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Abstract

Under part load operation, the swirling flow leayithe Francis turbine runner induces pressure Uuaiiins
featuring fundamental frequency in the range oft6.P.4 times the runner rotational frequency. phecession of the
cavitation vortex rope is an excitation source tlee whole hydraulic system. The frequency of theitakon may
matches with one of the eigenfrequency of the sysieading to resonance phenomena. For the uppériqmet
operation range, pressure surge fluctuations mayroic a higher frequency range between 2 an 4stithe runner
frequency and may feature modulations at the vaxpr precession frequency. Nowadays the mechdrasmg able to
induce this upper part load resonance is still omkm Some authors explain this phenomenon as sSponse of the
hydraulic system to periodic impacts of the vomege on the inner elbow part of the draft tube, nehe others assume
that it is related to the self rotation of the ¢ation vortex core featuring an elliptical crosstim. In this paper, authors
bring some answers to explain this phenomenon thighhelp of flow numerical simulations of the catiibn vortex
rope. It brings out that the root cause is an bikta of the cavitation volume which fluctuates tite undesirable
frequency matching with one of the eigenfrequentyhe hydraulic system. The case study is the FLINBduced
scale model installed on the EPFL test rig wherpeupart load resonance phenomenon occurred. Hvisation
volume instability is captured with two phase siatidns which reveal an elliptical shape of the eortore as well.
However, the phenomenon occurs at a Thoma numbeh mmigher than the one obtained by measuremenesefdre,
the cavitation volume is very small compared to eékperiments. Despite of this offset, a hydroadousmulation of
the upper part load resonance is performed. A omertsional hydroacoustic draft tube model includthgee key
parameters is used: the excitation momentum samaesponding to the force induced by the vortgperon the wall,
the excitation mass source induced by the cavitatimume fluctuations and the thermodynamic dampimageling
energy dissipation during the phase change betwaeitation and liquid. These hydroacoustic paramsesee derived
from flow numerical simulations and applied to tiygdroacoustic model of the hydraulic system. Ihgsi out that a
high order eigenmode of the system is excited lgyuhstable cavitation volume fluctuation frequeridgwever, no
modulation at the vortex rope frequency is expeeeincontrary to the experiments.

Keywords: Francis Turbine, Upper part load vortex rope, 8@w numerical simulations, Cavitation, 1D fluid
transients simulations, Resonance.

1. Introduction

With economical energy market strategies basednstamtaneous pricings of electricity as functionttef demand or the
predictions, operators harness more hydroeleddiities to off-design operating points to coviee tvariations of the electricity
production. Under these conditions, Francis turlbieeelops a cavitation swirling flow at the runoetlet which induces pressure
fluctuations propagating in the whole hydraulicteys. The core of this cavitation vortex is usuaiBlled vortex rope. At
resonance conditions, the superimposition of tlieiGed traveling waves gives birth to a standingenv@ading to undesirable
large pressure and output power fluctuations. Thiee of pressure surgings can be observed eitheeduced scale model or
prototype installation, see Dorfler [1]. The fitate is observed at part load conditions for lowvfiates. The helical vortex rope
acts as an external forcing function on the hydecasystem, which precession frequency n€aB times the runner frequency
can match with one of the eigenfrequency of théesys The second one is observed at upper partdoaditions for flow rates
higher than the previous case but still lower thiaem best efficiency point. The occurrence of tlesonance phenomenon is
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different to the part load resonance since frequeriqressure and output power fluctuations is mhigfiner between2n and
4n. This resonance appeared for reduced scale mofikigh specific speed in a narrow operating ratge,not yet observed on
prototypes. The third one is observed at full leadditions for high flow rates. The axisymetric t&x rope acts as an internal
energy source leading to instability phenomenoledalelf excited surge.

