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Abstract
At full load, pump-turbines operating in generating mode may experience a cylindrical
cavitation vortex rope caused by the swirling flow in the draft tube cone. Under certain
conditions, this vortex rope initiates both pressure and power oscillations. The hydro-acoustic
analysis of a pumped storage plant experiencing such pressure and power oscillation is
presented to illustrate the self induced oscillation nature of the observed event. The main
physical parameters of the system stability are first introduced using a simplified 1D
mathematical model of the full-load vortex rope. Then, a modal analysis of the full hydraulic
circuit is performed to determine the stability domain of the plant as a function of the vortex
rope parameters. Finally, a full hydro-acoustic SIMSEN model of the plant, validated with
existing experimental data, is used to simulate the time sequence of the pressure surge event,
and the cause of this pressure surge event is clearly identified.

Résumé
A pleine charge, les pompes-turbines fonctionnant en turbine peuvent présenter une torche de
cavitation résultant de la pré-rotation de l’écoulement à la sortie de la roue. Sous certaines
conditions, la torche de pleine charge génère alors des oscillations de pression et de puissance.
L'analyse hydro-acoustique d'une centrale de pompage soumise à de telles oscillations de
pression et de puissance est présentée pour mettre en évidence la nature auto-induite des
oscillations observées lors de l'évènement. Les principaux paramètres physiques relatifs à la
stabilité du système sont tout d'abord introduits à l'aide d'un modèle mathématique
monodimensionnel simplifié de la torche de forte charge. Une analyse modale du circuit
hydraulique dans son ensemble permet alors de déterminer les domaines de stabilité de la
centrale en fonction des paramètres de la torche de cavitation. Ensuite, le modèle hydroacoustique complet de la centrale est développé au moyen du logiciel SIMSEN. Après
validation avec des mesures existantes, l'évolution temporelle des surpressions survenues au
cours de l'événement est simulée et les causes de ces surpression clairement identifiées.
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Nomenclature
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Symbol Definition
2
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Introduction
In higher-load operating conditions, Francis turbines can feature onset of a cavitating vortex
rope in the draft tube cone which is generated by the incoming swirling flow Ref. 1. At full or
overload operating conditions, the cavitation rope may under certain conditions act as an
energy source, which leads to self-excited pressure oscillations in the whole hydraulic system
Ref. 2. These pressure oscillations can jeopardize the mechanical and hydraulic system Ref. 3.
Depending on the turbine relative location in the circuit, the turbine head may oscillate and
generate power swings.
These power and pressure oscillations have been experienced at over load during
commissioning tests carried out with Unit 4 of a Pumped-Storage Plant (PS Plant) located in
the southeastern United States featuring four 400 MW Francis pump-turbines. The pressure
surge event was well monitored and the time histories of power and wall pressure in the spiral
case and draft tube cone man-doors were simultaneously recorded, see Figure 1. The event
was apparently initiated by the shut down of Unit 2, with Unit 1 and Unit 3 at rest. The time
sequence of the surge event onset is the following:
- Unit 4 and Unit 2 in approximately steady generating mode with Unit 1 and Unit 3 at
rest;
- observation of low amplitude pressure pulsations at 2.9 Hz frequency for over load
operating conditions;
- normal shut down of Unit 2;
- onset of high amplitude pressure pulsations at about 2.2 Hz frequency;
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generator power swing followed by pressure oscillations;
standing pressure oscillations at about 2.2 Hz everywhere in the power plant piping.

Figure 1 Recorded time history of pressure
at the draft tube (top left), pressure at spiral
case inlet (top right) and power (bottom) for
Unit 4.

The aim of the paper is to present the hydro-acoustic analysis of the PS Plant and to show the
self induced oscillation nature of the observed pressure surge event. First the main physical
parameters of the system stability are introduced by using a simplified 1D mathematical
model of the higher load vortex rope. Then, a modal analysis of the full hydraulic circuit is
performed to determine the stability domain of the PS Plant as a function of the vortex rope
parameters. Following this, a hydro-acoustic SIMSEN model of the PS Plant including the
hydraulic circuit, the mechanical masses, the generators, the transformers, and the voltage
regulators is developed and validated with available field experimental results of transient
sequences undertaken at the PS Plant. Finally, the above described time sequence of the
pressure surge event onset is simulated and analyzed, providing the cause of this pressure
surge event.

