] and Beyer [12])
or YangYang - South Korea (Houdeline et al. [64]) are key components for the development of
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Chapter 1. Hydroelectric Power 9

new renewable CO,-free primary energies (e.g. wind or solar energy). Moreover, the most part
of PSPP market is covered by reversible pump-turbines of centrifugal type with a large range
of head values, from low, e.g. Alqueva - Portugal (Lavigne et al. [89]), to ultrahigh, e.g.
Kazunogawa - Japan (Ikeda et al. [69]). However, seven new large pumped-storage projects
under construction in Europe, Africa and Asia, that are expected to be operating by 2015 and
to provide more than 4’100 MW electrical capacity (Ingram [70]), show the trend of this
branch of electrical grid, thus making way even to more challenging energy storage conditions,
such as using the seawater (Fujihara et al. [49]), or to futuristic projects, such as the energy
island proposed by de Boer et al. [34].

1.2 Hydraulic Turbomachines

1.2.1 Hydraulic Runners Classification

Hydraulic turbomachines convert hydraulic energy in mechanical energy (turbine mode) or
vice-versa (pump mode) through the direct interaction between a steady liquid flow and a
runner, respectively impeller, fitted with blades and completely submerged in the working
liquid. In the design of a hydraulic turbine, nominal characteristic parameters, such as
discharge Q, specific energy E and angular speed w, allow the computation of the so-called
specific speed v (equation (1.1)), and consequently, the selection of the runner type, which, in
turn, allows to recover the maximum of mechanical power with the highest efficiency.
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Figure 1.7: Hydraulic runners classification by specific speed and head , [7]
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10 I. Introduction

The diagram illustrated in Figure 1.7 presents the appropriate operating range that induces the
best efficiency operating condition of the power unit, for each of the four main runner types,
Pelton, Francis, Kaplan and Bulb respectively.

Depending on the way in which the hydraulic energy is converted in mechanical energy, the
hydraulic machines are divided either in impulse or reaction machines. In impulse turbines of
Pelton type, which are generally used for high head and low discharge applications, one or
more injectors convert the potential energy of the head into kinetic energy in the shape of
water jet that acts on buckets and drives the turbine wheel. In reaction turbines such as Francis,
Kaplan and Bulb, appropriate for medium and small head and medium and large discharge
applications, the axial momentum of the flow is first converted in angular momentum with the
help of the guide vanes, and then recovered as mechanical torque, by the runner blades,
through the flow deviation.

1.2.2 Francis-Type Reversible Pump-Turbine

The Francis turbine was invented in the 19™ century by the American engineer James B.
Francis. It is a reaction machine that combines both radial and axial flow concepts, that is
appropriate for head range of 20 m + 700 m, and that reaches an output power from few
kilowatts up to one gigawatt, with efficiency greater than 90%. The impeller of centrifugal
pumps converts the mechanical power into hydraulic energy (pressure), and since its design is
similar to the one of the Francis runner, in the particular case of reversible pump-turbines it
may be also used to produce mechanical energy. The appropriate operating range of a Francis-
type reversible pump-turbine depending on the head and specific speed is provided in Figure
1.8. Thus, the low specific speed and high head pump-turbines, as the one illustrated in Figure
1.9, are characterized by a narrow shape of impeller channels at the inlet section in turbine
mode, whereas the impellers of high specific speed and low head machines, feature large
impeller channels width at the inlet section.

mi}
1000
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600 [ . |
500 (@L Pump-turbine
400 1

300 | \ ‘ |
200 ! | !

150

100 | . | | ' |
80 | . | , - (.
60 y !
006 008 0.1 015 02 03 04 05 06 08[-]

Figure 1.8: Francis-type reversible pump-turbine impeller shape by specific speed, [7]

EPFL — Laboratory for Hydraulic Machines
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Figure 1.9: Isometric view of a pump-turbine prototype: Kazunogawa (Japan) - 400 MW, [69]

The Components of a Pump-Turbine

The main functional components of a Francis-type reversible pump-turbine are described in
Table 1.1 and illustrated in Figure 1.10:

Component Pumping mode Generating mode

Spiral casing converts the kinetic energy of the assures a uniform flow distribution
flow at the stay vanes outlet in over the whole circumference at the
potential energy (pressure) stay vanes inlet

Stay vanes a radial cascade of fixed profiles a radial cascade of fixed profiles

that maintain the spiral casing that maintain the spiral casing
structural integrity and guide the structural integrity and guide the
flow to the spiral casing flow to the guide vanes

Guide vanes a radial cascade of mobile blades a radial cascade of mobile blades
that control the angular momentum that control the angular momentum
of the flow received from the ofthe flow provided to the impeller
impeller

Impeller converts the mechanical energy of recovers the angular momentum of
the impeller in angular momentum  the flow as mechanical torque by
the impeller blades through the
flow deviation from the inlet to the
outlet section

Draft tube supplies the working discharge to converts the kinetic energy at the
the impeller eye impeller outlet in potential energy

Table 1.1: Main components of a pump-turbine
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Figure 1.10: Main components and section nomenclature for a typical
radial-axial pump-turbine, [7]

Operating Principle

The specific energy distribution on the main sections of a pumped-storage hydraulic circuit in
both generating and pumping modes is presented in Figure 1.11. For the generating mode
operation, the available specific energy (equation (1.2)) of the power unit is given by the
geodesic difference between the water surface levels of the upper and lower reservoirs, minus
the hydraulic losses of the circuit components (e.g. water intake, headrace tunnel, penstock,
spherical valve, tailrace tunnel, etc.). Furthermore, the specific energy transformed by the
impeller is obtained from the difference between the available specific energy and the
hydraulic losses of the pump-turbine components (equation (1.3)).

E=gH,-gH, =g(Z,~Z;)-) gH . ; (1.2)
E=E-)E (1.3)

Instead, for the pumping mode operation, the specific energy supplied by the power unit is
obtained from the sum of the geodesic difference between the upper and lower water surface
levels, and the hydraulic losses of the circuit components (equation (1.4)). As for the specific
energy transformed by the impeller, it is given by the sum of the power unit supplied specific
energy and the hydraulic losses of the pump-turbine components (equation (1.5)).

E=gH,—-gH, =g(Z,~Z;)+> gH,, (1.4)
E=E+) E (1.5)

The hydraulic power P, and the transformed power P, of a turbomachine are defined by
equations (1.6) and (1.7) respectively, where Q, is the part of discharge that passes through the
impeller, while E, the transformed specific energy. The available or supplied mechanical
power P provided by the torque at the impeller shaft 7 is given in equation (1.8).
Conventionally, when dealing with a reversible pump-turbine, the power is considered positive
in the generating mode and negative in the pumping mode. The specific energy and the torque,
in contrast, are positive in both cases.
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Figure 1.11: Specific energy distribution in generating and pumping modes, [7]

B >0, 0>0, E>0 — Turbine mode
_Ph:p‘Q'Ea (16)
B, <0, 0<0, E>0 — Pump mode
P>0, O >0, E >0 — Turbine mode
P=p-Q-E, {70070 5202 (1.7
P <0, 0 <0, E,>0 — Pump mode
P>0, >0, T>0 — Turbine mode
P=w-T, (1.8)
P<0, <0, T>0 — Pump mode

Finally, the global efficiency # of the power unit is given by equation (1.9) as a result of the
product between the bearing efficiency 7, and the hydraulic efficiency 7, expressed by
equation (1.10), which includes the efficiency of the disc friction 7,,, the energetic efficiency
1. as well as the volumetric efficiency 7,.

P/P,, Turbine mode

1.9
P,/ P, Pump mode (1.9)

The operation of a power unit in the whole range, either in the generating or pumping mode, is
guided by the so-called efficiency hill chart obtained through the superposition of the

efficiency on the characteristic curves. Thus, the dimensionless speed, discharge and torque
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=L Turbine mode

9
0
~g, Pump mode

Et QZ

factors, which are expressed by equations (1.11) - (1.13) according to IEC 60193 standards
[71], can be used to draw the Qgp(ngp) and Tgp(ngp) characteristic curves of a prototype for
different constant guide vanes openings. As far as the efficiency is concerned, while
mechanical and disk friction losses are predictable for a large range of operation, the viscous
dissipation losses depend on the complex tridimensional flow, and so model testing is required
for a precise evaluation.

77rm '
77}1 :nrm .776 .nq =
nrm ’

(1.10)

| oy |

n-D-
n, =——-¢ — Speed Factor (L.11)
‘ED \/E p
0 )
= — Discharge Factor 1.12
QED Dize JE g ( )
T. = T T F
= m — Torque Factor (1.13)
le
Velocity Triangles

For the characterization of the flow inside the impeller, two reference frames, an absolute
Cartesian one and a relative cylindrical one respectively, are considered (see Figure 1.12).

Thus, according to equation (1.14), the absolute flow velocity C of any point in the impeller
can be decomposed in a circumferential component U (equation (1.15)) and in a relative
component W . Moreover, the projection of the absolute velocity on a meridional plane gives
the meridional velocity 5m, whereas the projection on tangential direction gives the peripheral

absolute velocity 5u.

C=U+W (1.14)

U=wR-&,0 (1.15)
The velocity triangles at the inlet and outlet of the impeller in both turbine and pump modes
for the best efficiency, part- and full load operating points, are illustrated in Figure 1.13. The S
angle is given by the relative flow velocity, perfectly adapted to both leading and trailing edge
of the impeller blade at BEP. The a angle is given by the absolute velocity of the flow, which
is aligned with the guide vanes profiles at the impeller inlet (turbine mode) and outlet (pump
mode) respectively. In the case of a pump-turbine, at the BEP (nominal discharge), the velocity
triangle at the impeller inlet in turbine mode or outlet in pump mode, is isosceles, while at the
impeller outlet (turbine mode) and inlet (pump mode), it exhibits an axial flow. In contrast, it
can be observed that the part- and full load operations are characterized by the presence of a
residual positive or negative peripheral absolute velocity at the impeller outlet/inlet
(turbine/pump mode), which is responsible for the development of the so-called helical and
respectively axisymmetric vortex ropes in the draft tube cone.
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Figure 1.12: Flow velocity vectors representation into a Francis-type runner, [7] & [18]

The local form of linear Euler energy-discharge characteristic equation for the transformed

specific energy E, between the impeller inlet (1) and outlet (1) sections is given by equation
(1.16), considering a streamline near the shroud (e). According to velocity triangles, the
peripheral absolute velocity C, can be calculated using the meridional velocity and the
absolute and relative flow angles (equation (1.17)). Moreover, the meridional velocity can be
obtained from the transformed discharge O, and the flow distribution coefficient k¢, by
applying the equation (1.18). Thereby, the expression of transformed energy depending only
on the absolute flow angle, impeller outlet blade angle, discharge and rotational speed is
provided by equation (1.19).

E't = kCule : Cule ’ ljle _kCuTe ’ CuTe ’ UTc (1 16)
C C-
Cule = e 4 C;ﬁe = UTG - (117)
tana, tan -
C,.= Y , C: = 9 (1.18)
kale : Al kaTe AT
E=—k, 02+ R Bed 1 Kor 1 \O°U, (1.19)
0 kg Ry, A taney, kg ;o tan B A

In generating mode, when is assumes a uniform flow distribution at the impeller inlet and
outlet, of C, and C,, from the hub to the shroud, the transformed specific energy takes the
simplified form expressed in equation (1.20), which, when introduced in the transformed

E =12 {&Al 1 1 jQr‘Ule (1.20)

—L +
' “ | R, A4 tane, tanpB ) A
A 0% U-
P[ZP'Q,'EtZ_p'Q,'Ung+ &_1 1 + 1 £ Qt n (121)
R., A tang,, tanp:, A
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A -0 R
1=t pgor | Reh L L 1POR, (122)
® ¢\ R, 4 tang,, tanp, A

1

power expression (equation (1.21)), allows also the calculation of the torque at the impeller
shaft (equation (1.22)). It can be noticed in equations (1.21) and (1.22) that the power and
torque depend on both discharge and rotational speed. Consequently, for a given discharge, the
impeller produces a maximum power P, ., at an optimal rotational speed w,,, (equations (1.23)
and (1.24)), while from the torque expression, the runaway speed is deduced (equation(1.25)).
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Figure 1.13: Velocity triangles at the impeller inlet and outlet
in generating and pumping modes

EPFL — Laboratory for Hydraulic Machines



Chapter 1. Hydroelectric Power 17

In the pumping mode operation, the transformed specific energy may be expressed through
equation (1.26) when a uniform flow distribution at the impeller inlet and outlet as well as an
axial flow at the impeller inlet are considered. The peripheral absolute velocity and the
meridional velocity can be calculated by using the velocity triangle at the impeller outlet
section on an external streamline, as expressed in equation (1.27).

ko=l ko, =l a;=2 = C,=0 = E=C,U, (1.26)

2 ule t ule le

Cwe ¢ =8 (1.27)

Q4le = ljle R mle
tan 3, 4
When the expanded form of the transformed specific energy (equation (1.28)) is introduced in

the transformed power expression (equation (1.29)), the transformed torque at the impeller
shaft can be expressed as in equation (1.30).

E=v2+— 2% (1.28)
tanfB, A4
1 p-Q-U
P=p-O-E=p-0-U+ le 1.29
’pQ’pQ”tanﬁle ) (1.29)
P 1 p-OR
T="t=p-0-0R>+ L e 1.30
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Consequently, for a given rotational speed, for an optimum discharge Q, (equation (1.31)), the
impeller can provide a maximum power and energy, given in equation (1.32). Finally, the
discharge at runaway operation may be obtained from the torque expression (equation (1.33)).

1

Qopt=5~Ule~Al~tanﬂle (1.31)
2 2

3,m=p'Q'(Qe, Emz% (1.32)

Qr :Ule 'Al 'tanﬁle :z'Qopt (1'33)

EPFL — Laboratory for Hydraulic Machines






Chapter 2

Case Study

2.1 Four Quadrants Operation

When designing a hydraulic turbomachine, in addition to the determination of hydraulic
characteristics in a limited range of specific hydraulic energies and discharges, it is also
important to know its complete characteristics covering possible operating conditions outside
the normal operating range. Nevertheless, pumps and pump-turbines are subject to the most
extended field of operation due to the two directions of discharge and of rotation respectively -
four quadrants operation. The generic four quadrants characteristic curves at constant guide
vanes opening of a radial-type pump-turbine are illustrated in Figure 2.1. Accordingly, five
main operating regimes may be distinguished: pump, pump brake, turbine, turbine brake and
reverse pump. Amblard et al. [3] offer a brief description of the operation that characterizes
each region. On the one hand, whilst the negative impeller rotation speed and the discharge
define the pump quadrant, the positive impeller rotation speed and the discharge determine the
turbine quadrant. On the other hand, few particular operating regimes are distinguished: pump
brake regime - characterized by a negative impeller rotation speed and positive discharge;
turbine brake regime - positive impeller rotation speed and low positive discharge; reverse
pump mode - positive impeller rotation speed and negative discharge. Furthermore, the zero-
torque operating points for each opening define the so-called runaway curve.

Turbine
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Brake 'a.-. 11 curveTen=0
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Pump : :

ide vi
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Figure 2.1: Generic four-quadrants characteristic curves of a radial-type pump-turbine, [71]
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When operating in the generating mode, the machine is put, during the start-up procedure, in
runaway operation (speed no-load condition) prior to its synchronization. Depending on the
specific speed of the pump-turbine, the discharge-speed as well as torque-speed characteristics
at constant guide vanes opening can be “S-shaped” featuring positive slope (see Figure 2.2).
The main issue with such a characteristic curve is that, at runaway, the machine may switch
back and forth from generating to reverse pumping modes. Moreover, it is well known that
such unstable operation leads to a significant increase in structural vibrations and noise.

A

Qeo
Oo =ct. Turbine
.9
Q
5 dQe
0
“,a\Na\] dneo
55 ', Turbine brake
0 ‘\ Neb _
. >
- - - Stable characteristic \I?everse pump
— Unstable characteristic =

Figure 2.2: “S-shaped” characteristic curves of a pump-turbine in generating mode, [53]

Early studies reported the technical challenges of pump-turbines operation under unsteady off-
design regimes (Blanchon et al. [14], Casacci et al. [25] and Lacoste [86]). Borciani and
Thalmann [16] performed an experimental study of the influence of cavitation on average and
instantaneous characteristics of turbines and pump-turbines. Their results show that not only
may the operation Thoma number ¢ affect the normal operating range but it may also change
the characteristic shape in the turbine brake and in the reverse pump region. In addition to this,
few authors (Taulan [143], Pejovic et al. [115], Tanaka and Tsunoda [141], Oishi and
Yokoyama [112]) investigated the unsteady phenomena that could develop in a pump-turbine
during sudden load rejection. Martin [98] & [99] proposed a stability analysis to predict the
occurrence of large flow oscillations for idealized machine arguing that the unstable operation
in case of load-rejection with failed servomotor is mainly attributable to the presence of a
positive slope on the torque characteristic at runaway. Nicolet [110] stated that high head
pump-turbines, which are common characteristic of low specific speeds, are more subjected to
“S-shaped” characteristic curves. Furthermore, Calendray et al. [24], Nicolet et al. [109] and
Widmer et al. [151] performed numerical analyses of the unstable behavior of a pump-turbine
operating at runaway and/or in turbine brake mode. Interestingly, Dorfler [39] proposed an
improvement of the torque characteristic representation that might be useful for expressing
other mechanical parameters of the machine.

Since the impeller of a reversible pump-turbine is mainly designed for pump mode operation,
as specified by Stelzer and Walters [137] or Nowicki et al. [111], the utilization of centrifugal
pumps as turbines with the aim of generating electricity, becomes sometimes justified.
Mankbadi and Mikhail [97] as well as Derakhshan and Nourbakhsh [37] developed methods
that can be employed to estimate the turbine mode operating characteristics for such cases.
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Nevertheless, it should be kept in mind that, during the optimization process, both pump and
turbine regimes must be considered. Billdal and Wedmark [13] claimed that, in practice, a
single-stage reversible pump-turbine is by nature forced to be operated as a compromise
between an optimum pump and an optimum turbine. In order to obtain the advantages of a
simplified and cost-effective pump-storage design concept, some penalty has to be paid on the
overall performance. The main reason for this is the following: because of the fact that the
optimum speed is not the same in turbine and pump mode, and the speed is governed by the
pump performance, the turbine is operating at off-design conditions in the whole operational
domain. Recently, Staubli et al. [136] performed a numerical investigation of the flow in a
pump-turbine operating nearby runaway condition. They concluded that local vortices, formed
at the inlet of the impeller channels, represent the source of the unsteady in- and outflow from
the impeller in the vaneless gap between the impeller and the guide vanes. Further, Wang et al.
[149] argued that the dominant vortex located near the runner inlet leads to the speed-no-load
instability. Liang et al. [94] also ran an unsteady flow simulation at the speed no-load
condition for two pump-turbine reduced models, finding out that the impeller inlet operates as
a pump with negative blade loading, whereas the impeller outlet operates as a turbine with
positive blade loading - the equilibrium between the pumping and generating loads conducts to
zero torque at the shaft. Moreover, the interaction between inflow and backflow at the impeller
inlet renders the local flow field very complex.

Nevertheless, few technical solutions to stabilize the machine during the start-up or in case of a
sudden load rejection are reported in the literature. Huvet [68] marked out charts to enable the
designer as well as the operator to assess the steady oscillatory conditions. Dorfler et al. [40]
proposed an interesting method that can be used in order to avoid unstable operation of pump-
turbines during model tests - the inlet valve is partially opened and by-passed with a second
valve so as to adjust the flow rate. The resulting artificial head loss improves significantly the
hydraulic stability. Kuwabara et al. [85] developed an advanced control of the guide vane
independent servomotors, which was provided with an anti-S-characteristics control to be used
upon load rejection. Klemm [80] reported the implementation of the Misaligned Guide Vanes
(MGYV) concept in the COO II pumped-storage power plant in Belgium, in order to achieve an
improvement of the machine stability for no-load and extreme part-load conditions. As
presented also by Bouschon et al. [17], this method consists in operating several guide vanes
that are independent from the rest of the guide vane mechanism by using independent
servomotors. This allows the operator to stabilize the machine. Recently, Shao [128] advanced
and validated empirical formulae of the pump-turbine internal characteristics with MGV that
are based on the internal characteristic theory of turbomachinery and the original model
characteristic curves without MGV.
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2.2 Hydrodynamic Instabilities
Rotor-Stator Interaction

During the operation of a hydraulic turbomachine at any operating point, the relative motion
between the impeller blades and guide vanes induces pressure fluctuations that propagate
through the entire machine (Zobeiri [158]). Liees et al. [95] stated that the periodic passing
frequency of the guide vanes, when viewed from the impeller, is relatively high and frequent
within the range of natural frequencies of the impeller components, and therefore it is often the
source of unwished vibrations and fatigue cracks in the impeller. Indeed, the amplitude of
pressure fluctuations induced by the impeller blades passage was found to be strongly
influenced by the rotor-stator vaneless gap, by the shape of the impeller blades trailing edge in
pumping mode (Al-Qutub et al. [2]), and as well as by the operating regime (Parrondo-Gayo et
al. [113]). Moreover, through the use of experimental measurements, Tanaka [142] developed
a theoretical model that allowed him to determine the diametrical vibration modes in a pump-
turbine. Undoubtedly, both the experimental flow investigations, instantaneous velocity and
pressure measurements mainly in the stator (e.g. Ciocan and Kueny [27]) included, and the
numerical flow investigations (e.g. Zobeiri et al. [159]), available in the literature, are key
points to consider when describing the mechanism and the effects of the rotor-stator interaction
(RSI) phenomenon.