In this paper, the upper part load operating caomlils numerically investigated in order to ideptihe mechanism inducing
the resonance phenomenon. Experimental, theoratichhumerical investigations were carried outnfiore than fifteen years to
understand this phenomenon. Dorfler was one offiteeto try to explain experimentally this presswsurge [2]. Despite of
extensive measurements of pressure fluctuationsuggested a qualitative explanation of inertiab@gtraveling along the
surface of the rotating cavitation volume with higtopagation speed. Arpe [3] investigated expertalbnthis kind of resonance
as well, in the framework of the FLINDT project. & pressure fluctuations measurements make apparsat whole draft tube a
characteristic frequency value &5 . Moreover, a modulation of this frequency with th@rtex rope precession frequency is
pointed out. By the analysis of the phase shifthaf high frequency componer.5n, Arpe et al. [4] confirmed Dorfler's
explanation. Indeed, they interpreted the phade ahithe time propagation of a pressure wave, hwbicitation source is located
in the elbow. Based on this experimental data, Micet al. [5] explained the excitation source aesqalic impacts of the vortex
rope on the inner elbow part of the draft tube walley modeled this excitation with a momentum sewombining sinusoidal
pressure fluctuations with periodic dirac impuldedh at the precession frequency. The amplitudetspa of such excitation
features energy at the vortex rope precession hdosiolhen, they performed a time domain simulatbthe hydraulic system
response to this excitation with the SIMSEN sofevaFinally, resonance was simulated due to a maichietween the
eigenfrequency of the system &t5n and one of the harmonics of the excitation souksea result, a standing wave &5 is
experienced in the whole hydraulic system whicbtaisflicting with the assumption of a traveling waset by Arpe et al. [4]. The
modeling of the excitation source, based on thelslagsumption on the inner elbow part of the drafe wall, is not shared by
Koutnik et al. [6] for two reasons. The first osethat the high frequency component is not obvioasinultiple of the vortex rope
precession frequency. The second one is that tiemheortex rope may be relatively short and doesreach the draft tube elbow.
Based on high speed camera visualizations, thaberaibelieve in another theory being a rotatiothefcavitation vortex core on
its own axis featuring an elliptical cross sectidhe frequency of this self rotation is identifiatithe half of the pressure surge
frequency. Haban et al. [7] showed that this edgltcross section is an eigenmode shape of thigatiam swirling flow. Indeed,
they performed a stability analysis of a swirlihgwf in an infinite cylindrical domain described the set of equations including
the Euler equations, the continuity equation amdLifiplace equation dealing with the effect of stefeension on the vortex rope
boundary. By computing the eigenvalues and theneigeles of this set of equations, they showed tistemce of this elliptical
shape rotating at a given frequency on its own.a&tien, Pochyly et al. [8] applied this methodoldgyhe FLINDT case study
where the draft tube domain is simplified by a djent straight pipe which longitudinal profile afoss sections corresponds to
the real elbow draft tube geometry. They confirtfealsame results as Haban et al. [7].

Nowadays the mechanism being able to induce thigmupart load resonance is still unknown. As exydipreviously, some
authors explain this phenomenon as the responige dfydraulic system to periodic impacts of thetexrrope on the inner elbow
part of the draft tube, whereas others assumettisatelated to the self rotation of the cavitaticortex core featuring an elliptical
cross section. The aims of this paper are firbtitog some answers to explain this phenomenon tvéghelp of 3D flow numerical
simulations and then to simulate the hydroacougtEer part load resonance between the helicalxorpe and the hydraulic system.
To reach this purpose, a 3D incompressible flow ehozhlled hydrodynamic (HD) model, is used to tifgrthe excitation source
induced by the helical vortex rope. Moreover, aciinpressible model, called hydroacoustic (HA) mpidelised to simulate the
propagation of the HA sources derived from the H&dei. The first section of this paper presentsnieasurements of interest,
performed on the FLINDT reduced scale model tcsitlate the researched phenomenon. Secondly, HABrmhodels of the draft
tube flow, used for the identification of the eatibn sources are described. Then, the mechaniemamduce the upper part load
resonance phenomenon is identified by the HA aisabfghe simulation results obtained with the HDBd®l. Finally, the time domain
simulation of the upper part load resonance isoped.