Full load vortex rope – source of pressure oscillations
As the Francis turbine features blades with constant pitch, the outlet flow in the draft tube
cone is optimal, almost purely axial, only for the best efficiency point. For off design
operation, i.e. part load or full load, the circumferential components of the flow velocity are
respectively positive or counter rotating, inducing a swirling flow Ref. 1. For full load
operation and a given setting level of the machine, the swirling flow results in the
development of an axi-symmetric cavitation vortex rope below the runner, see Figure 2.
For investigation of the hydro-acoustic behavior of the whole hydraulic system, we restrict
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our study to a 1D approach -- more sophisticated modeling being beyond the scope of this
study. The 1D approach reduces the computational time and enables parametric studies. This
approach applied to the problem of modeling the cavitation vortex rope in the diffuser leads to
consideration of two different components:
- a liquid conduit modeled as a "pipe" featuring inertia, compliance and friction losses;
- a gaseous volume.
The lumped component modeling of the vortex rope gaseous volume is based on the
assumption that the gaseous volume V is a function of the two state variables H and Q ,
the net head and the discharge respectively, Ref. 4, Ref. 5 and Ref. 6. Then, the total
derivative of V with respect to time at Section 2 is expressed, see Figure 3:

V ( Q, H ) ⇒

dV
dt

=
2

∂V dH 2 ∂V dQ2
⋅
+
⋅
∂H 2 dt
∂Q 2 dt

Figure 2 Vortex rope at full load.

(1)

Figure 3 Indices denomination.

The rate of change of the gaseous volume is given by the variation of discharge between the 2
fluid sections limiting the rope, see Figure 3:
dV
(2)
= Q2 − Q1 ;
dt
then we have:
Q1 − Q2 = C ⋅

dH 2
dQ
+χ⋅ 2
dt
dt

where the lumped parameters are defined as:
- the Cavity Compliance C = − ∂V ∂H [m2];
- the Mass Flow Gain Factor χ = − ∂V ∂Q2 [s].

(3)
(4)
(5)

Moreover, we can assume that inertia and friction loss effects of the gas volume are
negligible, yielding to:
H 2 = H1

(6)

First, a simple case is treated for investigating the physical parameters involved in the
instability onset of a hydraulic system featuring cavitation development. The hydraulic system
of interest consists of two pipes connected to the cavitation lumped element. At this stage of
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study, we consider a simple symmetric case where the pipe compliance is neglected with
respect to the cavitation compliance. For stability analysis purposes, it is convenient to use
either a Transfer Matrix Method or an equivalent electrical system. As illustrated in Figure 4,
a T shaped equivalent circuit can be setup, consisting of one resistance and one inductance
modeling each pipe, on both sides of the capacitance modeling the cavitation compliance.

Figure 4 Stability analysis of a symmetric system with cavitation development.

The corresponding set of ordinary differential equations is the following
dQ1
⎧
⎪ H1 = L ⋅ dt + R ⋅ Q1 + H c
⎪
dH c
⎪ dQ2
+C
= Q1 − Q2
⎨χ ⋅
dt
dt
⎪
dQ2
⎪
⎪ H c = L ⋅ dt + R ⋅ Q2 + H 2
⎩

(7)

This system leads to the characteristic equation:
χ ⎤
2 ⎞
⎛R
⎞⎛ 2 ⎡ R
⋅X +
⎟=0
⎜ + X ⎟⎜ X + ⎢ +
⎥
L ⋅C ⎠
⎝L
⎠⎝
⎣ L L ⋅C ⎦

yielding the following criteria for the stability of this simple system:
χ
−R <

C

(8)

(9)

The stability criteria shows that the ratio between the vortex rope mass flow gain factor and
compliance, which is the vortex rope damping χ C , must be smaller than the dissipation
damping of the system to keep the system stable. The related stability domain is shown in
Figure 5.