Flow Separation

Flow separation is a complex phenomenon, which is present in the flow around an aero- or
hydrofoil, at high Reynolds number, mainly when the incidence angle is changed from zero
(Figure 2.3). More precisely, the flow separation begins in the boundary layer when the shear
stress at the wall is equal to zero due to the flow deceleration, as described in Batchelor [9],
Guyon et al. [52], Ryhming [123], and White [150]. Thus, a method to be used in order to
delay or even to avoid the separation would be that of increasing the shear stress. This can be
achieved by forcing, e.g. through the introduction of roughness at the wall, a turbulent
boundary layer transition when the additional disturbances feed the boundary layer (Ausoni
[6]). Simpson [130] defined the separation as the entire process of departure or breakaway, or
the breakdown of boundary layer flow. Williams [153] was doubtful about how to handle the

C ref

®
Separation point

Figure 2.3: Flow separation over a hydraulic profile
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problem within the framework of boundary-layer theory alone. Hence, he asserted that the
separation point represents a boundary between two regions of vastly different scales.
Furthermore, Dengel and Fernholz [36] performed an experimental investigation of an
incompressible turbulent boundary layer in the vicinity of separation. Smith [133] summarized
a high Reynolds number theory around the issue of separation in steady or unsteady boundary
layers, while Vorus [148] formulated a high Reynolds number theory for the approximate
analysis of timewise steady viscous flows. Hu and Yang [65] claimed that the flow separation
generates an unsteady area with a high level of turbulence and many recirculation zones. As
described by Hoarau et al. [61], another important effect of the flow separation is the
generation of vortices, which is carried out through two types of mechanism: the von Karman
and the Kelvin-Helmholtz instabilities respectively, both generated by the velocity shear
present in the region of flow separation.

Simpson [130] fond that, at the maximum lift - angle of attack (also called stall angle), the
boundary-layer flow on the front third of the chord abruptly separates, inducing a catastrophic
drop in the lift. Moreover, the magnitude of the reversed flow near the surface increases as the
large separation vortex forms and moves downstream. If the angle of attack of an airfoil or
other lifting surface oscillates around the static stall angle, large hysteresis develops forces and
moments in the fluid-dynamics (McCroskey [100]). Kline [81] created a classification of the
major stall types by using a qualitative parameter, and promoted the idea that the boundary
layer theory is not sufficient to predict the onset or the behavior of stall. Leishman [90]
concluded that static stall characteristics, such as stall type or maximum lift coefficient, are not
necessarily useful indicators to show how an airfoil will behave under dynamic stall
conditions. Nevertheless, when dealing with hydraulic turbomachines, the flow separation on
any solid surface in the stator or rotor that usually occurs in off-design operating conditions, is
one of the sources that induce flow unsteadiness and efficiency drop.

Rotating Stall

According to Frigne and Van Den Braembussche [48], the unsteady flow phenomenon that
gives rise to the occurrence of subsynchronous rotating velocity fluctuations is commonly
referred as “rotating stall”. Berten [11] asserted that, the so-called stall is a highly dynamic
phenomenon, which can occur in impellers and/or stationary components of hydraulic
machines, especially when the flow conditions yield high incidence angles at the impeller
blades or diffuser vanes; further, under specific conditions, a stationary separation zone may
begin to progress, this phenomenon being called rotating stall. Indeed, rotating stall manifests
itself in compressible as well as incompressible flows (Stenning [138]). Emmons et al. [43]
provided researchers with a first literature review along with a simplified mathematical model
to predict the stall propagation in idealized compressor. Chen et al. [26] showed that, a
mechanism similar to the mid-latitude wind system in the Earth’s atmosphere, dominated by
Rossby waves and their associated circular Karman vortex streets, govern the development of
rotating stall in the impeller of an axial or radial turbocompressor. Ljevar et al. [96] carried out
a numerical study on the vaneless diffuser core flow instability in centrifugal compressors, and
concluded that the flow mechanism of a rotating stall is strongly influenced by the diffuser
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geometry as well as by the inlet and outlet flow conditions. Using pressure measurements,
Stepanik and Brekke [139] detected the presence of a rotating stall in the stator of a pump-
turbine reduced scale model under part load operating conditions in pump mode. Johnson et al.
[75] performed complementary LDV and pressure measurements in the impeller of a
centrifugal pump at reduced flow off-design conditions, and detected the presence of stationary
stable stall cells in alternate impeller channels. Sano et al. [125] investigated numerically the
flow instabilities in a pump vaned diffuser, claiming that the rotating stall onset flow rate is
larger in case of a larger vaneless gap. Dixon [38] and Brennen [22] described the stall
propagation phenomenon in a stator or rotor pump blades, whereas Fay [46] presented the
mechanism of the stall propagation in case of a turbine cascade. Thus, considering three
consecutive stator/impeller blades operating at large incidence angle, a perturbation of the
incoming flow (e.g. the rotor-stator interaction) induces a stall in one of the channels.
Furthermore, the blockage induces an increase of the incidence angle for the follower blade as
well as a decrease of the incidence angle for the forerunner blade. Hence, the stall moves on a
direction away from the incoming flow. Indeed, the stall cell can occur on several consecutive
channels and/or several simultaneous points on the circumference. In the case of a rotor, the
stall rotates in the same direction with the impeller, but with 50-70% of its angular velocity -
e.g. the rotating stall developed in the impeller of a pump-turbine scale model operating in
turbine brake mode, Widmer et al. [152].
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Chapter 3

Overview of Current Work

3.1 Problematic and Objective
Problematic

In order to compensate the random nature of consumption, major development of thermal
power generators — either coal or nuclear — within a power generation mix, requires the
construction of pumped-storage power plants. This compensation is achieved by storing
energy in excess or delivering peak energy, which, in turn, permits to meet the demand.
Therefore, by moving water back and forth between upstream and downstream reservoirs,
reversible pump-turbines provide an efficient way to stabilize the electricity grid.

Nowadays, in a context of liberalized electricity market, pumped-storage power plants are key
components for the development of new renewable CO,-free primary energies (e.g. wind or
solar energy). Moreover, since the electricity network frequency must be maintained stable, the
pump-turbines are subject to a rapid switching between the pumping and generating modes
with extended operation under off-design conditions. In particular, during the start-up
procedure, the machine is put in runaway operation (speed no-load condition) prior to its
synchronization. Depending on the specific speed of the pump-turbine, the discharge-speed as
well as torque-speed characteristics at constant guide vanes opening can be “S-shaped”,
featuring positive slope. The main issue with such a characteristic curve might be that the
machine operation becomes strongly unstable at runaway speed and beyond, switching back
and forth from generating to reverse pumping modes, the synchronization with the electrical
network in safety conditions becoming impossible. Furthermore, it is well known that such
unstable operation leads to a significant increase of structural vibrations.
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Objective

The present study is focused on the hydrodynamics of a low specific speed radial pump-
turbine reduced scale model at off-design operation in generating mode, experiencing unstable
operating conditions (positive slope) at runaway. A complementary experimental and
numerical approach is adopted to identify and describe the onset and the development of flow
instabilities when the machine is brought from the best efficiency point (BEP) to runaway and
turbine brake mode. In particular, a comparative study is performed between the normal
operating range, runaway and very low positive discharge operating conditions at 10° guide
vanes opening angle. Discovery experiments involve high-speed flow visualizations, either tuft
or injected air bubbles, PIV measurements in the stator, and wall pressure measurements in
both rotating and stationary frames. The unsteady incompressible turbulent flow numerical
simulation is performed in the full reduced scale model water passage domain using the Ansys
CFX code for the selected operating points. The incompressible unsteady Reynolds-Averaged
Navier-Stokes equations are solved by using the finite volume method. Wall pressure
measurements in both rotating and stationary frames are used to validate the numerical results.
Having said that, the current study exploits the advantages of the numerical simulation in order
to investigate the flow instabilities development mainly in the rotating frame, which is a
context where, if considered experimentally, the measurements are too expensive or
technically limited in terms of time and costs even in a reduced scale model.

3.2 Document Organization

The thesis has been structured into five parts, as follows:

e Part [ offers an introduction about the pumped-storage technology in the general context
of electrical grid and the hydraulic turbomachines operation principle. In addition to this, this
section makes readers familiar with the Francis-type reversible pump-turbines technical
challenges along with the objectives of the current study.

e Part II concerns the investigation methodology, including the experimental
instrumentation setup and the numerical modeling. The pressure instrumentation in both
stationary and rotating frames, the PIV system, as well as the employed high-speed
visualization techniques are first detailed. Follows a discussion about the numerical modeling
elements, such as the governing equations, the turbulence model choice, the numerical scheme,
the computational domain, the spatial discretization and the boundary conditions

e Part III presents the experimental measurements results. The onset and the development
of flow instabilities in situations where the machine is brought from the best efficiency point
(BEP) to runaway and turbine brake mode are experimentally evidenced. This is achieved by
using the measurements of pressure fluctuations at the wall in both stator and rotor, high-speed
flow visualizations - either tuft or injected air bubbles - as well as velocity measurements in
the vaneless space between the impeller and guide vanes. The relationship between the
presence of positive slope on the characteristic and the development of rotating stall are
investigated as well.
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e Part IV deals with the numerical simulation results. Once the numerical simulation is
validated, a comparative study is conducted between the normal operating range, runaway and
very low positive discharge operating conditions at 10° guide vanes opening angle. The onset
of rotating stall at the runaway condition is evidenced. Finally, the mechanism of rotating stall
onset and development when operating a pump-turbine at off-design conditions in generating
mode is discussed.

e Part V draws concluding remarks and suggests future investigation directions.
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Part 11

Investigation Methodology
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Chapter 4

Experimental Instrumentation Setup

4.1 Reversible Pump-Turbine Scale Model

The flow hydrodynamics in the reduced scale model of a low specific speed Francis-type
reversible pump-turbine (Table 4.1 and Figure 4.1), experiencing unstable operation at
runaway condition, is experimentally and numerically investigated at off-design conditions in
generating mode. This study, which is part of the “Hydrodyna” collaborative research project
that was conducted by the Laboratory for Hydraulic Machines from EPFL in collaboration
with the world major pump-turbine manufacturers, aims at developing a methodology for
engineering safe pump-turbines that meets the challenging requirements of the hydropower
market.

Figure 4.1: Hydrodyna pump-turbine reduced scale model
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Parameter Description Value
v Specific speed 0.17
zy Number of impeller blades 9

z, Number of guide vanes 20
D, Impeller inlet diameter 523.5 mm
D7, Impeller outlet diameter 250 mm
a, Nominal guide vanes opening 18°
P71, Nominal discharge coefficient 0.36
Vi, Nominal energy coefficient 0.54

Table 4.1: Summary of the main pump-turbine scale model parameters - turbine mode

4.2 Model Testing Facilities

Test Rigs

An experimental flow investigation in the pump-turbine reduced scale model operating at off-
design conditions in generating mode is performed in several sessions. The model is installed
in two of the EPFL-LMH hydraulic machines testing facilities, PF2 and PF3 respectively, as
illustrated in Figure 4.2 and Figure 4.3.

EPFL PF2 Test Rig

Figure 4.2: Model installation scheme in the EPFL PF2 and PF3 testing facilities
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Figure 4.3: Pump-turbine scale model installed in the EPFL PF2 test rig

Characteristic PF2 PF3
Maximum head [mWC] 120 100
Maximum discharge [mWC] 1.4 1.4
Generating power [kW] 300 300
Pumping power [kW] 1000 2x400
Maximum speed [rpm] 2500 2500

Table 4.2: EPFL PF2 and PF3 test rigs performance characteristics

The closed loop test rigs design, similar to the one presented by Bovet and Henry [19], allows
for both turbine and pump performance assessment within an accuracy of 0.2%, complying
with IEC standards [71]. Their main performance characteristics are summarized in Table 4.2.
The operation of each test rig is controlled with an automatic system through a Labview
interface that allows for real time measurement and display of static shaft torque and speed,
flow discharge, testing head and Thoma number.

Head Losses Control System

In the case of the investigated pump-turbine reduced scale model, when starting from nominal
operation at fixed guide vanes opening and head, the rotation speed is gradually increased until
the occurrence of the runaway condition, i.e. zero torque. At this point, the operation becomes
unstable and the machine may switch back and forth from generating to reverse pumping
modes. The employed testing facilities are provided with a head losses control system, as
illustrated in Figure 4.4. Thereby, a specific procedure, commonly used in model testing of
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pump-turbines, is adopted to stabilize the machine operation: once the runaway is reached, the
butterfly valve, located in the main pipe upstream to the model, is closed. A bypass equipped
with a second Iris diaphragm control valve is then used for a fine adjustment of the test head,
providing an additional hydraulic resistance. According to Landry et al. [87], the restriction of
the section alters the curvature of the test rig characteristic curve, creating an intersection with
any point on the operating curve. This procedure improves significantly the stability of the
machine operation and enables the operator to explore the entire “S-curve”.

Pump-turbine
scale model

Air vessel

Iris valve:

o100 1
|

Circulating pump(s) Head losses

@_@\ control system
N -

Figure 4.4: Schematic of closed loop test rig equipped with a head losses control system
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4.3 Pressure Measurements Instrumentation

4.3.1 Piezoresistive Pressure Sensors

Dynamic wall pressure measurements in both stationary and rotating frames are carried out by
making use of flush mounted miniature piezoresistive pressure sensors (Farhat et al. [44]).
Their main characteristics (Roth et al. [120]) are summarized in Table 4.3. They are made of 4
semiconductor gauges placed on a pressure sensitive deformable membrane-like unit and are
connected so as to form a Wheatstone bridge. Regarding the transducers employed in the stator
measurements, the pressure unit is arranged in a $5.55 mm stainless steel shell, the sensitive
side being embedded into @3 mm silicon layer (see Figure 4.5). As concerns the onboard
transducers placed in the relatively thin impeller blades, they are directly glued in place in the
impeller segments by their manufacturer, UNISENSOR AG (Braun [20]). At the other end of
the pressure sensors, as illustrated in Figure 4.5, a voltage amplifier supplies 12V DC to the
pressure transducer input. Depending on the pressure measurements range, the output
analogical signal is amplified with a gain of either 10 or 100.

Characteristic Value
Measurement range 0+5 bar
Maximum measurement uncertainty 0.7 %o
Bandwidth 0+25 kHz

Table 4.3: Piezoresistive pressure sensors characteristics
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Figure 4.5: Miniature piezoresistive pressure sensor and the electronic connection scheme with
the amplifier for measurements in the stator

Pressure Sensors Calibration

The static calibration of the pressure transducers is performed by using a pressurized vessel
partially filled with water in which the sensors are flush mounted, the experimental setup for
both stationary and rotating frames sensors calibration being illustrated in Figure 4.6.
Conditioning electronics identical to those used during the measurements on the test rig are
considered. To achieve the sensors calibration parameter (pressure/voltage slope), the pressure
is gradually increased from the atmospheric one to about 6 bars, and then reduced back to the
atmospheric pressure. Voltage outputs of pressure sensors are then averaged and compared to
the readings of a high precision reference pressure transducer, [66]. It should be noticed that, if
one considers a linear relation between the pressure and measured voltage (equation (4.1)), the
slope A; and the intercept 4, are obtained by linear regression (equation (4.2)), with the mean
reference pressure and voltage that are calculated by applying the equation (4.3).

p=4,+A4U (4.1)
N r T —
Al Zl((]i_U)(prgf,i_prgf)
R (4.2)
U-U
30,0}
A0=l_7ref_All7
Py =t ¢ U=1y 43
Pref—ﬁ;preﬁ an U_N;:Ui (4.3)

The relative measurement error is finally computed using the equation (4.4). Values that are
below £0.7 %o are usually achieved.

__ PyP (4.4)

p ref ;max _p ref ,min

rel

Figure 4.7 displays typical calibration curves, which in turn show the linear slope and the error
of measured against linearized values. As a result, the pressure sensor in Figure 4.7a) plot is
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validated since its maximum relative error is lower than the measurement range by +0.15 %eo.

In contrast, the one in Figure 4.7b) plot is considered out of service due to its large
measurement error.

a)

Figure 4.6: Experimental setup for the static calibration of piezoresistive pressure sensors
destined for: a) stationary frame measurements; b) onboard measurements

Channel 26 — Sensor No. P26 Channel 12 — Sensor No. P12
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Figure 4.7: Pressure sensor constants calculation using linear regression fit for an:
a) validated sensor; b) out of service sensor
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4.3.2 Data Acquisition Systems

Two digitizers have been employed for the acquisition of wall pressure fluctuations in the
stationary frame: the VXI HP1432A and the PXI 4472B systems respectively. Moreover, an
onboard system developed at the EPFL-LMH (Farhat et al. [45]) is used for the acquisition of
pressure signals coming from the pressure transducers located in the impeller. The employed
acquisition digitizers, the preamplifiers as well as the anti-aliasing filters embarked in the
impeller chamber are illustrated in Figure 4.8. Their main technical characteristics ([59], [108]
and [45]) are summarized in Table 4.4. All employed digitizers allow simultaneous multi-
channel acquisition taking into account a flat, linear-phase, and low-pass filters to avoid aliases
(Shannon [127]). Data acquisition control and storage is achieved by a software developed at
the EPFL-LMH, based on standard data acquisition toolboxes (NI-Labview 2009) running on a
Personal Computer (PC).

Figure 4.8: Acquisition digitizers: a) VXI HP1432A; b) PXI 4472B; c¢) onboard

Parameter VXI HP1432A PXI 4472B Onboard system

Analog inputs 4x16 5x8 8x4

A/D resolution 16 bits 24 bits 12 bits

Input range =10V 10V +10V

Sampling frequency 51.2kHz 102.4 kHz 20 kHz
FIFO buffer

Memory 1 MSa/Ch | kSa/Ch 64 kSa/Ch

Connection port FireWire PCI Express ARCNET

Table 4.4: Main characteristics of the acquisition digitizers employed in experiments
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4.3.3 Pressure Sensors Distribution

Stationary Frame Pressure Sensors Distribution

Wall pressure measurements are performed in the spiral casing, stay- and guide vanes channels
as well as in the draft tube cone. As shown in Figure 4.9, the sensors locations are selected in
order to survey the stator channels, from the spiral casing up to the rotor-stator interface, in
both radial and circumferential directions. A higher density of sensors location is ensured at
the rotor-stator interface, the entire vaneless gap circumference being instrumented.

Lower wall

O Air injection nozzle

Figure 4.9: Pressure sensors location in the stationary frame of the model
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Onboard Pressure Sensors Distribution

Wall pressure measurements are simultaneously performed in two consecutive impeller
channels. As illustrated in Figure 4.10, the sensors locations are selected in order to supervise
the whole impeller channels from the inlet to the outlet. Both the pressure and suction sides of
the impeller blades, as well as the hub and the shroud surfaces are monitored.

Shroud Hub

Blade #3

Blade £2

Blade #1 B]aﬂc #2

Blade #1 pressure side Blade #2 suction side

Blade #2 ” Blade #3

Blade #3 suction side

D me “

Blade #1  Blade #2 *J Blade #3

Figure 4.10: Onboard pressure sensors location in the model
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4.4 Particle Image Velocimetry
Measurement Principle of PIV

Particle Image Velocimetry (PIV) is a non-intrusive measurement technique of the
instantaneous velocity vectors in a cross-section of a flow. The working principle of PIV is
illustrated in Figure 4.11. The measurement is based on the analysis of two successive images
of the target areca seeded with micro-sized particles that follow the flow and that are
illuminated with a laser sheet provided by a double-pulsed laser. Consequently, the images
captured with a CCD camera are divided into rectangular regions called interrogation areas. As
a subsequent step, the interrogation areas of each image frame - I; and I, - are cross-correlated
with each other, pixel by pixel, in order to produce an average particle displacement vector.
Equation (4.5) includes the spatial cross-correlation function of separation vector s - as defined
in Keane and Adrian [79] - for an interrogation area between the two frames.

Co, (s) =[] 1(X) 1, (X +5)dx (4.5)

A signal peak provided by the correlation is used to identify the particle displacement.
Moreover, it is possible to achieve an accurate measure of the displacement, and implicitly, of
the velocity, if a sub-pixel interpolation is employed. By repeating the cross-correlation for
each interrogation area of the two image frames that are captured by the camera, it is possible
to obtain a velocity vector map of the whole target area.