2. Case study

In the framework of the FLINDT project [9], EurekB 1625, experimental and numerical investigatibage been carried out
to achieve a better understanding of the flow patie a Francis draft tube. The selected Franaisirte runner features a high
specific speed equal to =0.56 and corresponds to the scale model of a hydroppiaet built in 1926 owned by ALCAN. The
runner has 17 blades with an outlet diameter offd.Zhe original draft tube geometry is of Moodpéyand was replaced for this
research project by an elbow draft tube with ore. ihis scale model was installed on the third rigsof the EPFL Laboratory
for Hydraulic Machines. Among the several contribns, extensive wall pressure fluctuations measargsnwere performed for
different operating points under various Thoma nemby Arpe [3]. In order to capture the helical tesr core precession
phenomenon in the draft tube, 104 piezoresistigdlale pressure sensors installed in the draft wadeare acquired with a HP-
VXI acquisition system using a sampling frequengya to sixteen times the runner frequency. Thenph@non of interest is the
upper part load resonance which was observed aadured at a low flow rate turbine operating poimeg in Table 1.
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Table 1 Operating point conditions
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Fig. 1 Influence of the Thoma Number on pressure fluctutin the cone [3].

Spectral analysis of the pressure fluctuations oreasin the cone is presented as function of thenfdhnumber in Fig. 1. For
high Toma number, the measured pressure fluctusatieature the helical precession frequency nea2 @res the runner
frequency n, called afterwardsf .. Under these cavitation conditions, the excitaiiwsuced by the helical vortex rope does

not lead to resonance phenomenon. Unsteady floneriaat simulations have been performed at these dawitation conditions
to find out this precession frequency, see Cio¢al.¢10] and Zobeiri [11]. However, by decreasthg Thoma number, pressure
fluctuations between2n and 4n appear and are modulated by the vortex rope psiresTherefore, three characteristic
frequencies can be observed in this frequency rargethis paper, the Thoma number value@f 0.38 is considered. At this
condition, the modulated frequency is equal 2c&n leading to pressure fluctuation amplitudes z26n+ f, . During
measurements, strong noise and vibration of thé tirae were reported. This phenomenon is callgoeupart load resonance,

but can be encountered without modulation as vi8lIfig. 2 shows more in details the influence e Thoma number on the
two characteristic frequencies included in presfluuations.
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Fig. 2Influence of 0 on the precessing vortex rope frequency and ohigtefrequency modulated component [3].

The vortex precession frequency increases slightldecreasing the Thoma number whereas the highgnéncy decreases.
Due to the dependence of the characteristic frezj@smwith the Thoma number, the occurence of thermance is very sensitive
to the cavitation volume in the draft tube. It d@noticed that pressure fluctuations related ¢ovtirtex rope precession are only
located in the area of the draft tube cone andvelldnile pressure fluctuations &.51 are measured in the entire draft tube and
in the turbine intake as well [3]. These observaiguggest that the precession frequency compasehte to the local three
dimensional flow in the draft tube whereas the higbquency component aR.5n corresponds to a one dimensional
hydroacoustic eigenmode of the hydraulic systempaeding to the vortex rope excitation. This assuempis confirmed by the
analysis of the phase shift between the pressgrelsi in the draft tube [4]. Pressure pulsationthatvortex rope precession
frequency in the same cone cross section are #dfsed each other corresponding to the geomeirigealocation in the cone.
This yields to the conclusion that the precessiegudency component is due to the passage of thtian vortex core near the
pressure sensor. Regarding the higher frequencyaoent at 2.5n, the phase shift computation is given in an urddldiraft
tube representation in the left part of Fig. 3.
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Fig. 3Phase shift analysis of pressure fluctuations éndifaft tube at the high frequency component vafu.5n [3].

