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Ce travail n’aurait pas été possible sans l’appui scientifique et financier de la CTI, de
VOITH-SIEMENS, de ANDRITZ, de ALSTOM et de EDF. Je les remercie pour leur
engagement, qui a contribué à la réussite du projet.
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Figure 1.12: Sketch of flow in a conical geometry: left) swirling flow pattern at the cone
inlet, right) reverse flow due to vortex breakdown at the cone center
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Figure 1.13: Numerical simulation: Stream lines at a horizontal and vertical section
represents the circular vortex breakdown.

form of axial and swirling momentum, which is called swirl rate. As they reported the
last mentioned parameter can be correlated with frequency of the helical vortex. Later,
the previous knowledge has been applied in the elbow draft tube of a Francis turbine [53]
[52] [27] [29].

The practical importance of vortex rope in a Francis turbine and its potential harmful
effects leads to the FLINDT research project [8]. The main objective of this project was
flow investigation in the elbow draft tube of a Francis turbine. Accordingly an extensive
experimental data base was built up. In this frame work, Arpe et al. [7], analyzed
the steady and unsteady pressure fields at the wall of the draft tube through pressure
measurements. The visibility of the vortex rope depends on the pressure level in the cone.
Where the minimum pressure level is higher than vapor pressure, pv, the helical vortex
rope is made of single-phase and invisible, however for lower values, cavitation appears and
thus the spiral vortex core is visible. Subsequently, depending on the cavitation number,σ,
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1.6. PRECESSING VORTEX ROPE (PVR) 15

the frequency and pressure amplitude of the vortex revolution are modified. As σ increases
the frequency increases, however the pressure amplitude decreases. The variation of the
pulsation amplitude with the cavitation number might be dangerous, where the frequency
of the vortex rope approaches the natural frequency of the installation [6]. Normally, the
frequency of the vortex rope revolution is about 20% to 40% of the runner frequency
[86]. The low frequency of pressure fluctuations measured due to part load vortex rope
at the draft tube wall could be decomposed into two components: a rotating part due
to the vortex rope revolution with the constant pressure field at the horizontal section in
the cone of draft tube and a synchronous pressure fluctuations that involve whole draft
tube [52] [79] [78] [78]. Out of resonance conditions the rotating part is more important
than the synchronous component. In both cases, the fundamental frequency of pressure
fluctuations is equal to the vortex core frequency. Dörfler [28] showed such decomposition
in the draft tube of a Francis turbine. Angelico [4] demonstrated that using three pressure
transducers located in a cross section of the draft tube makes it possible to determine both
the rotating and the synchronous parts of the pressure fluctuations.

The availability of advanced flow observation system, such as LDV [21] [22] and PIV, gives
the opportunity to survey the steady and time dependent flow pattern in the draft tube.
Iliescu et al. [49] performed PIV measurements at the part load operating conditions with
a part load cavitation rope. They subsided to reconstruct the vapor volume of the vortex
rope and correlate it with the corresponding velocity field.

Consider to the importance of the vortex rope prediction, several theoretical works are
investigated. Coustom et al. [23] [24] proposed a new model based on analytical expres-
sion of the vortex rope diameter and length descended from experimental observations.
Koutnik [58] introduced a mathematical model that considers the time dependent change
of system parameters, such as cavitation volume. A similar approach of cavitation pa-
rameter mapping was applied for the explanation of inducer instabilities by Tsujimoto
[100] and of propeller instabilities in cavitation tunnels by Brennen [15]. Resiga et al.
[94] pointed out analytically the unstable nature of the flow for low discharge in a conical
draft tube. It is shown that the swirling flow at the outlet of the runner can be accurately
decomposed in a sum of three distinct vortices.