Interrogation

Target Resulting vector map
area

Imaging
optics

ccp  Correlation
' =

5 Image frame 1

Flow with w
seeding particles ||
AX

" Image frame 2

Double-pulsed laser

Figure 4.11: Working principle of Particle Image Velocimetry (PIV), [31]

PIV Measurements Setup

In recent years, there has been an increasing interest in using the PIV technique to investigate
the onset, the development of flow separation (Pedersen et al. [114]) and stall phenomena in
turbomachines. Hence, several experimental investigations of rotating stall developed in the
stator (Sinha et al. [131], Miyabe et al. [106] and Dazin et al. [33]) or in the impeller (Krause
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et al. [83] and Wuibaut et al. [155]) of pumps under off-design operating conditions, are
available in literature.

In the present study, the PIV method is applied with the aim of exploring the onset and the
evolution of rotating instability developed in a pump-turbine when operating under off-design
conditions in generating mode. The measurement of the velocity field in the guide vanes and
vaneless space region is performed along with the pressure measurements in the stationary
frame. The experimental setup for PIV measurements is given in Figure 4.12 and Table 4.5.

Plexiglas stay- and guide vanes

Double-pulsed laser = |
Laser sheet
E Photodiode

Figure 4.12: Schematic of experimental setup for PIV measurements

Specification Value

Laser type Q-switched Nd-YAG
Laser wavelength 532 nm — green light
Laser pulse peak power 50 mJ

Laser pulse duration 10 ns

Particle type Hollow glass spheres
Particle density 1100 kg/m’

Particle size 10 pm

Time between pulses 125 ms

Time between recordings 750 ms

Number of recordings per burst 1000

High sensitive camera resolution 12 bit
Image size 1280x1024 pixels

Table 4.5: Experimental setup for PIV measurements

Two transparent Plexiglas stay- and guide vanes installed in the model bring the laser sheet in
the midspan of the guide vanes region. Hollow Glass Particles of 10 pm mean diameter,
introduced in the flow, are illuminated by using a Q-switched Nd-YAG laser source with a
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wavelength of 532 nm. Perpendicular to the laser sheet, the pair of images is captured with a
Dantec HiSense 8600 camera (equipped with a 24 mm Nikkor lens), through the Plexiglas
window available in the lower flange. The synchronization with the pressure measurements is
ensured with a photodiode installed in the laser path.

The double frame, single exposure, acquisition is performed with Dantec software. The
velocity vector map is derived from the cross-correlation of the two consecutive frames on
interrogation areas of 32x32 pixels, with an overlap of 50% in both the positive and negative
directions of the x and y axes. Before establishing the correlation, a mask is defined and
applied on the pictures in order to eliminate the areas outside the flow. After this step, the
validation of vectors is performed with the correlation peak criterion: the relative height of the
highest correlation peak to that of the second highest is chosen equal with 1.1. In addition, a
moving average validation is applied to reject vectors based on a comparison with the
neighboring vectors (Host-Madsen and McCluskey [63]). For a neighboring of size (m,n), the
average velocity is:

m-1 n—1
_ 1 x+7 +7 N
C(x,y)Z% 2-1 Z_l C(l,]) (4.6)

The difference from equation (4.7) is calculated in all points (x, y) of the grid. The maximum
of these differences is then used in equation (4.8) to decide if the vector is rejected or not.

HC(x,y) - 5(x,y)” = \/(C(x,y)x - E(x,y)x )2 + (C(x,y)y - (j’(x,y)y)2 4.7)
|€(x.2)=Cla )| > maxC(x.r)-C () (48)

With the acceptance factor x set to 0.25, the rejected and the missing vectors are replaced by
vectors estimated from the surrounding values. Finally, the previously defined mask is applied
to the resulting vector map as well, in order to remove vectors outside the flow area.

4.5 High-Speed Flow Visualization

High-Speed Camera and Lighting Setup

High-speed flow visualizations using tuft or air bubbles are performed in order to evidence and
describe, qualitatively, the passage of the rotating instability developed at off-design operating
conditions in generating mode. For this purpose, a Photron Fastcam SA1.1 digital camera is
employed. The main technical specifications of the camera are given in Table 4.6. The video
camera records images at full resolution (1024x1024 pixels) with a maximum frame rate of
5400 fps and at a resolution of 64x16 pixels with the maximum frame rate corresponding to
675’000 fps. Two Cosmobeam 800W sources equipped with linear tungsten halogen bulb type
provide the lighting of the scene. Photographs with the experimental setup for high-speed
visualization on the model are illustrated in Figure 4.13.
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Specification Value

Camera type Photron Fastcam SA1.1

CCD resolution 1024x1024 pixels

Maximum frame rate 5400 fps (1024x1024 pixels)
6757000 fps (64x16 pixels)

Recording depth 12 bit - monochrome

Buffer memory 8 GB

Connection port Gigabit Ethernet

Lamp power 800 W

Halogen bulb type Linear tungsten

Table 4.6: Specifications of high-speed camera and lighting system, [117]

Figure 4.13: Experimental setup for high-speed camera and lighting system

Air Bubbles Visualization

High-speed flow visualizations are performed in the vaneless gap between the impeller and the
wicket gates and synchronized with the pressure measurements in the stationary frame. To this
end, air bubbles are injected through 1 mm nozzles located in the upper wall of one stator
channel at the positions Sy3; and Gyss, as shown in Figure 4.9. Bubbles entrainment
visualizations are performed through a transparent Plexiglas window installed on the bottom
wall in the guide vanes region, and recorded at 1000 fps with the help of the high-speed
camera (Figure 4.13).

Tuft Visualization

Fluorescent monofilament wires (fishing line) with a diameter of ©0.14 mm and 15 mm length
are installed at the impeller outlet on every blade, at the guide vanes upper wall close to the
rotor-stator interface, in two consecutive guide vanes channels, as well as on the midspan of
the guide vane shared by the two channels. A special technique to attach the wires at the wall
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surface has been consequently developed. Thereby, as illustrated in Figure 4.14, holes of 0.5
mm diameter and 2 mm deep are initially drilled. Loctite 290 anaerobic glue with capillarity
property is injected in the holes with the help of a syringe provided with a thin needle. After
that, a monofilament fluorescent wire knotted at one end is introduced in each hole filled with
glue. Anyway, before this last step, the knotted end of the wire is introduced into Loctite 7240
activator to promote the curing speed of the glue. Finally, the attached wires are cut at 15 mm
length from the wall surface.

Needle Fluorescent wire

Figure 4.14: Installation of fluorescent wires for tuft visualization

Tuft visualizations in the guide vanes and at the impeller inlet and outlet, synchronized with
the pressure measurements in the stationary frame are performed at 10000 fps with the help of
high-speed camera. The images focused on the guide vanes region, as well as on the impeller
inlet are acquired through the same Plexiglas window available on the bottom wall of the
stator, while those focused on the impeller outlet are performed through the transparent draft
tube cone. The scene is illuminated with the previously specified lighting sources. The
Ultraviolet components of the halogen bulb render the fluorescent wires visible.

4.6 Measurements Synchronization

Measurements of wall pressure in the stationary frame have been simultaneously performed
with the wall pressure measurements in the rotating frame, with the high-speed visualizations,
as well as with the PIV measurements. The schematic of measurements synchronization
appears in Figure 4.15. The impeller revolution keyphasor signal, provided by a tachometer
installed on the impeller main shaft, is recorded simultaneously with the pressure
measurements in the stationary frame for all acquisitions. The same signal triggers the
acquisition of pressure in the stator when it is not synchronized with other measurements.

The onboard acquisition system is triggered by the keyphasor signal. Once started, the onboard
system sends a TTL signal to trigger the measurements on the stationary frame. The
correlation between the keyphasor signals recorded on both the onboard and the PXI
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acquisition systems is then used to recheck the synchronization during the merge of the two
initially stored independent measurement files into a common hdf-5 file.

The synchronization between the PIV and the pressure measurements is ensured by the
presence of a photodiode installed in the laser path. Indeed, the first laser pulse triggers the
pressure measurements in the stator. However, the signal generated by the photodiode is
acquired simultaneously with the pressure during all the 1000 PIV recordings per burst.

In the case of high-speed flow visualizations, the pressure measurements in the stationary
frame are triggered by a TTL signal sent from the high-speed camera once a new recording is
started.

PUMP-TURBINE

PIV acquisition system

al
————————— -

|
)
H
|:| ' Analogsignal
[ —_
[ , ,
;1 Triggersign
|

______________________

High-speed camera

Figure 4.15: Schematic of measurements synchronization
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Chapter 5

Numerical Modeling

Experimental investigations of flow hydrodynamics even in reduced scale model of hydraulic
turbomachines are sometimes technically limited or too expensive in terms of time and costs.
Therefore, numerical simulations can be a relatively fast and cost effective mean to evaluate
performances and to explore the flow hydrodynamics. Because the fact that there are
limitations on the models implemented in the numerical simulations, special cases need to be
validated by experimental measurements (Hasmatuchi et al. [54]). In spite of the fact that a
large volume of numerical studies have already been conducted on the hydrodynamics of
hydraulic turbomachines, the operation of pump-turbines under off-design conditions in
generating mode remains poorly addressed in literature.

5.1 Governing Equations
Incompressible Navier-Stokes Equation

Fluid flow results from the action of externally applied forces such as the pressure, the shear
forces produced by the motion of a solid surface relative to the fluid (surface forces), the
gravity, and the rotation-induced forces (body forces), Ferziger and Peric [47]. More precisely,
the fluid motion is governed by the mass and momentum conservation laws, also known as
Navier-Stokes equations. In the case of an incompressible fluid with constant density, the time-
dependent form of these nonlinear partial differential equations in space and time - in a
Cartesian coordinates system - may be expressed in the following way:

oC,

T

e (5.1)
A A 0t

£+C.£:l _@+i +j; (52)

a o pl o ax

According to the continuity equation (5.1) applied to a control volume, the fluid mass does not
vary in time. The conservation law of momentum (5.2) is derived from the Newton’s second
law of motion which states that the rate of change in momentum of the body is directly
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proportional to the net force applied. Considering that water is a viscous Newtonian fluid, the
shear stress 7 may be determined by the viscosity x and the strain rate tensor Dj;:
1 | ac,}

¢t =2uD, D, =—|%
v =K Y 2[8}6‘[ o,

(5.3)

The incompressible Navier-Stokes equation for Newtonian fluids is obtained by introducing
the shear stress in equation (5.2):

2
£+C£:l _@4_#& +fi (54)
a oy pl d ook

Turbulent Flow

The nature of flow may be characterized with the help of a dimensionless number defined as
the ratio between the inertial and the viscous forces, also called Reynolds number, Re. Thus,
low Reynolds numbers indicate a laminar flow, governed by viscous effects, whereas high
Reynolds number flows represent a turbulent flow, directed by inertia effects. As explained by
Braun [20], a critical value of this dimensionless number is determined by the flow
configuration, by its particular definition of characteristic length scales, and by the
perturbations level. An increase in Reynolds number causes a breakdown or instability of
laminar motion. At sufficiently large Re, the flow fluctuates continually, which can be termed
as fully turbulent (White [150]). However, in confined flows, the critical Reynolds number is
generally quoted at 2300 in the literature. From a hydrodynamic point of view, the present
study pays particular attention to the impeller inlet of the reduced scale model pump-turbine.
The relative velocity W; at the impeller inlet in generating mode and the equivalent hydraulic
diameter D+ of the rectangular section 1* (see Figure 1.13 and equation (5.5)) are introduced
in (5.6) in order to compute the Reynolds number for the operating conditions that are
numerically investigated. In case of runaway and low discharge operating conditions, the
relative velocity is made equal to U,. This is realized according to the theoretical mean
velocity triangles. Thus, for a kinematic viscosity of v = 10° m*/s, Re is about 10° (see Table
5.1), which indicates the development of a fully turbulent flow.

44, 4-l,-b

D, .= = , [,=62mm and b=36 mm )
RN (5.5)
Re= W, - D, - @R, - D). , w:@ (5.6)
v v 60
Operating condition A\ n [min'l] Re [-]
Runaway U\ Runaway 817 1°020°790
Low discharge Ul Low discharge 822 1°027°037

Table 5.1: Reynolds number at the impeller inlet for runaway and low discharge operating
conditions at 10° guide vanes opening
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Reynolds-Averaged Navier-Stokes Equations

In the case of inviscid or laminar flow, the solution of Navier-Stokes equations may be
obtained analytically. Instead, the simulation of turbulent flows represents a real challenge.
Despite the performance of modern supercomputers, a direct numerical simulation (DNS) of
turbulence by the time-dependent Navier-Stokes equations remains suitable only for rather
simple flow cases at low Reynolds numbers. The restrictions of the DNS comes from the fact
that the number of grid points needed for sufficient spatial resolution scales as Re””*, whereas
¥ which leads to a CPU-time scaling as Re’ (Sagaut [124], Blazek
[15]). Therefore, when the flow is turbulent, it is preferable to separate any instantaneous
scalar variable (e.g. velocity components and pressure) into a mean and a fluctuating value
(Davidson [32]):

G (x,1) = C,(x,,1) + G (x,,1) (5.7)

In the Reynolds-averaged approach, the mean value is associated with a time-average - for a
steady flow - or with a set of averaging, in the case of a time-dependent mean flow.

the time resolution as Re

Considering that the mean value is not time-dependent C = C and that the mean value of a
fluctuating part is zero C' = 0, the continuity and momentum equations become:
oc. _

—L=0 5.8
> (5.8)

C - oC :c) oCccC.
€ 1 3, 0) o

4+ C === + i
o oy, p| oy oy o,

In the incompressible Reynolds-Averaged Navier-Stokes (RANS) equations, the Reynolds
stresses term TC]’ , with 6 new unknowns, is the only accountable difference to the Navier-
Stokes equations. The new system formed by the conservation equations is not closed since the
number of variables is larger than the number of equations. It becomes therefore necessary to

make assumptions (turbulence models) in order to predict the Reynolds stresses and to close
the system.

5.2 Turbulence Modeling

Flow separation is an extremely complex problem for CFD. Indeed, the CFD code has to be
able to model the unsteadiness of separated flow, the high turbulent flow regions and the
boundary layer effects. The most efficient way to capture these effects would be a Direct
Numerical Simulation (DNS), the reason being that it solves exactly the Navier-Stokes
equations. However, as claimed by Hirsch and Tartinville [60], the DNS requires a very fine
mesh and too much computational resources for common industrial problems. In order to solve
the Navier-Stokes equations for such complicated problems, not only must CFD users make
some assumptions but they also have to apply turbulence modeling (Corson et al. [29]). A
typical approach is the Reynolds-Averaged Navier-Stokes, which consists in splitting each
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variable of the Navier-Stokes equations into a mean and a fluctuating component (Ryhming
[123]).

This difficulty of capturing the turbulence and its effect in a satisfying way has led to the
development of several different turbulence models. Many recommendations about these
models are given in the literature, for instance in Zingg & Godin [157] or in Batten et al. [10].
Although some common turbulent models are in good agreement with experimental studies,
they all present several deficiencies (Hirsch and Tartinville [60]). Indeed, Zingg and Godin
[157] mention that each turbulence model can be tuned to reach a specific known result.

The first approach to turbulence modeling consists in replacing the Reynolds stresses term
from the RANS equation with an eddy viscosity equation, (5.10). The most famous modeling
used for common industrial problems is the k-¢ turbulence model. This model expresses the
turbulent eddy viscosity w7 as a function of the turbulent kinetic energy of flow k and its rate of
dissipation ¢, (5.11). However, Menter [102] notices the limitations of the k-¢ turbulence model
in the near wall areas or in predicting flow separation.

o« 1%6,% (5.10)
R CEY
k2
ty=pC,—, C,=0.09 (.11
&

Therefore, an alternative is the k- turbulence model, which is more accurate in the boundary
layers. This model expresses the turbulent eddy viscosity ur as a function of the turbulent
kinetic energy of the flow k& and the turbulent frequency w:

My = pﬁ, with wzﬂ, L, - turbulence length scale (5.12)

10} Cﬂ ;

Nevertheless, since this model is less accurate than the k-¢ model in the free stream outside of
the boundary layer area (Menter et al. [103]), the Shear Stress Transport (SST) turbulence
model is considered to be even better than the two just mentioned, the reason being that it finds
the most appropriate turbulence model between k-¢ and k-w for each location in the
computational domain. As described by Menter et al. [103], the splitting of the computational
domain is done by a blending function, which computes the distance from wall by using the
solution of a Poisson equation and chooses the most appropriate turbulence model.
Notwithstanding, it was found (Braza et al. [21], Launder [88]) that eddy viscosity models do
not capture correctly the flow unsteadiness and the body forces. Consequently, the results
show inaccurate reattachment and poor treatment of massive separation, in both steady and
unsteady (URANS) calculations, Spalart [135]. Rumsey and Swanson [122] discuss the
incapability of RANS methods to predict steady and unsteady active flow control cases with
accuracy and confidence.
The Large Eddy Simulation (LES) is trade-off between DNS and RANS approaches. Actually,
LES does not use the RANS formulation but applies a grid filter on the standard Navier-Stokes
equations and provide, with a high precision, the fluctuation values of velocity and pressure
(Lesieur [91]). This filter allows splitting the length scales present in the flow in two
categories: solved or modeled. Since the solved length scales are bigger than the length scale
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represented by the mesh, they are solved as DNS. Moreover, Sagaut [124] argues that the
modeled length scales need to be modeled because they cannot be taken into account by the
mesh. Usually, the LES turbulence model allows a better physical representation than the
RANS formulation. However, for confined flow, a thinner mesh refinement and a very good
knowledge of the inlet boundary condition are required if researchers want to obtain a more
accurate result (Kaltenbach et al. [77]).

It should be clarified that Detached Eddy Simulation (DES) is a hybrid turbulence model that
attempts to combine the best aspects of the LES and RANS methodologies. This model treats
the near-wall region with RANS and the rest of the flow with LES. Byskov et al. [23] found
that LES combined with eddy viscosity subgrid-scale models approach shows considerable
accuracy in simulating a centrifugal pump dominated by flow separation.

Scale Adaptive Simulation (SAS) is a method similar to DES that adapts the turbulence model
in function of the turbulence length scale, by using a RANS model in the steady flow regions
and a LES one in the unsteady ones. If SAS is essentially an improved URANS formulation
that allows the resolution of the turbulent spectrum in unstable flow conditions, DES is a
combination of RANS and LES methods. The switch between the two is achieved by
comparing of the modeled turbulent length scale and the grid spacing. As the grid spacing
explicitly enters the DES equations, DES has significantly stronger mesh sensitivity than SAS.
The main practical problems with DES are that certain requirements have to be satisfied in
the switching zone between RANS and LES (Spalart [134]). The model employed in this
study, summarized in Egorov and Menter [42], dynamically adjusts the turbulence scale
equation with the help of the von Karman length scale L,x (equation (5.13)). Based on the
second derivatives of the velocity C (equation (5.14)), the term varies with the level of the
local flow inhomogeneities.

L, =max ﬁw,CS L-A , With (5.13)
] B/C)-e
S=2D,D,, A=Q”, k=041 - von Karman constant (5.14)

2
. o°C.
cl= / oG (5.15)
‘ ‘ %:(&ci&xj}

This lower limiter applied to the von Karman length scale is proportional to the cubic root of
the control volume size Q. Indeed, it controls the damping of the finest resolved turbulent
fluctuations allowing the break-up of large unsteady structures into a turbulent spectrum,
Meter and Egorov [104]. The structure of the limiter is derived from the equilibrium of the
eddy viscosity of the SST-SAS model. The balance between production and destruction of the
kinetic energy of turbulence leads to the following relation for the equilibrium viscosity:

2
e =p(\/((ﬂ/Cﬂ)—a)/(ké’2) -LvK) .S, £,=351, a=5/9, F=3/40 (5.16)
This expression is similar to the subgrid scale eddy viscosity in the Smagorinsky LES model:
U = p(Cs-A) S (5.17)
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Consequently, the limiter imposed on the von Karman length scale value must avoid that SAS
eddy viscosity decreases and goes below the LES subgrid scale eddy viscosity: u,% > u,*. The
model parameter Cs = 0.11, calibrated through the employment of decaying isotropic
turbulence, ensures a similar energy spectrum as the one obtained with the Smagorinsky LES
model.

When dealing with strongly unstable flows, Egorov et al. [41] assert that the SAS model offers
an attractive alternative to the existing “hybrid” RANS/LES methods. Moreover, the potential
of SAS models in simulating engineering flows is demonstrated by several test cases in Menter
and Egorov [105]. However, a drawback of this turbulence model would be the total
simulation time that must be long enough to let the turbulence develop, Younsi et al. [156].