In the cone, no phase shift is experienced betweessure signals located in the same cross settmmever, a phase shift of
150° is computed between the inlet and the outieecAt this stage of the analysis, two assumptab@ut the nature of these
high frequency synchronous pulsations can be et fifst one is that the longitudinal phase shafiue of 150° corresponds to the
time propagation of a 1D traveling wave in the ttabe [4]. The second one is that this phase ghdtie to a 1D standing wave
corresponding to an eigenmode of the hydraulicesysteaturing a pressure node in the cone [5]. énkibth cases, the one
dimensional property is lost in the elbow due t® thrvature.

3. Hydroacoustic draft tube model

The one dimensional HA model of the hydraulic sysis set up with the SIMSEN software developed liy EPFL. This
software is able to simulate the transient behawiax complete hydroelectric power plant, [12].oldler to get a common set of
differential equations for both electrical and hgdic parts, hydraulic models are based on thetredat analogy. To model the
draft tube component, the two diffusors channegiassted by the pier are considered separately fhensone and the elbow parts
where it is assumed that cavitation onset is latdEer simplicity, the "draft tube" term will be ed afterwards to name both the
cone and the elbow parts. Therefore, the pier idateal with a standard viscoelastic pipe model j@2h an equivalent cross
section, like the remaining water passages of thelevhydraulic system. With this standard viscaalgspe model, the pressure
force and the viscous force acting on the wall mdeled respectively with a Taylor development #mel Darcy-Weisbach
formulation [13]. However, this modeling is inadetgito describe the dynamic behavior of the caeitatortex rope precession
in the draft tube pipe. Hence, fundamental modiiiices of the standard pipe model are necessarign@let al. [14] proposed a
model including a mass source related to the damitarolume fluctuation, a momentum source représgrihe forces acting on
the draft tube wall and finally a thermodynamic gémg modeling the energy dissipation during thesghehange between the
cavitation and the surrounding liquid. They deritiedse quantities from 3D flow numerical simulatida be injected into the 1D
HA model of the complete hydraulic system. This oeiblogy was applied to simulate the part load masoe phenomenon
occurring between the helical vortex rope precesfiiequency and the first eigenfrequency of theneated hydraulic system.
The order of magnitudes of pressure fluctuationthefhydraulic system response were in good agneewi¢h measurements
found in the literature. However, direct compariseith measurements was not available to validate HA parameters
identification.

In this paper, the same HA draft tube model andstirae identification procedure of the parameterssed. However, the
investigated upper part load resonance phenomecmroat a higher frequency value than the casly giresented by Alligné et
al. [14]. Hence, the wave length of the involveslomating eigenmode is much lower, which requirk®gher spatial discretization
of the HA draft tube model contrary to the lumpeddel used by Alligné et al. The equivalent eleefrecheme of the distributed
HA draft tube model, featuring several pressureesatkfined by the capacitances, is illustrateddn4
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Fig. 4 Spatial discretization required for HA parametéenitification [14].

As proposed by Alligné et al., the identificatiof the electrical components of this model is perfed from 3D flow
numerical simulations. Therefore, the spatial diszation in the 1D HA model must be reproducedha 3D computational
domain, see Fig. 4. Hence, continuity and momentanirol volumes are defined in the 3D HD model éofgrm continuity and
momentum balances which correspond respectivellgeaamode and the mesh equations in the electritense. As a result, nine
continuity and ten momentum control volumes arerlapped to describe the whole length of the drnalfietincluding the two
diffuser channels. In Fig. 5, the data flow betwden3D HD and the 1D HA draft tube models is shown

The first set of parameters to be exchanged isrtbmentum sourcesS, representing the forces induced by the cavitation

vortex rope precession acting on the draft tubdsvedithe different momentum control volumes. Thie, vortex rope cavitation
volume fluctuations are considered as mass sou%@ys2 for the hydraulic system. Pressure and flow ratetfiations in the

draft tube domain may be split into two componeat$iA part due to the propagation waves in the dwfiilr system and a HD
part due to the incompressible fluid motion [15]:

S}Wz = S? HD,/, + S? HA /.
- dv) _adv :
dt HD_,, dt HA. .