Numerical Studies

In parallel to the experimental and analytical works, a considerable number of numerical
investigations were developed and compared with experimental results. The progress of
the numerical techniques in the prediction of the turbine characteristics for the operating
ranges in the vicinity of the best efficiency point (BEP) ensures a good accuracy. One of
the new challenges for the numerical simulation is to predict the partial load operating
regimes with or without cavitation. In the frame work of FLINDT project Mauri et al. [64]
[66] [65], performed the steady numerical simulation to obtain the averaged flow pattern
in part load conditions. Later, Vu et al. [97], investigated in the CFD methodology of
predicting the part load vortex rope. They performed a transient flow simulation for
single phase using a standard k − ε turbulence model. Sick et al. [89] [90] performed
an Unsteady Reynolds Averaged Navier-Stokes, URANS, simulation, applying Reynolds
Stress turbulence model. For this simulation the computational domain includes the
runner and the draft tube. Stein et al. [93] also showed the influence of the upstream
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16 CHAPTER 1. INTRODUCTION

components of draft tube to the pressure amplitude and frequency of vortex rope. Wang
et al. [98] simulate numerically the vortex rope by applying the Unsteady Reynolds-
Averaged Navier-Stokes equations, RANS, with the RNG turbulence model. Ruprecht
[88] [87] focused on the influence of the turbulence models on the accuracy of the frequency
of vortex rope. Guo et al. [41] calculated the flow pattern in the draft tube of a pump-
turbine by using Large Eddy Simulation mrthod(LES). They performed the mentioned
computation for both non-cavitating and cavitating flow. They also studied the effect of
computational domain of the flow simulation.

1.7 The Present Work

1.7.1 Problematic and Objective

High pressure fluctuations due to time dependent phenomena could be at the origin of
the turbine damages. Rotor-stator interaction (RSI) and precessing vortex rope (PVR)
in the generating mode are two kinds of periodic phenomena that play a major role on
the vibration, even resonance. The physical mechanisms of RSI and PVR are associ-
ated with both viscous flow perturbation (incompressible flow) and hydroacoustic effects
(compressible flow).

Development of incompressible computational flow procedures to provide detailed de-
scription of rotor-stator interaction and part load vortex rope phenomena is investigated.
The goal of developing these CFD procedures is to find out the optimum configuration of
numerical simulation in terms of computing resources and correct prediction of RSI and
PVR.

The ability of correct prediction and analyzing of pressure perturbation are the key points
to bring further knowledge on the time dependent phenomena and extend the availability
of Francis turbines at off-design operating conditions.

In the present work the importance of the hydroacoustic effects are investigated by com-
paring the experimental results, which include both compressible and incompressible flow
characteristics with the numerical results that based on the incompressible flow hypoth-
esis.

1.7.2 Structure of the Document

The presented document is divided into four parts. In Part I, the methodology and
facilities and fundamental equations are explained. Part II deals with simulation and
analysis of rotor-stator interaction and at last, Part III, presents the numerical simulation
of part load vortex rope and finally, Part IV that conclude the present work.

Part I: Investigation Methodology

Chapter 2 is a description of the experimental validation platform, wall pressure mea-
surements systems and the choice of case studies.
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Chapter 3 is a review of the computational hypothesis, the fundamental equations of 3D
Unsteady Navier-Stokes and turbulence modeling. The solver, the boundary conditions
and the rotor-stator interface models are also described.

Part II: Rotor-Stator Interaction

Chapter 4 is focused on the effects of the numerical configuration on the simulation
of rotor-stator interaction. The quality checks such as, time and spatial discretization
dependency, convergence criteria and turbulence models as well as the influence of com-
putational domain are performed to optimize the RSI numerical simulations. At the end
of chapter 4 the numerical results are validated with the measurements

Chapter 5 deals with the physical analysis of the pressure fluctuations due to RSI in
both stationary and rotating components. Pressure propagation in the distributor and
the spiral casing is characterized and explained. In continue, the pressure fluctuations
in the impeller are analyzed. The influence of the operating points on the RSI helps to
define a non dimensional number that involves the parameters, which are correlated with
the pressure fluctuations due to RSI, such as vaneless gap and discharge.

Part III: Part Load Vortex Rope

Chapter 6 is an investigation to simulate numerically the part load vortex rope in a
Francis turbine. The results are validated with the measurements in terms of pressure
amplitudes and frequency. Moreover, the synchronous and rotating pressure fluctuations
in the cone of draft tube are decomposed and analyzed.

Part IV: Conclusion

Chapter 7 concludes with the summery of the targets in the numerical simulation and
analysis of rotor-stator interaction and vortex rope. Finally, the future line of works to
be undertaken to widen the obtained experiences and results are suggested.
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