5.3 Numerical Scheme

The numerical scheme applied to the simulation of the flow in the full reduced scale model
water passage from the spiral casing inlet to the draft tube outlet is summarized in Table 5.2.
The Ansys CFX 12 commercial code [4] is used in order to perform unsteady incompressible
turbulent flow numerical simulation, while the finite volume method is employed in order to
solve both the incompressible Unsteady Reynolds-Averaged Navier-Stokes (URANS)
equations in their conservative form and the mass conservation equations. The set of equations
is closed in a two-equation turbulence model. The hybrid RANS-LES turbulence model based
on the von Karman length scale for blending function, called SAS-SST is employed. The
reason why this turbulence model has been selected lies in the fact that the SAS-SST captures
the qualitative aspects of flow separation phenomenon well. Furthermore, it must be clarified
that this model constitutes a good compromise between the computational time and costs on
the one hand, and the results accuracy on the other hand. An advection scheme (2" order in
space) and the backward Euler implicit scheme (2™ order in time) are used. Finally, a time step
corresponding to 1° of impeller revolution and a convergence criterion RMS,,.x < 107 with 10
internal coefficient loops are selected.

Simulation type Unsteady

Turbulence model SAS-SST

Computational domain Full reduced scale model

Time step 1° of impeller revolution

Convergence criterion RMSyax < 10 - 10 internal coefficient loops
Simulation duration > 30 impeller revolutions

Table 5.2: Numerical scheme
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5.4 Computational Domain and Spatial
Discretization

The computational domain includes the whole pump-turbine reduced scale model, from the
spiral casing inlet to the draft tube outlet (see Figure 5.1). It is divided in four main
components as follows: the spiral casing, the stay- and guide vanes, the impeller as well as the
draft tube. A pinched section is added at the end of the draft tube in order to force a convergent
flow and to overcome backflow on the domain outlet. The Ansys ICEM software is employed
to generate an adapted mesh for each part using mostly structured hexahedral cells.

Draft tube cone

Draft tube elbow /&

Pinched outlet

0 0.500 1.000 (m)
I I
0.250 0.750

Figure 5.1: Computational domain of the pump-turbine reduced scale model

Component Mesh type Refinement Number of nodes y+meﬁln
Spiral casing Structured & Unstructured - 600’000 60
Stator Structured - 3°000°000 70
I b b

mpeller & Structured C'oarse 3°900°000 25
draft tube cone Fine 5’900°000 10
Draft tube Structured - 500°000 30

Coarse 8°000°000
Full i
ull domain  Structured & Unstructured Fine 10°000°000

Table 5.3: Summary of spatial discretization per domain component
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Anyway, for the spiral casing tongue, an unstructured mesh with tetrahedral cells is generated
(Figure 5.2). This is due to the sharp end of the tongue. A distribution law is used in the mesh
generation close to every solid surface in order to ensure an appropriate modeling of the
boundary layer.

The number of nodes for each domain component is summarized in Table 5.3 along with the
average dimensionless wall distance y+mm. One may be observed that a larger density of nodes
is ensured in the stay- and guide vanes region, as well as in the impeller, where more than 50%
of the total number of nodes is allocated.

) Vay* Y (5.18)

The dimensionless normal distance to the wall y', which depends on the distance to the nearest
wall y”, the friction velocity at the nearest wall C" and the kinematic viscosity v (equation
(5.18)), is also lower in the impeller region than in the other components. The reason for such
a mesh density distribution is the location that the flow instabilities development takes when
the machine is operated under off-design conditions in generating mode.

Spatial discretization refinement

Two different mesh refinements for the impeller region are employed, a coarse and a fine one
(Figure 5.3) respectively. The influence of the mesh refinement on the numerical simulation of
flow at low discharge operating condition can be observed in Figure 5.4. Thus, the contour of
dimensionless vorticity around the z axis . on the impeller midspan (equation (5.19)) shows
the way the flow separation is artificially vanished close to the impeller inlet in the case of
coarse mesh, whilst using a refined mesh the flow separation is extended into the whole
impeller channels.

o =| Lo %G (5.19)

Figure 5.3: Mesh refinement in the impeller: a) coarse; b) fine
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Therefore, to ensure an appropriate development of flow separation in the whole impeller
channels when operating at off-design conditions, the fine mesh is employed in the final
numerical simulation. Moreover, the same fine mesh is used for all investigated operating
conditions for a consistent comparative investigation.

w; [ P 7 N a)

-1.00

Figure 5.4: Influence of mesh refinement on the development of flow separation in the
impeller channels: a) coarse mesh; b) fine mesh

5.5 Boundary Conditions

The detailed boundary conditions of the whole computational domain, for both the stationary
and the rotating components, are summarized in Table 5.4. Accordingly, as illustrated in
Figure 5.5 as well, a constant discharge, equal to the one experimentally measured, is imposed
on the spiral casing inlet surface, while 0 Pa average static pressure is set on the outlet surface
of the pinched section.

Surface Boundary condition Domain
Spiral casing inlet Inlet (Qjnier = ct.) Stationary
Spiral casing wall Smooth no-slip wall Stationary
Stator top & bottom Smooth no-slip wall Stationary
Stay- & guide vanes Smooth no-slip wall Stationary
Impeller hub & shroud Smooth no-slip wall Rotating
Impeller blades Smooth no-slip wall Rotating
Draft tube cone wall Counter rotating smooth no-slip wall ~ Rotating
Draft tube elbow & pinched wall Smooth no-slip wall Stationary
Pinched outlet Outlet (Pstqr = 0 Pa) Stationary
Interface spiral casing structured-unstructured ~ GGI -

Interface spiral casing-stator GGI -
Interface stator-rotor GGI -
Interface impeller-draft tube cone GGI -

Interface draft tube cone-elbow GGI -

Table 5.4: Summary of boundary conditions
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GGl interfaces
Counter clock

/otating wall
- = ()V
. ps‘ﬂﬂ

Rotating domain -

Stationary domain

Figure 5.5: Boundary conditions for both rotating and stationary domains

The stationary domain includes the spiral casing, the stator, the draft tube elbow and the
pinched outlet section. The impeller and the draft tube cone make up the rotating domain. This
solution was adopted in order to avoid a rotor-stator interface close to the impeller outlet.
Moreover, the rotating domain speed is set equal to the one experimentally measured, and a
counter rotating smooth no-slip wall condition is selected on the draft tube cone surface in
order to cancel its motion. A smooth no-slip wall condition is imposed on the rest of the solid
surfaces. Finally, the General Grid Interface (GGI) connection, [4], is used on the interfaces
that separate the rotating and stationary domains, as well as any adjacent domain components.

5.6 Time Discretization and Convergence

Numerical simulations with time steps of 2°, 1° and 0.5° of impeller revolution are conducted
at low discharge operating condition on the full computational domain of the reduced scale
model, starting from the same initial state of a converged solution and using the fine mesh. The
influence of the time step on the pressure fluctuations in the stator is given in Figure 5.6.

c _pP7P (5.20)
P ,OE
0.3 — ‘ - : 0.04 : ; - :
[ c Sensor Rssé — 720 ts/rev Hls Sensor Rsé6 - low-pass filtered
0.2 — 360 tsfrev oozt g
1 — 180 tsfrev | '

— 720 ts/rev
— 360 ts/rev
— 180 ts/rev

-0.02

. Impeller revolutions .
0 1 2 3 0 1 2 3

Impeller revolutions

-0.04

Figure 5.6: Time step influence on the pressure fluctuations and convergence
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On the one hand, the amplitude and frequency of pressure coefficient fluctuation (equation
(5.20)), in the vaneless gap between the impeller and guide vanes (pressure sensor location
Rses), caused by the rotor-stator interaction (9-f, and its harmonics 18-f,, 27-f,, ...) reveals no
significant differences between the three tested time steps. On the other hand, when using a
time step of 2°, the amplitude shown by the pressure fluctuations related to the development of
the rotating-stall (~0.7-f,) and represented with the help of the low-pass filtered pressure
coefficient, is larger than the one that emerges when using a time step of 1° and 0.5° of
impeller revolution. However, no significant difference is obtained between the time steps of
1° and 0.5°. Therefore, as justified also by Braun [20], who modeled numerically a rotating
stall in pumping mode for the same pump-turbine scale model, the time step of 1° is found to
be an appropriate compromise between solution accuracy and computational costs even in off-
design conditions.

10 5 T T
RMS convergence - normal operating range

— P-Mass V-Mom
— U-Mom — W-Mom

LT LTI BTG el SR PN PRI SR S

! "h“ﬁ"""\"'i'v"‘ﬁm.‘lw'wﬁ “u{/ tlni'\’fv'ﬂ'l'“&-“.'!'-,"

10 £ Coarse mesh
10— :
3 X 10 ‘
I
[:z] P Pressure convergence - normal operating range ! —__ Sensor Rs66
. [ E
[
2 |
|
15 L Fine mesh _
\
T Y | T
1 | -
05 , ‘ ! Impeller revolutions
o 5 10 40 45 65 70

Figure 5.7: Spatial discretization influence on the pressure fluctuations and convergence
for normal operating range condition

10 T I —]
. RMS convergence - low discharge — 720 tsfrev |
[ | P-Mass 9 9 — 360 tsirev |
107 180 tsfrev |

| Impeller revolutions
3 -2 -1 0 1 2 3

Figure 5.8: Time step influence on the convergence for low discharge operating condition
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The Root Mean Square Maximum, RMS,,x < 107 , 1s imposed as convergence criterion. The
RMS of the mass and momentum for the BEP case converge relatively rapidly under the value
of 107 and are stabilized at around 3'600 time steps (10 impeller revolutions) - see residuals
history in Figure 5.7. Nevertheless, the monitor point placed at the rotor-stator interface
(pressure sensor location Ry) shows that, after 10 impeller revolutions, the static pressure has
not reached a cyclic oscillation yet. However, the pressure exhibits a periodic fluctuation over
the last 6 impeller revolutions of the flow simulation that uses the coarse mesh. Afterwards, the
fine mesh is employed in a new simulation starting from the solution that has already been
converged. Consequently, a decrease of the mass and momentum residuals along with a
periodic fluctuation of static pressure are relatively rapidly obtained.

The influence of the time step on the mass residuals for the low discharge operating condition,
when using the refined mesh, is given in Figure 5.8. As expected, a better convergence is
obtained when the time step is changed from 1° to 0.5° of impeller revolution. In contrast, the
mass and momentum residuals increase when the time step is changed from 1° to 2° of
impeller revolution.
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Chapter 6

Pressure Fluctuations

6.1 Overview of Pressure Fluctuations

6.1.1 “S-Shaped” Characteristic Curves

Figure 6.1 presents the characteristic curves of the pump-turbine model in (ngp-Qgp) and (ngp-
Tgp) coordinates systems (expressed in equations (1.11) - (1.13)), at 5° to 18° guide vanes
openings in generating mode.

0.2' ‘ | 02' | ‘
[-]]Qeo © % 9C 0% o [-1Teo °°°|ooo¢ [
I \ °© % oy o |
! * % | ° ‘;o+ +<> lo
017 \ B T
| ***:2%
- .. EEYS
* 5° - Stable characteristic %o
|
0 x 75: | ' og
° 10 Unstable characteristics ®
\ . | ® o v 125 [ r °
|Normal operating range‘ o 18°
-0.1 ) [ - ‘ | . Neo | —0.2 ‘ | ) ) | , Neo |
0 0.1 0.2 [-]03 =0 0.1 0.2 [-103

lkOperating range K yelise pump mode

Figure 6.2: Impeller outlet instantaneous visualizations at 10° guide vanes opening and 20 m
head: a) normal operating range - no cavitation; b) reverse pump - cavitation occurrence
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The value of the specific energy E is maintained at about 200 J-kg™ for all operating points at
openings that are between 5° and 12.5°, while for the 18° opening the specific energy is fixed
to 50 J*kg™'in order to avoid harmful structural vibrations when operating in the S-region.

At guide vanes openings equal to or greater than 7.5°, the turbine characteristics exhibit a
positive slope after the runaway speed. When a pump-turbine prototype is brought in such a
situation, the operation suddenly switches to the reverse pumping mode. The discharge as well
as the torque are reversed, with a substantial increase of structural vibrations driven by flow
instabilities. Once in reverse pumping quadrant, an increase of the rotation speed leads to
strong cavitation occurrence on the blades at the impeller outlet, as exemplified by the
photograph in Figure 6.2, associated with a significant increase in structural vibrations and
noise. It should be noticed that the intensity of the structural vibrations and the cavitation
development increases with the opening. Moreover, this unstable operation is even magnified
by the test rig control system, which fails in correcting the fluctuation of the parameters in real
time. It may be also noticed that a significant hysteresis is systematically observed on the S-
region of the characteristic: the path from the reverse pumping to generating mode is different
from the one in opposite direction. In this study, the use of the previously described
stabilization procedure (see Chapter 4.1 — Head Losses Control System) prevents such unstable
operation and facilitates the exploration of the entire positive slope part of the characteristic
curves. Finally Figure 6.1 shows that, in the case of a 5° guide vanes opening angle, the
machine characteristic is not S-shaped, and consequently, no stabilization is imposed.

Validation of the Pump-Turbine Operation in the PF2 and PF3 Test Rigs

The model installed in the PF2 test rig behaves in the same manner as in the PF3 test rig even
when operating in the S-region. At 5° guide vanes opening, the model exhibits a stable
operation in turbine brake mode, whereas at 10° guide vanes opening, the generating mode
characteristic is S-shaped (see Figure 6.3). A by-pass system similar to the one employed in
the PF3 test rig has been used to stabilize the model operation in the PF2 test rig as well.

0.15¢ 0.15;
[-11Qeo [-1Teo
04l 0.1
0.05}
0.05} 0 .\{
— — 5° -PF3 TestRig
0 0051« 5° - PF2TestRig
-0.1r — 10° - PF3 Test Rig
-0.05¢ . , | ! . o015l o .10 - PFZ Testh|g | ne>N
0 0.1 0.2 [-] 03 0 0.1 02 [-] 03

Figure 6.3: S-curves at 5° and 10° guide vanes openings obtained in the PF3 and PF2 test rigs
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6.1.2 Pressure Fluctuations Standard Deviation (STD)

A global view of the flow unsteadiness at 5° and 10° guide vanes opening is provided in
Figure 6.4, by superposing the standard deviation of the pressure fluctuations, defined by
equation (6.1), to the (ngp, Qgp) characteristic curves in the spiral casing, stay vanes, guide
vanes and draft tube cone (Hasmatuchi et al. [56]). The diameter of the circles is proportional
to the standard deviation of pressure normalized by pE. An identic scale is adopted for all
graphs to allow straightforward comparison between different operating points and different
locations.
S G B —

2
=— |—>(p,- 6.1
6= Ni:l(p, ) (6.1)

One can easily observe that, for any given location, the pressure fluctuations are larger at 10°
than at 5° guide vanes opening and increase for low rotational speed, over the “S-region” and
in the reverse pump mode. At these conditions, a substantial increase of the structural vibration
is observed. Moreover, the pressure fluctuations in the guide vanes channels, close to
rotor/stator interface, are by far the most important. In contrast, the lowest fluctuations are
observed in the draft tube. It should be also noticed that, in the particular case of guide vanes
location, the maximum pressure fluctuation is at least 25 times larger than in nominal
conditions and about 15% of the head. The present analysis suggests that the source of flow
unsteadiness at off-design conditions is located in the impeller or in the vaneless space
between the impeller and the guide vanes.

0.15 ; ; ; ; : 0.15 , .
[-]|Qeo- ) 9 FlQep o o D 5°
o o ° °
o1l o 10°| il o 10° |
0.05} % {1 o005t
. 8 .
Legend: _, Legend: _
-0.05} 0 Cp Sciz 05 ., o -0.05 + 0 Cp Gvio1 05
-0.1 : : : : __Nep -0.1 s : : - ._Neo
0 0.05 0.1 0.15 0.2 025 [-] 03 0 0.05 0.1 0.15 0.2 025 [-] 03
0.15 . . : : ; 0.15
[-]\Qen. o35 [-]|Qepe O »
01l o 10°] ..l o 10° |
. y hY
0.05} SO { oosf _ ;
. ‘8 Draft tube :
; 0
Legend: _, Legend: _,
-0.05| 0 Cp Svae 05 ° 5 o] -0.05 + 0 Cp Dri2s 05
01 , . ‘ ‘ . Nep 01 . , , , . Neo
0 0.05 0.1 0.15 0.2 025 [-] 03 0 0.05 0.1 0.15 02 025 [-] 03

Figure 6.4: Pressure fluctuations STD for operating points at 5° and 10° guide vanes opening
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Operating Points for Further Investigation

Further analysis is carried out for six operating conditions (OP. #1 to OP. #6) at 10° guide
vanes opening angle, as indicated in Figure 6.5 and in Table 6.1. These conditions are
distributed as follows: normal operating range (OP. #1), runaway speed (OP #3), low positive
discharge (OP. #4) and high impeller speed with negative discharge (OP. #6). Two other
intermediate operating points (OP. #2 and OP. #5) are selected in the transition regions
between those already presented.

0.15; | |
Qe
0.1 | I
|
0.05} | -0 — 3 L
|
0 : - I
| I -0.1t
-0.05¢ -o-10° | %‘%{3\6 0.1
01 - 5I° i‘NormaI o?erating ralnge“  neo | _ I
0 0.1 0.2 [[o3
Figure 6.5: Selected operating points for analysis
OP. Operating condition Ngp Qep Tep
1 Normal operating range 0.1933 0.0995 0.0680
2 Low torque 0.2323 0.0740 0.0255
3 Runaway 0.2421 0.0449 0.0003
4 Low discharge 0.2324 0.0148 -0.0226
5 Reverse pump 0.2365 -0.0345 -0.0749
6 Reverse pump 0.2833 -0.0614 -0.1510

Table 6.1: Investigated operating points

6.2 Rotating Stall Identification

6.2.1 Pressure Fluctuations into the Stator

The pressure coefficient fluctuation is computed in accordance with equation (5.20). Averaged
spectra of pressure fluctuations in the spiral casing (Sensor S.s) and in the guide vanes
(Sensor Gys¢) are presented in Figure 6.6 for the operating points which were previously
selected. The plots scales are chosen differently in order to facilitate the visualization. The
pressure fluctuation in the guide vanes channels is dominated by the blade passing frequency
and by its first harmonic with lower amplitude (f=9-f, and f=18-1,), excepting the low
discharge operating point. In addition to this, the spectral analysis shows a low frequency
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component (~70% of the impeller rotational frequency) arising at runaway (OP. #3), which
further increases in amplitude as the low positive discharge condition (OP. #4) is approached.
At this point, it even represents the dominant frequency and is found to modulate the blade
passing frequency. In the spiral casing, as reported by Zobeiri [158], the blade passing
frequency has lower amplitude than its first harmonic. The low frequency component is visible
in this region as well and becomes dominant in turbine brake mode (OP. #3 - OP. #4).
Actually, this low frequency represents the signature of the flow unsteadiness at off-design
operating conditions. Moreover, when starting from the nominal conditions and increasing the
impeller speed, a significant increase of the pressure fluctuations amplitude is observed in the
channels between guide vanes as well as in the spiral casing. In the normal operating range
(OP. #1) the amplitude of fluctuations is at least 10 times smaller than the ones of the
operating points from OP. #2 to OP. #6. In the spiral casing, the pressure fluctuations
amplitude is significantly lower (almost 10 times) than in the guide vanes region, except for

Sensor Ses - Spiral casing Sensor Gvsé - Guide vanes

O'OF_G] 'E Operating Point #1 ] O([)_S] E Operating Point #1
| “P - normal operating | | “P - normal operating |
0.004 range 9. 0.04 range P 9
0.0021 1 0.02f

| TN 0 ] . . . . ,

00 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 18 21 24 27 30
0.0067 Operating Point #27 0.06f Operating Point #2
0.004 - low torque 0.04} - low torque
0.002 1 002

l N R
% 3 & 9 12 15 18 21 24 27 30 % 3 6 9 12 15 18 21 24 27 20

0.0061 Operating Point #31 0.06] Operating Point #3
0.004 - runaway 0.04} - runaway
0.002 1 0.021
- | 0 R B
00 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 18 21 24 27 30

0.031 Operating Point #47 0.06f Operating Point #4
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0.01f 1 0.02f l

L L1l |

% 3 6 9 12 15 18 21 24 27 30 % 3 8 9 12 15 18 21 24 27 30

0.006| Operating Point #57 0.06| Operating Point #5
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0.0021 1 0.021 I
L I 0 L

| . .
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Figure 6.6: Pressure fluctuations amplitude spectra in the spiral casing and guide vanes

EPFL — Laboratory for Hydraulic Machines



68 I11. Experimental Investigation Results

the low discharge condition (OP. #4). These observations confirm that the source of flow
unsteadiness is located in the region of the impeller and in the vaneless gap between the
impeller and the distributor.