It is assumed that the HA field can influence dracadly the cavitation volume fluctuation of the rex rope especially at
resonance conditions. The HA feedback on the mawsees is modeled to be function of the HA pressiege variable. A linear
approximation of this feedback yields to the déiom of the equivalent capacitances,, as follows:

Cequ :(1_[;)C0+Cc (2)

With C,, C, and [ respectively the capacitance in cavitation freediions, the cavitation compliance parameter dued t
cavitation volume fraction. As a result, equivaleapacitancesC,, and cavitation volume fluctuations due to the H&ldf

av,

are exchanged between the HD and the HA draft mbdels as illustrated in Fig. 5. These equivatapacitances

HD,,
allow to define equivalent wave speedg, along the draft tube length according to the felttg definition of the capacitance:
_ gAdx
Con =55 (3)

equ

Finally, the last set of parameters to be exchanigethe thermodynamic dampingg” defining the thermodynamic
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resistancesR,, in series with the capacitances to model energsipition during the phase change between liguidcasitation

[16]. To get more details on the definition of thexchanged HA parameters, the reader can refeptevious paper [14].
Momentum source

Sh

i

1 3D Hydrodynamic model

Equivalent capacitance

= (1 - Bi+]/2)C0 +C,

i equ i Ci+l/2
! Mass source
| dv.
i dt HD,y/
! Thermodynamic damping
R
R’h i A +d
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__________________ O |

Fig. 5 Data flow between hydroacoustic and hydrodynaméaétdube models.

4. Hydrodynamic draft tube model

For the present application, ANSYS-CFX 12.0 versidrused for the computation of the unsteady flomthe FLINDT
reduced scale model draft tube. Unsteady Reynoldsafjed Navier-Stokes equations are used. Forespighse simulations
(SPS), the set of equations is closed with theeS&dhptative Simulation Shear Stress Transport (SA%) which is a first order
two equations turbulence model developed by Meté}, whereas for two phase simulations (TPS), twbulence models are
compared: the SAS-SST model and the Shear Stressgort (SST) model. The homogeneous cavitationemadding the
transport equation of the void fractioff to the set of equations, is used.

The computational domain is constituted of the minand the draft tube which is the best comproristsveen solution
accuracy and computer resources. The transienerwdraft tube simulation allows to predict the mation of the flow between
the upstream runner and the elbow draft tube [fd]}. In Fig. 6, the computational domain is showith the grid mesh and
coloured by the momentum control volumes definedhdrthe mesh generation to derive the momenturmcssus, .

4™ |JAHR Meeting on Cavitation and Dynamic ProblemsHygdraulic Machinery and Systems, October 26-28,12@elgrade
6/14



DOI: to be inserted by the publisher

Fig. 6 Grid mesh and momentum control volumes.

A General Grid Interface (GGI) is used betweentth@ components, which interface position is upddtecevery time step.
The computational domain is disretized with a strred mesh of 2.5 million nodes which 1 million tbe draft tube component,
generated with ANSYS ICEM 12.0. Taking into accotlni$ spatial discretization, the "High resoluti@dvection scheme is used
to solve the set of equations. Regarding the tirseretization, a time step corresponding to 4° aumevolution is used with the
"Second order backward euler" transient scheme.nlingber of coefficient loops is set to 3 and 3@eesively for single phase

and two phase simulations with a RMS convergeniteriom of the residual specified ta0™. The influences of the time step
and the space discretization have been extensitadijed by Zobeiri [11].

The inlet boundary condition is a prescribed veiogrofile at the runner inlet which surface intalggives the flow rate
defined by the flow coefficienty . To define this velocity profile, two preliminasgeady simulations were performed [10]. First,
steady flow computation in the spiral casing angl distributor is performed. Results are used a icdnditions for a second
steady flow computation in the stay vanes, guideesaand runner assembly. From that case, inletitommsl for the unsteady
computation is extracted at the runner inlet incigdurbulent kinetic energy and dissipation ratefifes. Regarding the outlet
boundary condition, an opening condition with "stgiressure for entrainment" is set up. The oyietssure is prescribed
according to the Thoma number investigated, whsch decisive boundary condition for two phase sitimhs. From the Thoma

number definition, the flow and the energy coeffits ¢ —¢/ are introduced to derive the pressure at thecquitiet:
- Us 2 U’Z'Aiz
R=py— o+ p,+09(Z4 ~2Z)- 08 21—A$ @)