Figure 5 Stability domain regarding the vortex rope parameters.

PS Plant Modeling
The layout of the PS Plant is presented in Figure 6. A 590 meters long penstock feeds four
Francis pump-turbines with four downstream surge chambers of variable cross section all
connected to a 304 meters long pressurized tailrace water tunnel. The design values of the
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upgraded pump-turbines are given in Table 1.
The transient behavior of the PS Plant is simulated using the EPFL software SIMSEN. This
software enables simultaneous simulation of both the hydraulic and the electrical system Ref.
7. The modeling of the hydraulic components is given in Ref. 8, whereas the modeling of the
synchronous generator is based on the Park’s transformation described in Ref. 9. The
SIMSEN model takes into account the full hydraulic system including pipes, spherical valves,
downstream surge chambers, and pump-turbines. Moreover, the inertia of the rotating shaft
line, the generators with saturation effects, the voltage regulators, the circuit breakers, and the
transformers are included in the model. In this study, the electrical grid is considered as an
infinite grid at 60Hz fixed frequency. The 1D mathematical model of the "Full-Load" vortex
rope is implemented in the model. The SIMSEN layout of the PS Plant is given in Figure 7.

Figure 6 Layout of the Pumped-Storage Plant.

Figure 7 SIMSEN Layout of the Pumped-Storage Plant.

Table 1 : Reference values of the pump-turbine and mechanical masses inertia.
Qn

[m]

3

[m /s]

[MW]

[rpm]

[m]

[Kgm ]

[-]

305

138

390

300

5.08

2.77e6

0.306

Pn

Nn

D ref

J rotor+turbine

ν

Hn

2
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SIMSEN Model Validations of overall transient behavior in 1979
The validations of both the SIMSEN model and the related set of parameters are made by
comparing the simulation results with available transient measurements carried out for Unit 1
during commissioning tests of the original runners in 1979. For simplicity, the simulations of
emergency shutdown in both pumping and generating mode are performed without
considering the electrical components and the cavitation vortex rope.
Load rejection in turbine mode

Load rejection in pumping mode

Figure 8 Comparison of SIMSEN simulation results (red line) with measurements (black
line) of transients in generating and pumping modes on Unit 1 (original runner).
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Case Study

The sequence of the load rejection tests in generating and pumping mode are the following:
- emergency generating shutdown test: all four units are set to fully opened guide vanes;
then emergency shutdown is undertaken by simultaneously closing in 24 seconds the
guide vanes following a two-slope closing law for Unit 1, Unit 3 and Unit 4; Unit 2
being kept in steady operation;
- emergency pumping shutdown test: Unit 1, Unit 3 and Unit 4 are set to 65% guide
vane opening, Unit 2 being at rest; then, the three Units are shutdown simultaneously
by closing the guide vanes in 16.4 seconds, following a two-slope closing law.
Simulation results

Comparisons of simulation results of the two emergency shutdowns with the measurements
are made in Figure 8. For generating mode shutdown, the comparison of relevant values such
as surge tank water level and draft tube piezometric head show excellent agreement while
discrepancies are noticed for the spiral casing piezometric head. For the pumping mode the
surge tank water level features frequency discrepancies which are due to the initial operating
conditions of the units not being well fitted to the field tests. However, we focus in this paper
on the stability analysis of Unit 4 in generating mode and, therefore, we may consider the
parameters of the SIMSEN model properly validated for this purpose.

Event modeling - new commissioning in 2005
Modal analysis
The study of the stability of a dynamic system can be efficiently carried out using modal
analysis. This analysis is performed to determine the stability domain of the hydraulic
installation with respect to the lumped parameters of the vortex rope, i.e. the rope compliance
and mass flow gain factor. The Transfer Matrix Method described in Ref. 10 is used with
advanced models of both friction losses and damping, Ref. 11. The eigenvalues of the
corresponding system global matrix are computed to derive both the natural frequencies and
the damping or amplification factors of the corresponding mode from, respectively, their
imaginary and real parts. The stability domain is defined as a function of both the vortex rope
compliance and the mass flow gain factor in Figure 9, where the blue dots indicate unstable
areas.
Given that Unit 4 experienced pressure oscillations at 2.9 Hz just prior to the event and at
2.2 Hz after the event, and assuming that the event was caused by a hydro-acoustic instability
we can identify in Figure 9 the corresponding values of the vortex rope compliance and the
absolute value of the mass flow gain factor. With these values for the lumped parameters of
the cavitation vortex rope, we can compute, for each calculated natural frequency, both the
pressure and discharge mode shapes as shown in Figure 10 for 2.2Hz. The modal analysis
confirms that the maximum pressure oscillations occur close to Unit 4, which is in agreement
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with the field tests, and that both the spiral casing and the draft tube experience pressure
oscillations in phase, see Figure 1.