0.3 _ Sensor Gv1o1 - Guide vanes i
['g Cp OP. #1 - normal operating range
-0.3~ -
0.3 OP. #2 - low torque

O i ’ oA A
-0.3
0.3 OP. #3 - runaway
-0.3
0.3 OP. #4 - low discharg
0l .
-0.3~ u
03~ OP. #5 - reverse pump-
0
_0.3_
0.6
Impeller ev utions

0 5 10 15 20 25 30

Figure 6.7: Time history of the pressure fluctuations in a guide vanes channel
for the 6 selected operating points
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Figure 6.8: Time history of pressure fluctuations at the low discharge operating point (OP. #4)
into the spiral casing, stay- and guide vanes, rotor-stator and draft tube cone
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Time history over 30 impeller revolutions corresponding to the pressure fluctuations in a guide
vanes channel (Sensor Gyjg) is presented in Figure 6.7 for the 6 previously selected operating
points, from the normal operating range (OP. #1) up to the reverse pump mode (OP. #6). As
already observed in the spectra (Figure 6.6), the fluctuations amplitude at the normal operating
range is insignificant compared to the low discharge and reverse pump conditions where it
exceeds by 30% of the test head.

At low positive discharge operating condition (OP. #4), the pressure fluctuations in the stator
are dominated by the subsynchronous frequency of 0.7-f, (see Figure 6.8). What readers
should also observe is the way the rotor-stator interaction frequency is carried by the related
low frequency component. Surprisingly, the pressure fluctuations at this very unstable
operating point are not random but exhibit a remarkable periodicity. Since the pressure
fluctuations amplitude is larger when it is close to the rotor-stator interface and very low in the
draft tube cone, it may be concluded again that the source of flow unsteadiness is located in the
region of the impeller inlet and the vaneless space between the impeller and the distributor.
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Figure 6.9: Time history of pressure fluctuations in the whole vaneless gap at the normal
operating condition — OP. #1 and runaway — OP. #3

Original signal . Low-pass filtered signal

i e Wy, % 7%

0.2 "I 'lﬂ:;j‘w’}” ,"‘Hm " ljl; il "Lﬁ i -02. "’l"

_Ué‘:ﬁ A ﬁ.&) .u*;.t H Hi’ W'“ l m H[' ‘J!"J?f -'l'f‘" i -0.4 .. ~ L 0¢t-
i Y

lfllﬂlj {

3 Rss T . 3
RSSSR >N 2 ﬁ 85 T2
Sensor number 1 1 Impeller revolutions [-] Sensor number R553R56'1 ~" 1 |mpeller revolutions [-]

Rssg 0 Rssa 0

Figure 6.10: Time history of original and low-pass filtered pressure fluctuations in the whole
vaneless gap for the low discharge operating condition — OP. #4
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An instantaneous image of the time-pressure fluctuations on the entire vaneless gap
circumference is given in Figure 6.9 for the normal operating condition (OP. #1) and runaway
(OP. #3), and in Figure 6.10 for the low discharge condition (OP.# 4) respectively. If, at
runaway condition, the presence of the low frequency component is poorly visible in the
pressure fluctuations, at low discharge condition both the low-pass filtered and the original
signals reveal one high pressure instability source rotating with the impeller at sub-
synchronous frequency. Moreover, the high pressure region covers approximately 50% of the
circumference, its revolution rate wg being estimated by the slope, ¢, of a line connecting the
pressure maxima (see the right side of Figure 6.10), through the following relation:
1 2
R ~0.7-@,, (6.2)

where T is the stall period, and w, is the impeller angular speed.

Anyway, these findings are consistent with those of Vesely et al. [146] who investigated a
medium head pump-turbine model and found that a rotating stall with only one cell a
frequency of propagation of about 60% of the impeller speed arises at turbine brake and
reverse pumping conditions.

In order to calculate the motion speed of the rotating stall using the pressure fluctuations in the
vaneless gap between the impeller and the guide vanes, a specific signal processing procedure

described by Braun [20] is used: firstly, a low-pass filter is applied to the pressure fluctuations
in positions Rgse to Ry7g so that the frequency components related to the passage of the impeller
blades (9-f, and its harmonics) are eliminated. Then, the instantaneous phase ¢ of rotating stall
is calculated from the angle of Hilbert transform applied to the filtered signals, shifted by /2.

a) | OP. #4 - low discharge ‘ C)
0.3 . -2 0.6
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| . | S — 0 -Te - - -2 o 89 At 00060 0
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Figure 6.11: a) Original and low pass filtered pressure fluctuation signals for the low discharge
operating point - OP. #4, at the rotor-stator interface - Sensor Rgso;
b) Instantaneous phase of pressure fluctuations related to the rotating stall at two opposite
locations (Rgs9 and respectively Ryg9) on the rotor-stator interface circumference;
c¢) Average and STD of pressure fluctuations phase shift (left axis) and the average phase shift
deviation (right axis) related to the rotating stall speed in the whole rotor-stator circumference
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As illustrated in Figure 6.11a) & b), the time shift 4¢; between each sensor location Ry to Ryrg
and the sensor location Rgsy are recovered for every stall period over the whole signal
recording. Finally, the average O and the standard deviation 8¢ of the pressure fluctuations
phase shift related to the rotating stall are calculated for every sensor over the whole vaneless
circumference using the relations (6.3) and (6.4). In addition, the equation (6.5) provides the
average phase shift deviation & in relation to the theoretical phase shift ;.

0, :ES& - average phase shift (6.3)
p/a
@ (18 —2 .
o == N;(At& ~At;) - phase shift STD (6.4)
__6,-6 N
&= P - average phase shift deviation (6.5)
T

The line, in Figure 6.11c¢) plot, sloped at 45°, represents the theoretical phase shift 7 of the
pressure fluctuations over the whole circumference. This shift is due to one stall cell rotating at
constant speed. Anyway, the average O and the standard deviation 8¢ of the pressure
fluctuations phase shift on the whole rotor-stator interface circumference show that the stall
rotates with a relatively constant speed. From the average phase shift deviation &
representation, it could be argued that the stall speed is locally fluctuating with about 5% on
the whole circumference, and less in the wake of the spiral casing tongue where the fluctuation
is larger. Finally, the instantaneous phase, related to the rotating stall, of the low-pass filtered
pressure signal recording at the location Ryso and its resulting phase average are represented in
Figure 6.12 period by period. The plot evidences the periodical and stationary character of the
rotating stall evolution in the vaneless gap between the impeller and the guide vanes.

0.1

-]

0.05

= Sensor Rsso - low-pass filtered signal
» Sensor Rsso - phase-averaged signal

-0.05

Bs [rad]

0 ™2 T 3T 2T

-0.1

Figure 6.12: Phase average of pressure fluctuation related to the rotating stall in the vaneless
gap between the impeller and guide vanes (Sensor Ryso) for the low discharge operating
condition (OP. #4) at 10° guide vanes opening
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6.2.2 Pressure Fluctuations in the Impeller

Wall pressure measurements in two consecutive impeller channels are performed along with
the pressure measurements in the stationary frame (see sensors location in Figure 4.10). Time
history over 15 impeller revolutions corresponding to the pressure fluctuations at different
positions from the impeller outlet (Sensor Py;) up to the spiral casing (Sensor S.;) are presented
in Figure 6.13 in comparison between: a) normal operating range (OP. #1), b) runaway (OP.
#3) and c) low positive discharge (OP. #4) conditions. Interestingly, the amplitude of pressure

a) OP. #1 - normal operating range 0.01 d)
[l g ' ' . OP. #1 - normal operating range
0.05 " Sensor P23 - impeller [l cp !
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-0.05/ 0.005
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O WA oo Vi A o A o . 5 U5 FTIE FIRTUTTIN B SV CUN S
-0.05 - 1 0 10 20 30 40
0.05 Sensor P21 - impeller 0.1 OP. #3 - runaway
0
-0.05 0.05. 1 Sensor P21 - impeller
0.05- Sensor Rs61 - rotor-stator- ' Sensor Rsé1 - rotor-stator
0
_005 L 4 0 . s . )
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’ Sensor Sv37 - stay vanes 0.1 . - ;
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Figure 6.13: Time history of pressure fluctuations at different locations from the impeller
outlet up to the spiral casing at: a) normal operating range (OP. #1);
b) runaway (OP. #3); c) low positive discharge (OP. #4).
d) Pressure fluctuations spectra at the rotor-stator interface in both the rotating (Sensor P,;) and
the stationary (Sensor Ry) frames
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Figure 6.14: Pressure fluctuations time history and spectra in the rotating and stationary frames
close to the rotor-stator interface for the low positive discharge condition (OP. #4)
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Figure 6.15: Time history of pressure fluctuations at the impeller inlet for the normal operating
condition — OP. #1 and runaway — OP. #3
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Figure 6.16: Time history of original and low-pass filtered pressure fluctuations at the impeller
inlet for the low discharge operating condition — OP. #4
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fluctuations in the rotating frame is in the same order of magnitude as the one in the vaneless
gap between the impeller and the guide vanes for all operating points. Moreover, readers
should notice that the pressure fluctuations amplitude around the rotor-stator interface is
always found to be slightly smaller in the rotating frame (see Sensor P;; placed at the impeller
inlet) than in the stationary frame (see Sensor Rg). In addition to this, larger pressure
fluctuations amplitude is evidenced in the rotating frame compared to the stay vanes and spiral
casing region.

From the spectra in Figure 6.13d) we can observe that the pressure fluctuations amplitude at
the normal operation is insignificant compared to the runaway and low discharge conditions in
both stationary and rotating frames. Moreover, they are mainly dominated by the blade passing
frequency components seen at 9-f,, 18-f,, etc. in the stator, and 20-f; in the rotating frame
(corresponding to the number of guide vanes z, = 20). The onset of the low frequency
component at the runaway condition, corresponding to the presence of the rotating stall, is
evidenced in the rotating frame as well. Besides, as already noticed in the stationary frame, at
low discharge condition this low frequency component is dominant. According to Figure 6.14,
at the low positive discharge condition (OP. #4) for 10° guide vanes opening, the pressure
fluctuations amplitude close to the rotor-stator interface is larger in the stationary than in the
rotating frame. Moreover, the dominant low frequency component corresponding to the
presence of the rotating stall is detected in the rotating frame at 0.3-f,, contrary to 0.7-f, in the
stator.
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Figure 6.17: a) Original and low pass filtered pressure fluctuation signals
at the impeller inlet - Sensor P,; for the low discharge operating point - OP. #4;
b) Instantaneous phase of pressure fluctuation related to the rotating stall at the same location;
c) Rotating stall instantaneous relative period and its absolute speed deviation

An instantaneous image of the time-pressure fluctuations at the impeller inlet (Sensor P,) is
given in Figure 6.15 for the normal operating condition (OP. #1) and runaway (OP. #3), and
respectively in Figure 6.16 for the low discharge condition (OP.# 4), with the help of a time-
space-amplitude representation. In order to facilitate the rotating stall visualization, the
pressure signal recording is represented by sections of three impeller revolutions, instead of
one. If at runaway condition the presence of the low frequency component is not visible in the
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pressure fluctuations, at low discharge condition both the low-pass filtered and the original
signals reveal one high pressure instability source rotating in the impeller at sub-synchronous
frequency in counterclockwise direction. Its revolution rate ws- may be estimated by the slope,
¢s» of a line connecting the pressure maxima (see right side of Figure 6.16), through the
following relation:
1 6
) T, O esae (6.6)
where Ty, is the stall period in the rotating frame referential, @, the impeller angular speed,
and wy the rotating stall angular speed in the stationary frame.

T

— Sr _T:S'r

gSr T

Sr

- rotating stall instantaneous speed deviation (6.7)

Considering the pressure fluctuation recorded at the impeller inlet (Sensor P,;), the
instantaneous phase ¢y related to the rotating stall may be obtained from the low-pass filtered
signal (see Figure 6.17a) & b)). The rotating stall instantaneous relative period Ts/Ts and its
absolute speed deviation &g,, calculated with relation (6.7), are illustrated in Figure 6.17 ¢).
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Figure 6.18: Evidence of synchronous pressure fluctuations related to the rotating stall between
the hub and shroud at the impeller inlet - low discharge operating condition (OP. #4)
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Figure 6.19: Pressure fluctuations at the impeller inlet in two consecutive channels
and their corresponding phase shift related to the rotating stall,
for the low discharge operating condition - OP. #4
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Indeed, as readers should notice when looking at the vaneless gap between the impeller and the
guide vanes, the plot evidences the periodical and stationary character of the rotating stall
evolution in the rotating frame as well.

According to Figure 6.18, the pressure fluctuations related to the rotating stall at the inlet of
one impeller channel reveal no phase shift between the hub and shroud surfaces. However, a
phase shift corresponding to the speed of the rotating stall is obtained between the pressure
fluctuations at the inlet of two consecutive impeller channels, as illustrated in Figure 6.19.
Figure 6.20 shows the time history of pressure fluctuations on the pressure side of the Blade #1
and on the suction side of the Blade #2 from the inlet section toward the outlet section of the
impeller, for the low discharge operating condition (OP. #4). Thereby, the impeller blades
pressure side exhibits slightly larger pressure fluctuations amplitude compared to the suction
side. This might be due to the development of flow separation on the impeller blades pressure
side that starts from the leading edge. Moreover, the amplitude of pressure fluctuations
decreases toward the impeller outlet in the whole channel.
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Figure 6.20: Time history of pressure fluctuations in the impeller on
the pressure side of the Blade #1 and on the suction side of the Blade #2,
for the low discharge operating condition - OP. #4

The average 85 and the standard deviation 85 of the pressure fluctuations phase shift related to
the rotating stall (see relations (6.3) and (6.4)) are calculated for the sensor locations on the
rotating frame starting from the instantaneous phase of the low-pass filtered signals, as
described in section 6.2.1. Therefore, in Figure 6.21a), readers can observe no pressure
fluctuations phase shift between the hub and shroud surfaces in the whole channel from the
inlet to the outlet sections. By contrast however, a phase shift of about 40° is found between
the middle and the inlet of the impeller channel, probably given by the angular position of the
sensors location. In Figure 6.21 b), a phase shift of about 40°, corresponding to the sensors
angular position on the impeller hub surface, is evidenced between the second and the first
channel. The same phase shift of about 40°, corresponding to the sensors angular position on
the suction side of two consecutive blades, is evidenced between the third and the second
impeller blades (see the Figure 6.22 a)). Finally the pressure fluctuations phase shift on the
Blade #2 suction side and on the Blades #1 and #2 pressure side, related to the rotating stall
evolution at low discharge operating condition (OP. #4), can be retrieved from Figure 6.22 b).
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Figure 6.21: Average and STD of pressure fluctuations phase shift, for the low discharge
operating condition — OP. #4, related to the rotating stall in the impeller, on:
a) the hub (P,;, Py, and Py;) and shroud (P,7, P,g and P3;) surfaces;
b) the hub surface in the first (P,;, P»; and P,3) and the second (P,4 and P,s) channels
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Figure 6.22: Average and STD of pressure fluctuations phase shift, for the low discharge
operating condition — OP. #4, related to the rotating stall in the impeller, on:
a) the suction side of Blade #2 (P, Ps, P9, Pyo) and Blade #3 (P;s, P19);
b) the suction side of Blade #2 (P, Pg, Py, P10) and
the pressure side of Blade #1 (Py3, P14, P16, P17) and Blade #2 (P4, P¢)

To summarize, the pressure fluctuations amplitude in the rotating frame is slightly lower than
the one in the vaneless gap between the impeller and the guide vanes. The rotating stall
developed at low discharge operating condition, in the S-region of the characteristic curve, is
found to rotate inside the impeller in counterclockwise direction, at about 30% of the impeller
speed.

6.3 The Positive Slope - Rotating Stall Relationship

6.3.1 Runaway and Low Discharge Operation

As illustrated in Figure 6.1, the discharge-speed as well as the torque-speed characteristic
curves of the tested pump-turbine at guide vanes openings equal or larger than 7.5° are S-
shaped. If at 5° opening no stabilization is imposed, for the rest of guide vanes openings the
by-pass system is employed in order to stabilize the model operation in the S-region. The
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pressure fluctuations at the rotor-stator interface (sensor location Ry ) indicate the presence of
an incipient rotating stall at runaway whenever the characteristic curve is positive sloped (see
Figure 6.23). Therefore, at 5° guide vanes opening, where the characteristic is not S-shaped, no
rotating stall is detected. In turbine brake mode (more precisely, at the low positive discharge
condition), the pressure fluctuations at the rotor-stator interface (at the same location Rg)
once again indicate the presence of rotating stall every time that the characteristic is S-shaped
(see Figure 6.24). Moreover, the rotating stall speed is smaller for larger openings, whilst its
amplitude augments as the opening increases. Therefore, the rotating stall onset is likely to be

connected with the presence of the positive slope on the characteristic curve.
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Figure 6.23: Pressure fluctuations at the rotor-stator interface (Sensor Ry ) for runaway
operating condition at different guide vanes openings
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Figure 6.24: Pressure fluctuations at the rotor-stator interface (Sensor Ry) for low positive
discharge operating condition at different guide vanes openings
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6.3.2 Head Influence on the Operation Stability

As illustrated in the plots of Figure 6.25, the shape of the characteristic curves and the
operation stability for both 5° and 10° guide vanes opening are unaffected by the change of the
operation head in the range between 16 and 25 m. Indeed, the change of test head is made with
respect to the similarity rules (6.8). As can be observed by looking at the plots from the bottom
side of Figure 6.25, the model characteristic remains unchanged for 10° guide vanes opening
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Figure 6.25: Head influence on the characteristic curves shape and the operation stability
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Figure 6.26: Head influence on pressure fluctuations at the rotor-stator interface (Sensor Rgs;)
for the low discharge operating conditions at 5° and 10° guide vanes opening angles
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when the test head is modified from 20 to 5 m, while for the opening of 5°, the characteristic
curve becomes S-shaped and the model operation unstable. Thus, the by-pass system is
employed in the S-region in order to stabilize the model operation and recover the
characteristic.

In Figure 6.26, the time history of pressure fluctuations at the rotor-stator interface (Sensor
Rs61), confirms that the hydrodynamics of the pump-turbine reduced scale model remains
unchanged at 10° guide vanes opening for different test head. However, contrary to the
previous hypothesis (a rotating stall is associated with the positive slope on the characteristic
curve), for unknown reasons, no rotating stall is detected in the pressure fluctuations when
operating in the S-region of the characteristic curve at 5° opening and 5 m head.
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6.3.3 Misaligned Guide Vanes Stabilization Technique

The machine operation in the S-region at 10° guide vanes opening and 20 m head may be
stabilized using the so-called Misaligned Guide Vanes (MGV) technique, Klemm [80]. This
technique mainly consists in shifting a stable characteristic curve, 6° guide vanes opening for
the current case, to the required characteristic curve, 10° guide vanes opening, by adjusting the
discharge with the help of several guide vanes largely opened.

Figure 6.27: Guide vanes opening setup for MGV test
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Thereby, as illustrated in Figure 6.27, z,s- = 16 guide vanes are set to 6° opening, while the rest
of z,,5- = 4 guide vanes are opened at 25° in such way that they form two opposite channels,
thus avoiding the introduction of an additional radial force to the impeller.

The resulting discharge and torque characteristics are given in Figure 6.28. The original
impeller speed and head for all operating points at 10° guide vanes opening angle, and for
runaway condition, are kept unchanged. It can be observed that the machine characteristic
using the MGV technique is not any more S-shaped. Consequently, since the operation in the
S-region is stable, the by-pass system has not been employed. Moreover, the pressure
fluctuations at the rotor-stator interface (Sensor Ry;7) show no rotating stall development in the
S-region (see Figure 6.29).

Empirically, the discharge that is necessary in order to shift the operating point at 6° opening
to the target one at 10° opening for the same impeller speed and head could be calculated as:

Za O — Zane " O = Zus* Osrse T Zapsoase " Ospase T Zpnso o Gosoor With (6.9
Z = Zopee = Zoprse T Zpgonse T Zgpse_gos  WHETE: (6.10)

zgy =20 - total number of guide vanes channels

Zehxe - number of guide vanes channels of x° opening

Zeo-ye - number of guide vanes channels adjacent to respectively x° and y° openings

Oy - discharge of one guide vanes channel of x° opening at the same impeller
speed as the target operating point

Oyeye - discharge of one guide vanes channel adjacent to respectively x° and y°

openings at the same impeller speed as the target operating point
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Figure 6.28: Characteristic curves of the model for 10° opening with and without MGV
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Figure 6.29: Time history of pressure fluctuations at the rotor-stator interface (Sensor Ry;7) for
the low discharge operating condition at 10° opening with and without MGV stabilization
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Furthermore, Shao [128] proposed and validated empirical formulae that allow researchers to
compute the whole generating mode pump-turbine internal characteristics with MGV, and that
are based on the classical theory of turbomachinery and the original model characteristic
curves without MGV. Nevertheless, since the flow conditions in the channels adjacent to
different openings (in our case 6° - 25° and vice versa) are not easy to predict, a theoretical
formulation that describes the characteristic curve with MGV is not obvious. In addition to
this, the same characteristic curve without MGV can be obtained from a multitude of MGV
configurations. Therefore, this stabilization method is not considered adequate for the current
experimental study.