5. Identification of cavity volume instability

The cavitation volume of the vortex rope is a dgeigjuantity to derive the HA draft tube parametémsthe case of single
phase simulations, the cavitation volume is assutnembrrespond to the flow region bounded by theovepressurep, set to

2338 Pa at 20°C. However, for two phase simulatithves state variable of the 3D HD model called vamgume fraction S is
integrated over a specified volume on which the wsmts to assess the cavitation voluive:

V, = [ Badv (5)

By applying the outlet pressure derived from Eq). ¢drresponding to the investigated Thoma number ©0.38, no
cavitation volume can be observed contrary to arparts. Hence, an offset on this outlet pressusehiezn applied to fulfill two
conditions. First, to get a cavitation volume qiadively in agreement with experimental visualieatand then to obtain a vortex
rope precession frequency which matches the béisttkvé experimental measurements. This offset ediodmulated as follows:

Ysm — g 59 (6)

exp

For convenience, the Thoma number used for nunieicaulations is systematically corrected by thastér. Therefore, the
subscript sim will be omitted afterwards. In Fig. 7, the vortepe precession frequency obtained by numericallsitions is
plotted as function of the corrected Thoma number.
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Fig. 7 Vortex rope frequency as function of the Thoma nenjh4].

For single phase simulations, the frequency is temisnd equal td0.32n whereas for two phase simulations the frequency is
influenced by the Thoma number as observed expatathg At the investigated experimental cavitati@onditions
corresponding to a Thoma number value @B8, the precession frequency is respectively equad®in and 0.37n for the
two phase simulations with SAS-SST and SST turlmdemodels. Hence, when cavitation occurs in thdexocore, the
precession frequency is higher than the cavitdtie® case which is in good agreement with experiaianeasurements, see Fig.
2.

Considering the experimental investigated Thomabmmvalue of 0.38, the spectral analysis of theddArces, derived from
both single phase and two phase simulations, daotelsrimng out any characteristic frequency neabn . Neither periodic impacts
nor self rotation vortex rope core able to induts frequency, have been identified at this cagitatondition by the analysis of
the HA sources. However, the elliptical shape idl waptured in the case of two phase simulatiors EL4]. Since the
phenomenon is very sensitive to the Thoma numherHA sources have been computed for differenttatiwn conditions. The
occurrence of a frequency component n&asn in the HA sources, has been found when two phiasalaions combined with
the SST turbulence model are considered. HowelverSAS-SST turbulence model does not allow to caghis high frequency
component. In Fig. 8, the amplitude spectra ofgledal momentum source, corresponding to the sutheo&lementary sources
§, derived from a two phase simulation with the S8fbtlence model, are plotted in a waterfall diagrsnfunction of the

Thoma number.

~ 0.015
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2 1
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0.005
0)
0

0.5 0.55

4 03 035 0.4 045
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Fig. 8 Influence of o on the global momentum source.

These amplitude spectra are computed over a timelaiion corresponding to 60 runner revolutions. the low Thoma numbers
where cavitation volume is higher than for high fif@onumbers, the amplitude spectra are much naiseto the unsteadiness of
the cavitation. A high frequency component2a6n appears for Thoma number values betwde#9 and 0.52. However, this
range is higher than the experimental data induaisgaller cavitation volume than the one obseesgxErimentally. A focus on
the Thoma number value 09.504 is performed to identify the cause of the onsethig high frequency component since its
amplitude is found to be maximum at this cavitat@mmdition. In Fig. 9, a waterfall diagram of theg@litude spectra of the
momentum sources considered along the draft tubmutois plotted.
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Fig. 9 Waterfall diagram of the amplitude spectra of ttementum sourcesS, along the draft tube domain ar = 0.504.