Unstable

Prior to the event

Estimation from
measurement

At the event

Shut down of U2

First unstable natural frequency

Figure 9 Stability diagram of the absolute value of the mass flow gain factor (top) and the
unstable frequency (bottom) as function of Vortex rope compliance.

Turbine

Surge tanks

Penstock

Upper reservoir

Unit 4

Unit 3

Unit 2

Lower reservoir

Unit 1

Figure 10 Pressure mode shape in the waterways, for natural frequency of 2.2 Hz.
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Time domain analysis
The time domain analysis is performed with the complete SIMSEN model featuring the
vortex rope model for Unit 4, the inertia of the rotating shaft line, the generators with
saturation effects, the voltage regulators, the circuit breakers, and the transformers. The event
is simulated according to the sequence observed on site, i.e. Unit 2 operating normally, the
modernized Unit 4 in operation at overload conditions, and Unit 1 and Unit 3 at rest with
guide vanes closed, and then Unit 2 is shutdown according to the normal procedure. The
normal shutdown consists of closing in 24 seconds the guide vanes following a two-slope
closing law and tripping the generator when 10 % of the generator power is reached.
For this analysis the vortex rope mass flow gain factor value is taken from the stability
diagram, see Figure 9, for the point corresponding to the stability limit at 2.9 Hz. To take
into account the influence of the operating condition on the volume of the vortex rope, the
rope compliance is determined using the results of the CFD simulations for the modernized
units. The draft tube flow is computed for different guide vane openings and the cavitation
vortex rope volume is assumed to correspond to the volume limited by the vapor pressure isosurface, enabling estimation of the "cavitation" volume as a function of σ , the Thoma
number, and the guide vane opening, see Figure 11. A σ power law is fitted with the
corresponding 80% guide vane opening overload conditions:
Vrope = A ⋅ σ B

(10)

where the Thoma number σ is defined as:
σ=

NPSE H a − ( Z Ref − Z Tail Water ) − H v
≈
E
H

(11)

Therefore, the cavity compliance is derived according to (10):
C=

∂V
∂H Draft Tube

≈

∂V
∂Z Tail Water

= −A⋅ B ⋅

σ B −1
H

(12)

The resulting estimated compliance is presented in Figure 12. However, this approach is only
applicable for full load operation where pressure iso-surfaces of the flow captured by CFD
computation are close to the cavity limits observed in reduced-scale model tests. For part
load operation, the iso-surfaces computed by current CFD models are not close to the cavity
limits observed in model tests.
The results of the time-domain analysis are presented for Unit 2 and Unit 4 in Figure 13 for
the vortex rope parameters indicated as case C in Table 2, which define the system stability
limit. The transient resulting from the Unit 2 shutdown induces a slow downstream pressure
drop due to downstream mass oscillation. As a result, the Thoma number value of Unit 4
decreases and the vortex rope compliance increases as the vortex rope volume increases.
Then, considering a constant mass flow gain factor, the vortex rope compliance increases
until the unstable domain of operation is reached; leading to the pressure oscillation onset in
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the draft tube; the system being in self-excited conditions. Then the system remains unstable
as long as the sigma value (i.e.the vortex rope size) does not reach the same steady value as
prior to the event. The calculated oscillation frequency corresponds well with the measured
frequency value, whereas the agreement between the calculated and measured amplitudes is
less good.
1

1000

Rope volume V [m3]

0.8

0.6

0.4

0.2

0
0.04

Rope Volume V
Rope compliance dV/dh

100

Volume Vrope [m3]
Compliance dVrope/dh [m2]

GVO: 0.63
GVO: 0.66
GVO: 0.71
GVO: 0.73
GVO: 0.75
GVO: 0.77
GVO: 0.80
Fit to GVO: 0.80
GVO: 0.85

10

1

0.1

0.01

0.001

0.08

0.12
Cavitation number σ [-]

0.16

0.2

Figure 11 Vortex rope volume at full load
computed with CFD.