6.3.4 Transient Test over the S-region of the Characteristic

A transient test over the S-region of the pump-turbine reduced scale model characteristic curve
at 10° guide vanes opening is conducted. The resulting torque-speed characteristic of transient
test is superposed to the steady state characteristic in Figure 6.30. The discharge-speed
characteristic of the transient test is not represented because the discharge fluctuation
measurement is not available.

As illustrated in Figure 6.31, starting from a stable operating point in the vicinity of runaway
speed outside the positive slope of the characteristic, the impeller rotational speed is slightly
increased in order to reach the runaway condition. Up to about 28 seconds, the impeller mean
torque stays almost constant at around the zero value (speed no-load condition); the pressure
fluctuation amplitude at the rotor-stator interface (Sensor Rys) remains unchanged as well.
During the next 10 seconds the development of flow instabilities inside the model induces a
strong decrease of the impeller torque, associated with fluctuations of the impeller speed. At
the same time, the pressure measurement indicates an increase of the mean value and a
reduction of the fluctuation amplitude. This corresponds to the operation carried out on the
positive sloped section of the characteristic, when the discharge is reversed. Once in reverse
pump mode (from 38 to 100 seconds), the impeller speed, impeller torque and the pressure
fluctuations do not change any more.
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Figure 6.30: Discharge-speed and torque-speed characteristic curves of the pump-turbine
reduced scale model at 10° guide vanes opening obtained from steady state and transient tests
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Figure 6.31: Time history of the impeller speed, the impeller main torque as well as the wall
pressure at the rotor-stator interface (Sensor Ryg) during the transient test over the
characteristic S-region at 10° opening starting from the runaway condition
up to the reverse pump mode

Since the specific energy fluctuation has not been acquired, it is estimated from the pressure
measurement at the rotor stator interface (Sensor Ry) by using the following approach:
The specific energy E (t) may be written as

E(t)=gH, (t)~gH (1) =gH, () +gH,_ ()~ gH, (1), with gH, (6) = gH, (6.11)
where H,(t) and H;(t) represent the head variation at the spiral casing inlet and at the draft
tube outlet respectively, HRS o (t) 1s the head variation at the rotor-stator interface obtained

from the moving average of the pressure signal recorded at the position Ry, H;_g () is the

head between the spiral casing inlet and the rotor-stator interface, and g is the gravitational
acceleration. When t = 0, equation (6.11) becomes

E_,=gH, o +2H, ; ()—gH, (6.12)
Knowing the values of the specific energy E;—, and of the head at the rotor stator interface
HRssot=0’ the term gH;_p_  (t) is extracted as:

gH, . O=E_ —gITIRmOt:O +g1?]i = g]TII_RmO (6.13)
By introducing (6.13) in (6.11), the estimated specific energy variation E*(t) can be obtained:
E(0)=gH, ,(0+E o —gHy .o (6.14)

The estimated specific energy variation is used in order to compute the pressure coefficient
fluctuation at the rotor-stator interface (Sensor Rys) as well as the variation of the speed ngp
and torque Tgp factors during the transient test.

In Figure 6.32 the variation of the estimated specific energy is plotted along with the pressure
fluctuation and the pressure coefficient fluctuation at the Ry location over the 100 seconds
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recording during the transient test. The fact that, during the passage from generating to reverse
pumping modes, the specific energy vary between 200 and 230 J-kg™' and the impeller rotation
speed remains at the same value (excepting the fluctuation on the interval t = 28+38 seconds)
induces the positive slope on the characteristic curve.
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Figure 6.32: Time history of the wall pressure at the rotor-stator interface (Sensor Ryg), of the
estimated specific energy and of the resulting pressure coefficient fluctuation during the
transient test over the characteristic S-region at 10° guide vanes opening

Impeller revolutions [-]
430 450 470 490 510
[ I

822, 390 41|0

— 820]-

g 818}
= |

814 | ! ! I | | J

Trm [Nm]

3
Time [s]

Figure 6.33: The evidence of rotating stall development from the pressure coefficient
fluctuation and its influence on the impeller speed and main torque variation when moving on
the positive slope of the characteristic during the transient test
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As already specified, the flow is reversed in the interval t = 28+38 seconds. Representing the
variation of the impeller speed, the impeller torque as well as the pressure coefficient at the
location Ry over this interval (see Figure 6.33), it can be observed that the large fluctuations
of the impeller speed are associated not only with fluctuations in the impeller torque but also
with the presence of the rotating stall in the pressure fluctuation. Anyway, the time history of
the pressure coefficient fluctuation spectra at the rotor stator interface (Sensor Ryg), during the
transient test over the characteristic S-shape, confirms the presence of the low frequency
component (0.7-f,) while operating in turbine brake mode starting from the runaway condition.
Moreover, as noticed in the steady state test conditions, the rotating stall reaches the maximum
intensity when it is close to the low positive discharge condition and disappears when the
discharge is reversed.
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Figure 6.34: Time history of the pressure coefficient fluctuation spectra at the rotor-stator
interface (Sensor Rys) during the transient test over the characteristic S-region

To summarize, the operation of a low specific speed Francis type pump-turbine in the so-called
“S-shaped” region of the characteristic, either in steady state or transient test conditions, is
dominated by the presence of one stall cell rotating with the impeller at sub-synchronous
frequency (about 70% of the impeller rotational frequency) in the vaneless gap between the
impeller and the guide vanes. Moreover, the rotating stall increases in intensity when moving
on the positive slope of the characteristic toward zero discharge, and disappears when the
discharge is reversed.
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Chapter 7

High-Speed Flow Visualizations

7.1 Flow Visualizations Using Air Injection

High-speed flow visualizations are made with the help of air bubbles injection in the vaneless
gap between the impeller and the guide vanes. A needle valve is employed to control the
amount of injected air. The injection pressure is maintained at a value slightly above the mean
pressure at the injection location.

Normal operating range (OP. #1) Runaway (OP. #3) Low discharge (OP. #4)

Figure 7.1: Instantaneous air bubbles flow visualizations in one guide vanes channel for the
normal operating range, runaway and low discharge conditions at 10° guide vanes opening
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Normal operating range (OP. #1) Runaway (OP. #3) Low discharge (OP. #4)

g

Figure 7.2: Superposition of air bubbles visualizations in one guide vanes channel
during 3 impeller revolutions for the normal operating range, runaway and low discharge
conditions at 10° guide vanes opening, [53]

Assuming that air bubbles fairly follow the streamlines with almost no effect on the flow itself,
Figure 7.1 illustrates arbitrary instantaneous captures of the flow pattern in the guide vanes
region for the normal operating range (OP. #1), runaway (OP. #3) and low discharge (OP. #4)
conditions at 10° guide vanes opening and 20 m head. To assess the flow trajectory in the
guide vanes channel, the sum of images captured during 3 impeller revolutions at 1000 fps is
given in Figure 7.2 for the same operating points OP. #1, #3 and #4. Therefore, at the normal
operating range (OP #1) the trajectory of air bubbles is straight inside the guide vanes channel,
and becomes slightly unstable in the wake of the neighboring guide vane. At runaway (OP.
#3), the flow becomes more disturbed, as evidenced by the scatter of air bubbles, whereas at
low discharge (OP. #4) and during the passage of the rotating stall, part of injected air is found
upstream to the injection site, suggesting the occurrence of backflow.

As shown in Figure 6.10, one stall cell travels with the impeller at sub-synchronous speed at
low discharge operating condition (OP. #4). Assuming a constant rotating stall speed and the
same induced pressure fluctuations amplitude in the whole vaneless ring, a time distribution of
the phenomenon can be represented as a space distribution by placing images for one rotating
stall period with appropriate phase shift. This allows us to obtain a synthetic instantaneous
view of the flow state in the entire guide vanes circumference. A specific image processing is
performed on high-speed movie, at low discharge operating point (OP. #4). Figure 7.3 presents
the schematic representation of image processing operations carried out in order to create the
synthetic flow visualization over the entire guide vanes circumference. The programming is
performed within MATLAB environment.
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The procedure of image processing can be described as follows: firstly, the high-speed flow
visualization movie for OP. #4 is imported in the form of pictures, frame-by-frame, in a 3D
vector; secondly, the perspective of images is corrected with an angle of 15°. The air bubbles
are injected through the aperture placed in the guide vanes channel — sensor position Gyss (see
the position of the aperture in Figure 4.9). The coordinates of the pressure Sensors Rgs and
Ry61 are recovered from images in pixel units, in the Oxy coordinates system (see Figure 7.3).
The rotation center, C, in pixel coordinates, is then computed knowing the 18° angle between 2
wicket gates. A mask is used in order to extract, from images, only one guide vane and the
corresponding adjacent channel containing the air injection aperture. The coordinates of A}, A,
and A; points, in pixel units, are recovered from the images. Then, their periodic correspondent
points, respectively By, B, and Bs, are calculated. The slopes of the A;A; and A,As, B|B, and
B,B; lines respectively, are computed and used in order to define the periodic limits of the
mask. A new coordinates system O’x’y’ is then defined in accordance with the new global
image sizes, H’ and L’. The rotation center of the machine, C, is placed in the center of the
new created global image. The final step consists in extracting 20 processed images from one
rotating stall period and placing them on the final global figure so as to cover the entire guide
vanes circumference. A radial mask is applied in order to cut the interior and exterior sides of
the guide vanes circumference. Through the repetition of this procedure for each movie time
step, a high-speed synthetic flow visualization of the rotating stall evolution in the entire guide
vanes circumference is obtained. The result for one time step is illustrated in Figure 7.4.
Readers should also know that the impeller is placed in the center of the figure at its real
position. A contour plot of the low-pass filtered pressure fluctuation (the rotor-stator
interaction fluctuations are filtered) for the Sensor R4, placed in the vaneless gap downstream

HI/2 RC_ME‘ RC_Mi
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1 + RC7560
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Figure 7.3: Schematic of image processing operations carried out in order to create the
synthetic flow visualization over the entire guide vanes circumference, [55]
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Figure 7.4: Instantaneous synthetic flow visualization of the rotating stall evolution in the full
guide vanes ring and vaneless gap for low discharge operating condition at 10° opening, [53]

the air injection aperture, is represented between the guide vanes and the impeller for one
rotating stall period. The rotor-stator interaction pressure component cannot be appropriately
spatially represented since its frequency is not a multiple of the rotating stall frequency. The
pressure contour is in accordance with the flow visualization for each angular position. The
injected air bubbles are visible only on a half of the circumference when the air pressure
exceeds the pressure inside the flow. Therefore, in accordance with the pressure fluctuation
contour as well, no bubbles are visible in the channels among the guide vanes from number 6
to number 18. The channels among the guide vanes from number 18 to number 14 show the
state of the flow at the end of the stall passage. Vortices and backflow dominate the flow
pattern. Once the rotating stall is crossed (channels among guide vanes from number 14 to
number 6), the flow returns, step by step, to a uniform pattern. In the channels among guide
vanes number 9 to number 6, the flow is even similar with the one in the normal operating
range (see Figure 7.1 - OP. #1). The related visualization technique is interesting because it
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allows us to create a global view of the flow pattern in the entire guide vanes region without
employing a transparent wall on the whole circumference, which, for obvious mechanical
resistance reasons, is not realistic. Moreover, the draft tube presence would restrain the visual
field.

The shortcoming given by the air bubbles absence that occurs when the pressure is too high,
could be eliminated by adjusting the injected air pressure level at each moment, in accordance
with the pressure in the flow. The challenge is given by the need of injecting the minimum
volume of gas for an optimum visibility. The injection procedure must be performed quickly.
This is due to the fact that by working at almost no-discharge condition, the gas introduced in
the flow remains inside the model.

7.2 Tuft Visualization

7.2.1 Visualization in the Guide Vanes

High-speed tuft visualizations are made with the help of $0.14 mm fluorescent wires fixed on
the midspan of one guide vane, on the top cover in the adjacent guide vanes channels and in
the vaneless gap close to the rotor-stator interface (see Figure 7.5). The images are acquired
through a transparent Plexiglas window from the bottom side. In no-flow condition, the wires
are oriented perpendicular to the support surface, whereas in flow condition, they are attached
to the wall in the direction imposed by the flow. Anyway, it is assumed that the wires fairly
follow the streamlines with almost no effect on the flow itself.

Figure 7.5: The position of the fluorescent wires on the midspan of one guide vane as well as
on the top cover in the adjacent guide vanes channels and in the vaneless gap

To assess the flow trajectory in the guide vanes at the normal operating range, runaway, low
discharge and reverse pump conditions at 10° guide vanes opening and 20 m head, one image
out of twenty is extracted from the high-speed tuft visualizations during 3 impeller revolutions
at 10000 fps, and then superposed (see Figure 7.6). As a consequence, at the normal operating
range, the wires orientation is straight inside the guide vanes channel. At runaway, the flow
becomes more disturbed, as evidenced by the scatter of wires. Moreover, a lower flow velocity
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Normal operating rang Runaway Low discharge Reverse pump
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Figure 7.6: Superposition of tuft visualizations in the guide vanes during 3 impeller revolutions
for the normal operating range, runaway, low discharge and reverse pump conditions at 10°
guide vanes opening

Figure 7.7: Superposition of tuft visualizations in the guide vanes during 3 impeller revolutions
for the low discharge operating condition at 5°, 10° and 18° guide vanes opening
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is evidenced by the position of wires on the guide vane suction side. At low discharge and
during the passage of the rotating stall, the wire placed in the guide vanes channels suggests
the occurrence of backflow. In addition, the history of wires position on the guide vane suction
side indicates no-flow condition during the rotating stall passage. To conclude, in reverse
pump mode, the wires placed in the guide vanes channel and on the guide vane suction side
indicate a pumping mode flow, whilst the wires placed in the vaneless gap between the
impeller and the guide vanes and on the guide vane pressure side, are oriented towards the
flow in turbine mode. Hence, in such condition, the flow changes its direction between the
downstream and the upstream side of the guide vanes, from the turbine to the pumping mode
respectively.

Figure 7.7 shows the superposition of tuft visualization images captured during 3 impeller
revolutions for the low discharge operating condition at 5°, 10° and 18° guide vanes opening.
At 5° guide vanes opening the characteristic curve is not positive sloped at runaway and
turbine brake mode. Consequently, as mentioned in the previous chapter, no rotating stall
development is detected with the pressure fluctuations in the stator. This statement is actually
confirmed by the wires at 5° guide vanes opening since their position indicates only the turbine
mode flow direction. In contrast, however, at 10° and 18° guide vanes opening the wires
position evidences backflow in the guide vanes channels when operating at low positive
discharge condition in the positive sloped part of the characteristic.

The low discharge condition at 10° guide vanes opening (OP. #4) is now considered. The tuft
visualizations are performed along with the pressure measurement at the rotor-stator interface
(sensor location Rys,). In Figure 7.10, the original signal of the pressure coefficient fluctuation
at the location Ry, is plotted for one rotating stall period. The low-pass filtered signal related
to the rotating stall is also displayed. Then, the low-pass filtered signal at the location R,
placed in front of the guide vanes channel captured in the tuft visualizations, is estimated from
the signal at the position Ry, knowing the rotating stall speed and the sensors angular
position. For each phase from m/4 to m/4 radians of one rotating stall period, the tuft
visualization images are extracted from the whole high-speed recording and then superposed.
Finally, from the tuft visualizations in the guide vanes synchronized with the pressure
fluctuation during one rotating stall period, in can be observed that, during the pressure
increase (0 to /2 and 37w/2 to 2x phases), the wires position indicates a normal turbine mode
flow, whereas during the pressure decrease (phases from n/2 to 3m/2), the wires position
suggests the backflow presence in the guide vanes channel.

7.2.2 Visualization at the Impeller Outlet

As illustrated in Figure 7.8, high-speed tuft visualizations, along with the pressure
measurements in the stator, are carried out with the help of ©0.14 mm fluorescent wires fixed
on the impeller blades suction side close to the leading edge. The images are acquired through
the transparent draft tube cone made of Plexiglas. In no-flow condition, the wires are oriented
perpendicular to the support surface, while in flow condition they are attached to the wall in
the direction imposed by the flow. Anyway, being placed in the rotating frame, the wires give
the direction of the relative velocity .
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Figure 7.8: Schematic of synchronization between tuft visualizations at the impeller outlet and
pressure measurements at the rotor-stator interface for low discharge condition
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Figure 7.9: Superposition of wires position at the impeller outlet during 1 impeller revolution
for the normal operating range, runaway, low discharge and reverse pump mode conditions at
10° guide vanes opening
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The superposition of wires positions extracted from the 9 impeller blades during one impeller
revolution for the normal operating range, runaway, low discharge and reverse pump mode
conditions at 10° guide vanes opening is provided in Figure 7.9. The wires are manually
redrawn for a better visibility. If at the normal operation and runaway conditions the wires
positions indicate a normal turbine mode flow direction in every impeller channel, they
evidence backflow for all the impeller channels for the reverse pump mode condition. At the
low discharge operating condition, the wires positions indicate five impeller channels with
positive discharge and four impeller channels experiencing negative discharge.

In Figure 7.8, knowing the angular position of the impeller at the digital tachometer signal
recording rising edge, synchronized with the high-speed tuft visualization at the impeller
outlet, a blade-to-blade representation of the midspan section through the stator and the
impeller shows that the impeller channel captured in the camera visual field is placed in front
of the sensor location Ry7;. At the low discharge operating condition for 10° guide vanes
opening (OP. #4), the tuft visualizations along with the pressure measurement at the sensor
location Ry, are available. Thereby, in Figure 7.11, the original signal of the pressure
coefficient fluctuation at the location Ry, is plotted for one rotating stall period. The low-pass
filtered signal related to the rotating stall is also displayed. Furthermore, the low-pass filtered
signal at the location Ry, placed in front of the impeller channel captured in the tuft
visualization at the impeller outlet, is estimated from the signal at the position Rg7;, knowing
the rotating stall speed and the sensors angular position. The wires position at eight different
phases during one rotating stall period is extracted from the high-speed tuft visualization
recording. It can be observed that, during the pressure increase (0s; to Os; and Og¢ to Osg
phases), the wires position indicates a normal turbine mode flow, whereas during the pressure
decrease (phases from 0g; to Ogs), the wires position suggests a negative discharge in the
impeller channels.

Accordingly, the high-speed tuft visualizations in the guide vanes and at the impeller outlet
synchronized with the pressure measurements in the stator, evidence the occurrence of
backflow during the rotating stall passage, not only in the guide vanes channels but also at the
outlet of the impeller channels. These findings support the idea that the backflow developed in
the guide vanes channels during the rotating stall passage is the result of an alternate switch
between the generating and pumping modes of the impeller channels. In other words, the
impeller channels affected by the so-called rotating stall (about half of them) operate in
pumping mode, whilst the rest of the impeller channels (the other half) work in turbine mode,
the resulting overall discharge being slightly positive.
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Chapter 8

Velocity in the Guide Vanes

8.1 Velocity Mean and Standard Deviation

Velocity measurements in the guide vanes along with pressure measurements in the stator have
been performed. They concerned the normal operating range, runaway, low discharge and
reverse pump mode conditions in generating mode at 5°, 10° and 18° guide vane opening
respectively. Because the fact that the stay- and guide vanes made of Bronze CuSnl2 are
replaced by Plexiglas ones, the test head is limited to 5 m for obvious mechanical resistance
reasons. As illustrated in Figure 4.12 and Figure 8.1, the laser sheet is brought in the PIV
camera visual field through the transparent stay- and guide vanes at the stator midspan section.
The pressure measurements at positions Gys7, Rg7 and Rygg are available.

One thousand velocity vector maps are derived from the cross-correlation of the two
consecutive frames on interrogation areas of 32x32 pixels with an overlap of 50% in both
positive and negative directions of the x and y axes. Figure 8.2 presents the grid of the
resulting velocity vectors positions (after the mask application) and the defined discharge

Camera visual field O

Plexiglas stay- and
guide vanes

Figure 8.1: Schematic of PIV measurements setup in the stator midspan section
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Figure 8.2: The grid of the resulting velocity vectors positions and the defined discharge
survey sections at 10° and 18° guide vanes openings

survey sections at 10° and 18° guide vanes openings respectively.

The normal operating range, runaway, low discharge and reverse pump mode conditions in
generating mode at 10° guide vanes opening and 5 m head are considered. In Figure 8.3, the
mean velocity vector fields superposed to the mean velocity contours, scaled with the
circumferential velocity at the impeller inlet U;, show a relatively uniform flow in both the
guide vanes and the vaneless space for the normal operating range and runaway conditions.

[Normal operating range ,

0 01 02 03 04 05 06 07 08 09 1

Figure 8.3: Mean velocity vector fields and contours for normal operating range, runaway, low
discharge and reverse pump mode conditions at 10° guide vanes opening and 5 m head
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Figure 8.4: Contours of velocity C, standard deviation (STD) for normal operating range,
runaway, low discharge and reverse pump mode conditions at 10° opening and 5 m head

By contrast, a large difference on the flow speed between the guide vanes upstream and
downstream sides is observed at the low discharge and reverse pump mode conditions.
Moreover, in the case of the reverse pump mode, the direction of the velocity vectors indicates
a pump mode flow in the guide vanes upstream side, opposite to the one in the vaneless space.
Indeed, a large recirculation vortex is developed in the guide vanes channel.

As readers can observe, in Figure 8.4 the standard deviation (STD) of the velocity C, (see the
direction of velocity components in Figure 8.2) scaled with the circumferential velocity at the
impeller inlet U;, indicates large radial velocity fluctuations for runaway, low discharge and
reverse pump mode conditions at the same 10° guide vanes opening. In addition to this, the
presence of backflow in the guide vanes channel is evidenced for low discharge and reverse
pump mode conditions.

Finally, the average flow streamlines illustrated in Figure 8.5 show a similar flow pattern in the
guide vanes upstream region between the normal operating range, runaway and low discharge
conditions. By contrast, readers can notice a major change of the flow direction in the vaneless
space when the impeller speed is increased from the normal operating range to the runaway,
low discharge and reverse pump mode conditions. Thereby, at the low discharge and reverse
pump mode, the flow in the vaneless space is found to be almost tangential to the impeller.
Moreover, in the particular case of reverse pump mode, as already specified, a large
recirculation vortex developed in the guide vanes channel ensures the change of flow direction
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from the turbine to the pumping mode (between the vaneless gap and guide vanes upstream
side). The presence of this vortex in reverse pump mode operation is anyway remarked for all
the tested guide vanes openings (5°, 10° and 18° respectively) as illustrated in Figure 8.6.

'Runaway

Figure 8.5: Resulting average velocity streamlines for normal operating range, runaway, low
discharge and reverse pump mode conditions at 10° guide vanes opening and 5 m head

Figure 8.6: Resulting average velocity streamlines for reverse pump mode operating condition
at 5°, 10° and 18° guide vanes openings and 5 m head
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Figure 8.7: Mean velocity vector fields and contours for low discharge operating condition at
5°, 10° and 18° guide vanes openings and 5 m head
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Figure 8.8: The contours of velocity C, standard deviation (STD) for low discharge operating
condition at 5°, 10° and 18° guide vanes openings and 5 m head

Considering the low discharge operating condition at 5 m head, the magnitude of the absolute
mean velocity fields, divided to the circumferential velocity at the impeller inlet U;, decreases
as the guide vanes opening angle from 5° to 10° and 18° increase (see Figure 8.7). The
standard deviation of the velocity C,, scaled with the circumferential velocity at the impeller
inlet U;, indicates in Figure 8.8, the presence of backflow in the guide vanes channel only for
10° and 18° guide vanes openings. This is also confirmed by the pressure measurements in the
stator, since any rotating stall is detected at 5° guide vanes opening angle when operating in
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the S-region of the characteristic. To conclude, from the average flow streamlines illustrated in
Figure 8.9, readers should notice that the stagnation point moves on the guide vane pressure
side toward the leading edge with the opening increasing from 5° to 10° and to 18°.

Figure 8.9: Resulting average velocity streamlines for low discharge operating condition at 5°,
10° and 18° guide vanes openings and 5 m head

8.2 Fluctuations during the Stall Passage

One thousand velocity fields are acquired at a time interval Tpy = 0.75 s longer than the
rotating stall rotational period. Thereby, to reconstruct the flow field evolution during one
rotating stall passage, the velocity vectors must be arranged according to the rotating stall
phase. The low discharge operating condition at 10° guide vanes opening and 5 m head is first
considered. The pressure fluctuation at the rotor-stator interface (sensor location Ryy — see
Figure 8.1), recorded along with the PIV measurements, is used to compute the rotating stall
instantaneous phase of the PIV visual field by employing the method described in Section
6.2.1 - Pressure Fluctuations into the Stator. Then, as illustrated in Figure 8.10, the photodiode
signal, which gives the PIV acquisition trigger, is used to recover the rotating stall
instantaneous phase associated to every PIV capture along with the values of the original and
the low-pass filtered pressure at the Ryo9 location.

In the next step, a guide vanes channel discharge coefficient is computed on the already
defined survey section (see Figure 8.2) by adopting the procedure explained in the following
lines.

Knowing the velocity C and the surface normal 7, the discharge Q of a surface S is:

Q=|C-ii-ds 8.1)
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Figure 8.10: Rotating stall phase identification for each PIV capture for the low discharge
operating condition at 10° guide vanes opening and 5 m head, using the pressure fluctuation at
the rotor-stator interface (Sensor Ry - see Figure 8.1) synchronized with the photodiode signal

When looking at Figure 8.11, if we consider a uniform flow on the whole height b of the guide
vanes channel, for every section S; of width /;, the discharge Q; may consequently be
estimated as:

O =1-b-C/ =I-b-C, (8.2)
The instantaneous guide vanes channel discharge becomes:
QGV=ZQI‘* zz.b.Zci* (8.3)
i=1 i=l

The average guide vanes channel discharge Q. over the N=1000 PIV captures and its relative
error &g, (with Qinier — the average discharge at the spiral casing inlet) may be computed as:

— 1 N 1 * l'b N & o

0, =310 |-LES S (5.4
N3 = N ‘T35

EQGV = ZOQGK_QinlL)t , Wlth Zo = 20 (85)

inlet
Despite the fact that neither the boundary layer nor the 3D flow aspects are considered, the
values of the average guide vanes channel discharge relative error obtained by PIV
measurements, provided in Table 8.1, for the low discharge operating condition at 10° and 18°
guide vanes openings respectively, for 5 m head, are in an acceptable range.
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Discharge survey
section

Figure 8.11: Schematic representation of the discharge survey section and the orientation of
velocity used to estimate the discharge in the guide vanes channel using the PIV measurements

Guide vanes opening a=10° a=18°
Eoer 0.4931 0.7702

Table 8.1: The relative error of the average guide vanes channel discharge
obtained from the PIV measurements for the low discharge operating condition
at 10° and 18° guide vanes openings respectively, for 5 m head

3 [
+++ Sensor Rsgo - original signal|

0 T2 T 3T/2 2T

= = = Guide vanes channel discharge coefficient ‘

_1 | .
[] “Qev
-2

0 T2

Os [rad]
3T/2 2T

Figure 8.12: Pressure and guide vanes channel discharge coefficients fluctuation of
reorganized PIV sequences during one stall period for low discharge operating
condition at 10° guide vanes opening and 5 m head — OP. #4
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The guide vanes channel discharge coefficient is obtained from the following relation:

- z~b2c O YD Y e
Oy = 5 & = Nigha | VoA (8.6)
o ZZ *ZZ

J=1 i=l jlll

Finally, the one thousand velocity fields are arranged by the rotating stall instantaneous phase
in ascending order over one period (65 = 0=2m). The same procedure is however repeated for
the low discharge operating condition at 18° guide vanes opening and 5 m head case. Thereby,
Figure 8.12 and Figure 8.13 respectively, provide the synchronized fluctuation of pressure and
guide vanes channel discharge coefficients, during one rotating stall period, for the low
discharge condition at 10° and 18° guide vanes openings, resulting from the reorganized PIV
sequences. In both 10° and 18° opening cases, a phase shift of about n/2 between the guide
vanes channel discharge and pressure fluctuations, during the rotating stall passage, is noticed.
Indeed, this finding confirms the hydrodynamics of the rotating stall passage in the guide
vanes observed with the high-speed visualizations: the increase of pressure in the guide vanes
channels is associated with a flow in normal turbine way, the channels being overloaded, while
the decrease of pressure is combined with a reduced and even with a negative discharge, the
flow structure being similar to the one in reverse pump mode.

+++ Sensor Rsoo - original signal }

| |
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[P o
-~ &8

& 2
- c ° b
e

‘ 0.1712*sin(0s) + 0.0148"sin(2*0s+4.697) + 0.0136

0 T2 3T/2 27

-

o = o Guide vanes channel discharge coefficient
Fﬂ —
m B

2 [1. 199*S|n(95+1 277) + 0.075%in(2°05-0.247) |

‘ poor validation of velocity vectors |

-1 L o . . :

E-] | = EE & u ".- T o o 7
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Figure 8.13: Pressure and guide vanes channel discharge coefficients fluctuation of
reorganized PIV sequences during one stall period for low discharge operating
condition at 18° guide vanes opening and 5 m head
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The average velocity vectors and streamlines in the guide vanes region, at different phases,
during one rotating stall period, are illustrated in Figure 8.14 through Figure 8.17 along with
the low-pass filtered pressure coefficient fluctuation at the rotor-stator interface (Sensor Ryo)
for the low discharge operating point at 10° and 18° guide vanes openings respectively, for 5
m head. At the same rotating stall phase, the flow field is similar for both 10° and 18° guide
vanes opening cases. Hence, during the pressure increase (0 to n/2 and 37/2 to 2n phases), the
velocity vectors and the streamlines show a normal turbine mode flow. By contrast, during the
pressure decrease (phases from n/2 to 3m/2) the flow field indicates outflow at the impeller
inlet associated with the presence of a large recirculation vortex in the guide vanes channel,
which is similar to the one in reverse pump mode.

To sum up, the PIV measurements in the guide vanes region synchronized with the pressure
measurements at the rotor-stator interface evidence outflow at the impeller inlet associated
with backflow, in the guide vanes channels, during the rotating stall passage, when operating at
the low discharge operating condition on the positive-sloped region of the characteristic curve.
This flow state turned out to be similar to the one in reverse pump mode. Moreover, it is found
that the pumping phenomenon in the guide vanes channels is performed with the help of a
large vortex. This is the way the flow may change the direction by 180° from the vaneless gap
to the upstream side of guide vanes. In other words, the impeller and guide vanes channels
affected by the so-called rotating stall (about half of them) operate in pumping mode, whilst
the rest of the impeller channels work in turbine mode, the resulting overall discharge being
slightly positive. More precisely, the flow alternates between the turbine and reverse pumping
modes with the rotating stall revolution.
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Chapter 9

Numerical Simulation Validation

The validation consists in verifying the pertinence of numerical solutions, with the help of
experimental results, in both quantitative and qualitative aspects. On the one hand, the speed,
discharge and torque factors obtained through numerical simulation are compared with the
experimental values for the normal operating range (OP. #1), runaway (OP. #3) and low
discharge (OP. #4) operating points at 10° guide vanes opening angle (see Figure 9.1 and
Table 9.1). The discharge and the impeller speed are imposed to the numerical simulation

0.15 0.2
E'] QEDo o o o ['] TEDO o o
0.1 © ) o 0.1 © o °
[ normal operating range ° "B,
\ normal operating range o,
0.05 - E 1
:
[e] . .I'
0 low discharge 0.1} o Experiments low discharge | ©
-+ Numerical simulation n °
Neo ED
-0.05 o -02 - . . .
0 0.05 0.1 0.15 0.2 0.25 [-] 0.3 02, 0.05 0.1 0.15 0.2 025 [-] 0.3

Figure 9.1: Validation of numerically investigated operating points at 10° guide vanes opening

Operating point Factor Experiments = Numerical simulation &
Normal operating range Ngp 0.1933 0.2010 0.0383
(OP. #1) Qep 0.0995 0.1034 0.0377
Tep 0.0680 0.0723 0.0595
Runaway Ngp 0.2421 0.2320 -0.0435
(OP. #3) Qep 0.0449 0.0431 -0.0418
Tep 0.0003 0.0112 0.9732
_ Ngp 0.2324 0.2251 -0.0324
LO\EVO(;S;}Erge Qep 0.0148 0.0144 -0.0278
Tep -0.0226 -0.0075 -2.0133

Table 9.1: Validation of numerically investigated operating points at 10° guide vanes opening
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Figure 9.2: Numerical vs. experimental pressure fluctuations at
normal operating range condition (OP. #1)
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Figure 9.3: Numerical vs. experimental pressure fluctuations at runaway condition (OP. #3)
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Figure 9.4: Numerical vs. experimental pressure fluctuations at
low discharge condition (OP. #4)
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setup, whereas the impeller torque and the specific energy depend on the flow and
hydrodynamic forces calculated through the simulation. The values of these factors, which
were obtained numerically, are fairly similar to the experimentally measured ones. On the
other hand, static pressure monitor points in the stator and impeller have been set at the same
location as in experiments in order to perform a meaningful comparison. Figure 9.2, Figure 9.3
and Figure 9.4 respectively, present the comparison of the pressure coefficient fluctuations at
different locations, starting from the stay vanes up to the draft tube cone, at the wall of both
stator and impeller, in time and frequency domains, between the numerical simulation and
experiments for the normal operating range, runaway and low discharge operating conditions.

Figure 9.5: Evidence of two vortex ropes developed in the draft tube cone at the normal
operating range condition (OP. #1) in both the experiments and numerical simulation

At the normal operating range - OP. #1 (Figure 9.2), the rotor-stator interaction frequency
(9-f,) and its harmonics are the dominant components in the spectrum for both numerical and
experimental results. However, the amplitude of pressure fluctuations is larger when being
close to the rotor-stator interface and slightly over predicted in the stator compared to the
experiments. Moreover, a not well-defined frequency component, lower than the impeller
frequency, is captured both in the numerical simulation and in the experiments. This
component represents the result of two helical vortex ropes developed at the impeller outlet, as
illustrated in Figure 9.5.

At runaway - OP. #3 (Figure 9.3), the amplitude of pressure fluctuations has the same
magnitude in the stator and in the impeller, for both experimental and numerical results.
Despite the fact that the rotor-stator interaction frequency and its harmonics remain the
predominant components of the pressure fluctuations, it is possible to identify a low frequency
component of 0.53-f;, (in numerical simulation) and 0.66-f; (in experiments) respectively. As
evidenced in Part III - Experimental Investigation Results, this low frequency component
corresponds to the onset of one rotating stall cell in the vaneless space between the impeller
and the guide vanes. However, the amplitude of pressure fluctuation related to the rotating stall
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passage is larger in the numerical simulation than in the experiments. As for the frequency, it
is lower in the simulation than in the experiments.

At low discharge condition - OP. #4 (Figure 9.4), the pressure fluctuations amplitude is in the
same order of magnitude both in the stator and in the impeller regions. Nevertheless, the low
frequency component of about 0.7-f,, which dominates the pressure fluctuations in the

Normal operating range - OP. #1

Numerical simulation

Figure 9.6: Velocity streamlines on the guide vanes region at the midspan section
obtained by PIV measurements and numerical simulation
at the normal operating range for 10° guide vanes opening (OP. #1)

Low discharge - OP. #4

e

Experiments

Numerical simulation
= ———

Figure 9.7: Velocity streamlines on the guide vanes region at the midspan section
obtained by PIV measurements and numerical simulation
at the low positive discharge condition for 10° guide vanes opening (OP. #4)
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experiments, is not well defined in the numerical simulation. What should be noticed is that,
even simulating a very unstable operating point as the low discharge condition, the pressure
fluctuations fit relatively well the ones obtained in the experimental investigation although the
low frequency component is not precisely predicted. In fact, the operating condition created in
the numerical simulation seems similar to the zero discharge condition, where the rotating stall
disappears in the experiments.

Finally, the PIV measurements are used to qualitatively validate the flow pattern in the guide
vanes region obtained by numerical simulation. Thereby, as appears in Figure 9.6, the velocity
streamlines on the guide vanes region at the midspan section obtained by numerical
simulation, at the normal operating range condition (OP. #1), fit well the ones obtained by PIV
measurements.

At the low discharge condition (OP. #4), for an overloaded (top) and a blocked (bottom) guide
vanes channel, the velocity streamlines illustrated in Figure 9.7 fit relatively well between the
PIV measurements and the numerical simulation. Nevertheless, if, in experiments half of the
guide vanes circumference operate in turbine mode and the other half in reverse pump mode,
the channels affected by backflow are not consecutive although they are mixed with the ones
operating in normal turbine way. This is due to the fact that the rotating stall is not well
organized in the numerical simulation.

To conclude, the onset of the rotating stall phenomenon is experimentally found at runaway
and is fully developed toward zero discharge operating condition. However, this phenomenon
is not accurately caught at low discharge condition in the numerical simulation. The
differences between the numerical and the experimental results found in the pressure may be
explained through the presence of major flow separations, especially in the impeller, which is
difficult to be simulated with RANS or hybrid RANS-LES methods. Nevertheless, from a
qualitative perspective, the numerical simulation results provide readers with important
information about the description of the flow pattern under off-design circumstances, in which
flow separation that occurs in the impeller channels and vaneless gap between the impeller and
the guide vanes, leads to the development of one rotating stall.
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Chapter 10

Flow Analysis at Off-Design Conditions

10.1 Quantitative Analysis

The pressure fluctuations near the rotor-stator interface (Sensor Ry;) for normal operating
range, runaway and low discharge operating conditions are presented in Figure 10.1. The blade
passing frequency and its harmonics are the dominant components and, more importantly, the
amplitude of pressure fluctuations at runaway and low discharge is almost five times larger

than at the normal operating range. Moreover, as already noticed in the numerical simulation
validation chapter, a low frequency component, of 0.53-f, is identified for the runaway
operating point. Conversely, at the low discharge operating condition, the low frequency
component appears in the pressure fluctuations spectra, but it is not well defined.

Pressure fluctuations - sensor Rs61
Cp Normal operating range - OP. #1

LAARAAAARAR A RARARAAAAAARRAAARARAARAAAARAAAARARARADAA)

IRunawayl -OP. #3

Impeller reyolutions
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Pressure fluctuations spectra - sensor Rsé1
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Figure 10.1: Normal operating range vs. off-design pressure fluctuations at the rotor-stator
interface (Sensor Ry) in the numerical simulation
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Time-space-amplitude representations of the pressure fluctuations on the entire rotor-stator
interface circumference for the normal operating range, runaway and low discharge conditions
are provided in Figure 10.2. What can be observed is that, at runaway condition, one rotating
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Figure 10.2: Normal operating range vs. off-design pressure fluctuations
at the rotor-stator interface
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Figure 10.3: Normal operating range vs. off-design guide vanes torque coefficient fluctuations
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stall cell travels with the impeller at subsynchronous speed (0.53-f,) and induces the same
fluctuation amplitude in the whole vaneless ring. Moreover, the counter phase fluctuation of
the low-pass filtered pressure, for two diametrically opposed positions on the rotor-stator
interface, evidences the rotation of one stall source (see the bottom right plot in Figure 10.2).
However, at the low discharge condition, no organized rotating stall can be identified from the
pressure fluctuations in the vaneless gap between the impeller and the guide vanes.

:—ZO(TgV_TgV), with z, =20

In Figure 10.3, at runaway, the amplitude of the guide vanes torque coefficient fluctuation
(equation (10.1)) is found to be about 100 times larger than at the normal operating range, and
about 10 times larger than at low discharge condition. In addition, the development of the
rotating stall phenomenon at runaway condition is also visible in the guide vanes torque
fluctuation.

Discharge survey sections are defined in the impeller channels as illustrated in the upper right
side of Figure 10.4. Time history of the relative discharge in the impeller channels, computed
with equation (10.2), reveals fluctuations amplitude that are 20 times larger at runaway and

low discharge than at the normal operating range condition (see Figure 10.4). Furthermore, the
same plots show the development of the rotating stall at runaway.

Qch _ ZbQich _Qinlet , Wlth Z}, :9 (102)

inlet

L, (10.1)

]OP. #1 - normal operating range ‘
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[-] | Qich W
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Figure 10.4: Normal operating range vs. off-design discharge fluctuations
in the impeller channels
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At any moment, half of the impeller channels exhibits a larger discharge than the average,
whereas the remaining ones are partially blocked. It must be mentioned that, in the rotating
frame, the stall cell rotates at about 47% of the impeller speed.

In Figure 10.5, the amplitude of the impeller blades torque coefficient fluctuation (equation
(10.3)) 1s found to be about 50 times larger at off-design than at the normal operating range
condition. Moreover, if the rotor-stator interaction frequency (20-f,) is easily visible for each
case, no low frequency component related to the presence of the rotating stall can be observed.
However, this may come from the fact that the hydrodynamic forces, thus the torque, are not
well predicted with the SAS-SST turbulence model when the flow separation phenomenon
occurs.