0

0.04

0.08

0.12

Cavitation number σ [-]

0.16

0.2

Figure 12 Vortex rope compliance.

A parametric study of the influence of the vortex rope is carried out using the values given in
Table 2. For case A, the mass flow gain factor and compliance are both kept constant. For
cases B, C and D, the cavity compliance is taken as a function of the Thoma number and the
head, and the mass flow gain factor is still kept constant. The resulting draft tube piezometric
heads are presented in Figure 14. In case A, the amplitudes increase dramatically. Case B
exhibits amplitudes that are strongly affected by the compliance dependence on the Thoma
number value. Case C corresponds to the limit of stability with bounded amplitudes. In case D,
the self-excitation is initiated but the oscillations are damped once the surge chamber level
recovers its initial value. This sensitivity analysis shows clearly that the shutdown of Unit 2
initiates the self-excitation mode by decreasing the Unit 4 draft tube pressure and,
consequently, the Thoma number value.
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H/HR
T/TR Q/QR

N/NR

PT UNIT 4

N/NR

T/TR

PT UNIT 2
GVO

H/HR
GVO

Q/QR

PT UNIT 4

P/PR

HDraft Tube
HSpiral Case

GENERATOR
UNIT 4

Figure 13 Simulation results of the transient of the pump-turbine of Unit 2 and Unit 4.
Table 2: Vortex rope parameters for 4 simulation cases.
Cases
2

Compliance C [m ]
Mass flow gain factor χ [s]

A

10

−2

- 0.005

B

C

D

C = C (σ , H )

C = C (σ , H )

C = C (σ , H )

- 0.005

- 0.004

- 0.003

σ

σ
H Draft Tube

H Draft Tube

C = ∂V ∂H

C = ∂V ∂H

A

B
σ

σ
H Draft Tube

H Draft Tube

C = ∂V ∂H
C = ∂V ∂H

C

D

Figure 14 Simulation results of the draft tube pressure oscillations of Unit 4 for the rope
parameters of Table 2.
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Summary and conclusions
An overload surge phenomenon was experienced at a pumped storage plant during over
operating range tests. In order to have a better understanding of the onset condition of this
phenomenon, a one-dimensional model of the power plant, including a model of the vortex
rope, is carried out. The vortex rope at higher load conditions is modeled by defining a
compliance parameter and a mass flow gain factor for the cavitation volume. Using this
simplified model, the stability domain of the power plant with respect to the vortex rope
parameters is determined through modal analysis and the vortex rope parameters for the
power plant are estimated by locating the observed test conditions within the stability domain.
Then, a time domain simulation of the dynamic behavior of the power plant according to the
event time sequence observed on site is performed. The simulation model includes the
hydraulic system with a non-linear vortex rope model, the rotating inertias, the electrical
components, and the governors. In an original approach, the vortex rope cavitation
compliance is modeled as a non-linear function of the Thoma number and the head, where the
function is determined by comparison of results from scale-model experiments and CFD
modeling. The simulation results show the role played in this case by the shutdown of a
neighboring unit, which decreases the pressure downstream of the affected unit and, therefore,
the cavitation number and eventually initiating the self-excited surge.
The comparison of calculated and measured results shows surprisingly good agreement
considering the relatively simple model used for the complex flow - vortex rope structure
within the pump-turbine. Moreover, this investigation provides a deeper insight into the
physical phenomena underlying the onset of overload pressure surge. However, to be
predictive, the hydro-acoustic modeling requires a very accurate set of data provided from
either reduced scale model measurements or advanced unsteady two-phase flow analysis.
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