Zb(z;y_z_;)

T,= , with z, =9

&

_ 10.3
T (10.3)
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Figure 10.5: Normal operating range vs. off-design impeller blades torque coefficient
fluctuations

To sum up, the quantitative analysis of the numerical simulation results shows that the pressure
fluctuations in the vaneless space between the impeller and the guide vanes as well as the
discharge fluctuations in the impeller channels are much more important at off-design
condition compared to the normal operating range. Moreover, at runaway the development of a
subsynchronous rotating stall is detected in the guide vanes and in the impeller channels. By
contrast, at the low discharge condition, the rotating stall development is not well predicted.
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10.2 Qualitative Analysis

Contours of instantaneous velocity, pressure, vorticity, velocity vectors as well as streamlines
are represented on the midspan of the stator and impeller in order to highlight the flow
unsteadiness at off-design conditions in comparison with the normal operating range. Figure
10.7 presents a first global view of the flow field in the whole reduced scale model water
passage, from the spiral casing inlet up to the impeller outlet, with the help of instantaneous
velocity streamlines on the midspan section. By comparing the normal operating range with
the low discharge condition, it is possible to observe that the source of the flow unsteadiness is
mainly located in the impeller channels when operating at off-design conditions in generating
mode.

Normal operating range - OP. #1

Velocity Radial [-]
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Figure 10.6: Instantaneous radial velocity contour and vectors on the rotor-stator interface
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Normal operating range - OP. #1

Low discharge - OP. #4 |

Figure 10.7: Instantaneous velocity streamlines on the midspan section from the spiral casing
inlet up to the impeller outlet

EPFL — Laboratory for Hydraulic Machines



Chapter 10. Flow Analysis at Off-Design Conditions 129

[ Runaway - OP. #3
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Figure 10.8: Instantaneous relative velocity streamlines on the impeller midspan

EPFL — Laboratory for Hydraulic Machines



130 IV. Numerical Investigation Results

q Normal operating range - OP. #1 |

Relative velocity [-]
1.00
0.88
0.75
0.62
0.50
0.38
0.25
0.12
0.00
-0.12
-0.25
-0.38
-0.50
-0.62
-0.75
-0.88
-1.00

*| Low discharge - OP. #4

Yo I 0.200 0.400 (m)

0.100 0.300

Figure 10.9: Instantaneous relative velocity vectors on the impeller midspan

EPFL — Laboratory for Hydraulic Machines



Chapter 10. Flow Analysis at Off-Design Conditions 131

| Normal operating range - OP. #1

| Runaway - OP. #3 |

Figure 10.10: Instantaneous vorticity field on the stator and impeller midspan section
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Figure 10.11: Instantaneous pressure field around the rotor-stator interface
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Figure 10.12: Instantaneous pressure field and relative velocity 3D streamlines in the impeller
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Focusing on the impeller, both the instantaneous relative velocity streamlines (Figure 10.8)
and the instantaneous relative velocity vectors field on the impeller midspan, normalized with
the circumferential velocity at the impeller outlet (Figure 10.9), show that, at the normal
operating range, the flow follows the impeller blades profile. In contrast, at off-design
conditions, the flow in the impeller is dominated by separation at the inlet and recirculation
inside the channels. Moreover, the radial velocity vectors, which are normalized with the
discharge velocity at the impeller outlet, reveal irregular backflow on the rotor-stator interface
at the runaway and low discharge operating conditions (see Figure 10.6).

[ Runaway - OP. #3 |

[ 0050 0.100 (m)
e

Figure 10.13: Instantaneous action lines on walls of two consecutive impeller channels

The contour of the instantaneous vorticity ., defined by equation (5.19), and pressure
coefficient (equation (10.4)), around the rotor-stator interface at the midspan section (Figure
10.10 and Figure 10.11, respectively) and the instantaneous relative velocity 3D streamlines in
the impeller (Figure 10.12) come to enforce the idea that, at runaway and low discharge
conditions, the impeller inlet is dominated by separated flow. Consequently, heterogeneous
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backflow cells develop in the vaneless space between the impeller and the guide vanes, as well
as in the impeller channels.

_ PPy

c , D; - average static pressure at the impeller outlet section (10.4)

p pE

Normal operating range - OP. #1

Runaway - OP. #3

Figure 10.14: Instantaneous velocity 3D streamlines in the stay- and guide vanes channels

In Figure 10.13, the instantaneous action lines on the walls of two consecutive impeller
channels at the runaway and low discharge conditions evidence again the occurrence of flow
separation and recirculation regions inside the channels. Recirculation also occurs in the
vertical direction, as illustrated with the streamlines on the survey sections in the middle of the
impeller channels. Finally, in Figure 10.14, the instantaneous velocity 3D streamlines in the
stay- and guide vanes channels show a relatively uniform flow distribution on the channels
vertical direction at the normal operating range, contrary to the off-design conditions, where
the tridimensional character of the flow field is evidenced.
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10.3 Rotating Stall Evidence

According to Brennen [22], the rotating stall is a phenomenon occurring in a cascade of stator-
or rotor blades when they operate at high angle of incidence. Moreover, a stall zone appears on
few adjacent channels and propagates circumferentially from blade to blade at a fraction of the
rotational speed. In the case of a rotor, the stall rotates in the same direction with the impeller,
but at 50+70% of its angular velocity. In our case study, flow separation occurs at runaway and
low discharge operating conditions since the relative flow velocity angle at the impeller inlet is
strongly reduced, leading to partial blockage of the impeller channels. In Figure 10.15, Figure
10.16 and Figure 10.18, instantaneous velocity streamlines on the stator and impeller midspan
section along with the pressure at the rotor-stator interface and the impeller channels discharge
are illustrated by using a blade-to-blade view for the normal operating range, runaway and low
discharge operating conditions. If, at the normal operating range condition the flow is aligned
with the impeller blades and the discharge is relatively uniformly distributed in the impeller
channels, at the low discharge condition four impeller channels (respectively the channels with
the numbers 4, 6, 8 and 9) are found to be partially blocked, or even to pump (see the impeller
channel number 9), whereas the remaining five are overloaded.

Nevertheless, at the runaway condition, five consecutive impeller channels (respectively the
channels with the numbers 8 to 3) are found to be partially blocked, while the remaining four
impeller channels are overloaded. A stalled region over 4 to 5 impeller channels is identified
since their discharge is only at about 30% of the nominal value. The low-pass filtered pressure
distribution on the rotor-stator interface confirms the location of the stalled region with the
decrease of pressure (seen from the right to the left) in front of partially blocked impeller
channels (positions Rgso to Ry7) and the pressure increase in front of overloaded channels
(positions Ry to Ryzg). Indeed, as noticed in the PIV measurements, a phase shift of about n/2
between the guide vanes channel discharge and pressure fluctuations during the rotating stall
passage is found again. The stall region rotates in the same direction as the one followed by the
impeller, but only with about 55% of the impeller speed. In addition, the instantaneous
vorticity contour on the stator and impeller midspan section (Figure 10.17) evidences the
presence of separation vortices in the wake of stay vanes when the channels operate in normal
turbine way. By contrast, these vortices are missing during the stall passage. As regards the
presence of large separation vortices, it is observed at the impeller outlet in front of overloaded
channels.

To conclude, the main finding of the numerical investigation is that the flow in a low specific
speed radial pump-turbine operating at off-design operating conditions in generating mode is
dominated by flow separation at the impeller inlet. As noticed in the experiments, when
operating at runaway condition, an increase in the pressure fluctuations amplitude is observed
mainly in the stator. Moreover, one single stall cell is found to rotate with the impeller at
subsynchronous speed in the vaneless gap between the impeller and the guide vanes. It is the
effect of flow separation developed at the inlet of several consecutive impeller channels that
leads to their blockage.
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Figure 10.15: Instantaneous velocity streamlines on the stator and impeller midspan section along with the pressure at the rotor-

stator interface and the impeller channels discharge - normal operating range condition
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10.4 Rotating Stall Flow Pattern Summary

This work proves that the flow in a pump-turbine operating under off-design conditions in
generating mode, in the S-region, is dominated by one stall cell rotating with the impeller at
sub-synchronous speed in the vaneless gap between the impeller and the guide vanes. It is the
result of flow separation developed at the inlet of the impeller channels that leads to their
blockage. Moreover, at low positive discharge condition, the stalled impeller channels
experience reverse flow, leading to backflow and vortices development in the guide vanes
region.

From a theoretical point of view, the mean velocity triangles at the impeller inlet in generating
mode can be represented in the same way as it has been done in Figure 10.19. The £; angle is

given by the relative flow velocity at the impeller inlet Wl, whereas the o, angle is given by the

absolute velocity of the flow 51 at the guide vanes outlet. At the best efficiency point (BEP)
for 18° guide vanes opening angle, and at the normal operating range for 10° opening (OP.
#1), the mean velocity triangles are similar, while a significant difference is observed between
the mean velocity triangles for normal operating range (OP. #1) and runaway (OP. #3)
conditions. Furthermore, at low discharge condition (OP. #4) the relative flow velocity angle
diminishes even more, becoming negative in the reverse pump mode condition (OP. #5).

On the one hand, flow separation occurs at the inlet of the impeller channels at runaway
condition, degenerating in blockage for operating points in the S-region. On the other hand,
backflow cells are also developed with an alternate switch between generating and pumping
modes of the impeller channels. This is due to the large vaneless gap between the impeller and
the guide vanes at 10° opening. Moreover, this explanation is in agreement with the results of
flow visualization in the impeller of a small model Francis type pump-turbine obtained by
Senoo and Yamaguchi [126] (see Figure 10.20) as well as Hayami et al. [57].

BEP(18°) Cu G _ Runaway (OP. #3) g
o F} Ne———
c o Low disch OP. #4
C1 Wi ow disc arge (OP. #4) .

Normal operating range (OP. #1) Reverse pump (OP. #5)

Figure 10.19: Theoretical mean velocity triangles at the impeller inlet for normal operating
range and off-design operating points at 10° guide vanes opening angle

Figure 10.21 illustrates a schematic representation of the flow patterns at low discharge
operating condition (OP. #4) during the rotating stall passage. On the right side, the flow
pattern of the stalled impeller and guide vanes channels is sketched. By contrast, on the left
side, the flow pattern represents the overloaded impeller and guide vanes channels. On the one
hand, the flow separation at the impeller inlet leads to the development of a recirculation
region along with a counter-rotating recirculation vortex in the middle of the impeller channel.
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Depending on the strength of the vortices, this flow configuration, with two counter-rotating
recirculation vortices, provides both a positive and a negative discharge. The stalled impeller
channels flow pattern, which is similar to the one in reverse pump mode, is completed with a
third vortex that has the same direction as the impeller rotation. This vortex is the result of the

relative velocity direction WT. Anyway, the presence of this vortex, also noticed by Kubota
and Kushimoto [84], is evidenced by the cavitation vortices in the photograph visualized
during the reverse pump mode operation of the current reduced scale model.

a) :

Figure 10.20: The evidence of the flow separation development at the impeller inlet when
operating a reversible pump-turbine in the S-region of the generating mode characteristic:
a) impeller flow visualization performed by Senoo and Yamaguchi [126] ;

b) relative velocity streamlines at the midspan section of the impeller
in the current numerical investigation of the low discharge operating point (OP. #4)

In order to describe the hydrodynamics of guide vanes region, the flow patterns of stalled and
overloaded channels is represented, in Figure 10.22, along with the pressure and discharge
distribution related to the rotating stall development in the vaneless gap between the impeller
and guide vanes. As already noticed from the PIV measurements, the increase in pressure in
the guide vanes channels is associated with a flow in normal turbine way, the channels being
overloaded; the decrease in pressure is associated with a reduced and even a negative
discharge, the flow structure being similar to the one in reverse pump mode. This actually
corresponds to a phase shift of n/2 between the guide vanes channel discharge and the pressure
fluctuations that occurs during the rotating stall passage. Thereby, once the rotating stall is
passed, the pressure increases in the channels between the guide vanes #5 and #20, whilst the
discharge fluctuation @ is positive. Separation vortices developed in the wake of the stay vanes
move downstream and attach to the guide vanes. Anyway, the presence of these vortices is
remarked in the velocity streamlines recovered from the PIV measurements, displayed in the
upper left side photograph of Figure 10.21. When the pressure starts to decrease, the discharge
fluctuation exhibits negative values. The backflow at the inlet of stalled impeller channels
leads to the development of vortices in the guide vanes channels, which are similar to the ones
in reverse pump mode condition. Nevertheless, this reverse pump mode vortices interact with
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Stay vanes separation vortex Stay vanes separation vortex interacting
attached to guide vane with reverse pump mode guide vanes vortex
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Figure 10.22: Schematic representation of flow patterns into the stator at low discharge
operating condition (OP. #4) during the rotating stall passage

the previously generated stay vanes separation vortices, as illustrated in the channels between
the guide vanes #10 to #5. This flow state is however evidenced in Figure 10.21 with the help
of the velocity streamlines captured by PIV measurements. Moreover, in the numerical
simulation of the runaway condition, the instantaneous flow pattern on the stator and impeller
midspan section over the whole circumference sustains this scenario of the hydrodynamics
evolution during the rotating stall passage (see Figure 10.17). Since the rotating stall is not
fully developed, the impeller stalled channels do not exhibit negative discharge, and the
vortices interacting in the guide vanes region kill each other during the stall passage.
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Chapter 11

Conclusions and Perspectives

11.1 Conclusions

The present work contributes to the understanding of the hydrodynamics of a low specific
speed Francis type pump-turbine operating at off-design conditions in generating mode,
experiencing unstable operation at runaway. The reason of this instability is due to the
presence of a positive slope on the discharge-speed as well as torque-speed characteristics. The
findings of this study show that the operation in the so-called “S-shaped” region of the
characteristic is governed by flow separation developed at the inlet of the impeller channels.
Moreover, at runaway speed, the flow separation leads to the onset of one stall cell rotating
with the impeller at sub-synchronous frequency (about 70% of the impeller rotational
frequency), which further increases in intensity when moving on the positive slope of the
characteristic toward zero discharge and reverse pump conditions.

The case study is a low specific speed radial pump-turbine reduced scale model whose
characteristic curves at openings equal or greater than 7.5° exhibit a positive slope after the
runaway speed. This work focuses particularly on normal operating range, runway and very
low positive discharge operating conditions at 10° guide vanes opening angle. The methods
employed in this process are the experimental and the numerical simulation ones.

The experiments performed in this research involve: high-speed flow visualizations using
either tuft or injected air bubbles, PIV measurements in the stator, and wall pressure
measurements in both stationary and rotating frames. When starting from the normal operation
and augmenting the impeller speed a significant increase in pressure fluctuations, mainly in the
guide vanes region, is noticed. Spectral analysis of pressure measurements in the stator shows
a rise of a low frequency component (70% of the impeller rotational frequency) at runaway,
which further increases as zero discharge is approached. Analysis of the instantaneous pressure
peripheral distribution in the vaneless gap reveals one stall cell rotating with the impeller at
sub-synchronous speed. The same low frequency component, with slightly lower amplitude
compared to the rotor-stator interface location, is identified in the rotating frame pressure
measurements as well. One may notice that in the rotating frame referential, the stall cell
covering about half of the impeller circumference (4 to 5 channels) revolves at subsynchronous
frequency (about 30% of the impeller rotational frequency) in counterclockwise direction.
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When using injected air bubbles and tuft, high-speed flow visualizations reveal a quite uniform
flow pattern in the guide vanes channels at the normal operating range. In contrast, when being
at runaway, the flow is highly disturbed by the rotating stall passage. The situation is even
more critical at very low positive discharge, where backflow and vortices develop in the guide
vanes channels during the stall passage. Afterwards, a specific image processing technique
applied on the high-speed movies reconstructs the rotating stall evolution in the entire guide
vanes circumference for the low positive discharge condition.

The presence of backflow and vortices in the guide vanes channels during the stall passage is
also evidenced with the high-speed tuft visualizations. In addition, during the stall passage, the
wires position in the guide vanes as well as at the impeller outlet suggests a flow state that is
similar to the one in reverse pump mode operation.

PIV measurements in the guide vanes region confirm the outflow at the impeller inlet. The
flow state in the guide vanes region turned out to be similar to the one in reverse pump mode.
Moreover, it is found that the pumping phenomenon in the guide vanes channels is performed
with the help of a vortex. This corresponds to the way in which the flow may change the
direction by 180°, going from the vaneless gap to the upstream side of guide vanes. Therefore,
at the low positive discharge condition, the flow alternates between turbine and reverse pump
modes during one rotating stall revolution.

The unsteady incompressible turbulent flow numerical simulation is performed in the full
reduced scale model water passage domain by employing the Ansys CFX code for the selected
operating points. The incompressible unsteady Reynolds-Averaged Navier-Stokes equations
are solved by applying the finite volume method. The hybrid RANS-LES turbulence model
based on the von Karman length scale for blending function, called SAS-SST, is employed in
simulation. Wall pressure measurements in both stationary and rotating frames are used to
validate the numerical results. It is important to clarify that the current study uses the
advantages of the numerical simulation in order to investigate the development of flow
instabilities mainly in the rotating frame, where, even in a reduced scale model, the
experimental measurements are too expensive or technically limited.

The pressure fluctuations, produced by the rotor-stator interaction, are in good agreement with
the experiments for both normal operating range and off-design conditions. By contrast, the
rotating stall is captured at runaway. As for the expected organized rotating stall, it is not well
defined at low discharge operating condition, even if several impeller channels are found to
pump. Despite the fact that numerical simulation results are not quantitatively accurate, their
qualitative analysis is used to draw the flow pattern inside the impeller in the presence of
rotating stall. Thereby, it is shown that two stationary counter-rotating large vortices dominate
the impeller channels flow. Their source is the large flow separation at the impeller inlet. This
flow configuration can provide both a positive and a negative discharge, with a smooth
transition between the turbine and reverse pump modes. In addition, a third vortex is generated
at the impeller outlet during the reverse pump mode because of the relative velocity direction.
To sum up, the flow in a pump-turbine operating under off-design conditions in generating
mode, in the S-region, is dominated by one stall cell rotating with the impeller at sub-
synchronous speed in the vaneless gap between the impeller and the guide vanes. It is the
result of flow separation developed at the inlet of the impeller channels that leads to their
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blockage. Moreover, at low positive discharge condition, the stalled impeller channels are
found to pump, leading to backflow and vortices development in the guide vanes region. The
rotating instability generates hydraulic unbalance and strong structural vibrations.

11.2 Perspectives

Modern pump-turbines are subject to frequent switching between pumping and generating
modes with extended operation under off-design conditions. Depending on the specific speed
of the pump-turbine, the discharge-speed as well as the torque-speed generating mode
characteristics at constant guide vanes opening can be “S-Shaped”. In such a situation, the
machine operation can become strongly unstable at runaway speed and beyond, with a
significant increase in structural vibrations and noise. Moreover, since a stable runaway
operating point is difficult to be reached, the synchronization with the electrical network in
safety conditions becomes impossible.

This study emphasizes the fact that the flow in a pump-turbine operating under off-design
conditions in generating mode, in the S-region, is dominated by one stall cell rotating with the
impeller at sub-synchronous speed in the vaneless gap between the impeller and the guide
vanes. It is the result of flow separation developed at the inlet of the impeller channels that
leads to their blockage. Furthermore, it is worth reminding the reader that, at low positive
discharge condition, the stalled impeller channels are found to pump, thus leading to backflow
and vortices development in the guide vanes region. Therefore, the rotating stall onset is found
to be connected with the presence of the positive slope on the characteristic curve. Further
investigations on reversible pump-turbines with different design should confirm this
relationship. The active control of flow separation at the impeller inlet represents a possible
solution that could be adopted in order to avoid the onset of rotating stall and the positive slope
on the characteristic curves.

It is known that the impeller of a reversible pump-turbine is mainly designed for pump mode
operation. From a practical point of view, this means that a single-stage reversible pump-
turbine is by nature forced to be operated as a compromise between an optimum pump and an
optimum turbine (Billdal and Wedmark [13]). Attention should be paid to the overall
performance in order to obtain the advantages of a simplified and cost-effective pump-storage
design concept. Nevertheless, few technical solutions already exist that allow operators to
stabilize the machine during the start-up or in case of a sudden load rejection. One of them is
the so-called Misaligned Guide Vanes (MGV) concept (Klemm [80], Bouschon et al. [17] and
Shao [128]), which consists in operating, through the use of independent servomotors, several
guide vanes independently from the rest of the guide vane mechanism in order to stabilize the
machine. The principle adopted by this technique consists in shifting a stable characteristic
curve, 6° guide vanes opening for the current case, to the required characteristic curve, 10°
guide vanes opening, by correcting the discharge with the help of several guide vanes largely
opened. However, more research is needed to better understand the hydrodynamics behind this
method.
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To conclude, the numerical simulation of rotating separated flows, either in turbine or pump
mode, still represents a great challenge for the available turbulence models and/or
computational resources. Whereas URANS models are not suitable for separated flows with
attached boundary layer, a turbulence model like LES, already employed in turbomachinery
applications with promising results by Kato et al. [78], or even DNS, could provide better
results. However it would require too much computational resources for the so large
computational domain that is the entire pump-turbine. Although in terms of computational
power and time, for a fine enough mesh, the hybrid SAS-SST turbulence model proves to be
the most suitable one for the present case, the results show the need of a more appropriate
hybrid model for this type of application. Such a turbulence model could be, for example, a
DNS with wall modeling.
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