The high frequency component is found in the witbkgt tube domain. To identify the physical meanaighis high frequency
component, the downstream flow rate fluctuationghatelbow outlet cross sectio®, are monitored. In this cross section no
cavitation is experienced by numerical simulatiols.Fig. 10, the amplitude spectrum of the outlewf rate fluctuations
normalized by the inlet runner flow rat®, is plotted and compared to the one of the globadsrsource corresponding to the
total cavitation volume fluctuations.
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Fig. 10Amplitude spectra of the outlet dischargg fluctuations and mass sourc®, fluctuations.

The outlet flow rate features fluctuations at thghhfrequency component. However, the prescribéet fitow rate of the HD
model at the runner inleQ, is constant. By applying the continuity equatioratcontrol volume defined between the runner inlet
and the elbow outlet it yields to:

dav.
- =—=_—2FC = 7
Ql 2 dt o SQHD ( )

Since the inlet flow rate is constant in the HD mipdhe downstream flow rate fluctuations are dwehe cavitation volume
fluctuations, shown in Fig. 10 by the amplitudecipan of the global mass source which featurestiighk frequency component
as well. Therefore, the mechanism inducing uppet Ipad resonance with the hydraulic system is tified to be related to a
cavitation volume instability which under cavitatioonditions, experiences fluctuations at an umdbk frequency which could
match with an eigenfrequency of the system.

6. Upper part load resonance simulation

6.1 Computation of HA draft tube model parameters

The cavitation volume instability, which can induggper part load resonance phenomenon, occurigharhoma number
compared to the experiments. Therefore, the simounlaif this resonance is not feasible with the H¥kgmeters derived at this
high Thoma number. Indeed, the small cavitation @am the vortex core does not allow to reduceughathe eigenfrequencies
of the system to match with the excitation frequeimtduced by the cavitation volume instability. Taien of this Section is to
simulate the upper part load resonance using theltdaft tube model parameters derived from the HRiehget up at the same
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Thoma number as the experiments. Therefore, theedwwe consists in modifing these parameters tceirtbd cavitation volume
instability which should have been simulated at ttavitation condition. Then, a one way simulai®oarried out by injecting, as
a post processing step, the time histories of timesdified HA draft tube model parameters in the hhadel of the complete
hydraulic system. The logic would be to use theapuaters derived from the two phase simulation tesiitained with the SST
turbulence model since it corresponds to the condition where the cavitation volume instability heeen observed. However,
using this configuration, HA simulation is numetigaunstable because of a critical ratio betwees ¢quivalent capacitance
parametersC,,, and the thermodynamic dampings". Finally, the modeling of the cavitation volumestability has been

integrated to the HA parameters derived from sipiiase simulation.

This modeling is based on the results obtainetieahtgh Thoma number value df.504. It has been found that a fluctuation
of 1 % of the time averaged cavitation volume iretua fluctuation of the HA momentum sources in gadmentum control
volume near 0.005 % of the turbine head. This réidaken as a reference to create a relation leetveavitation volume
fluctuation amplitude and momentum sources fluabmaamplitudes. Then, the amplitude of the cawtatwolume fluctuation is
taken as a parameter and an "optimal" value ighated in order to get amplitudes of pressure flatibns at the high frequency
component in agreement with measurements. In Bigthe time histories of the modeled cavitationuneé fluctuations and the
corresponding momentum source fluctuations aregqalot

Original data from HD simulation Original data from HD simulation

Integration of cavity volume instability Integration of cavity volume instability

x10*
6 ,

\Y

C

t t

4 : : : : : 0.016 : : : : :
16 17 18 19 2 2.1g] 22 16 17 18 19 2 2.1g] 22
Fig. 11integration of the cavitation volume instabilityttee simulation results with the HD model in thestficontrol volumeV, .

The amplitude of the cavitation volume fluctuaticatsthe high frequency component, which has betegiated into the
original numerical data, corresponds to 15 % of tinee averaged cavitation volume. The computatibrthe equivalent

capacitance parameteC,,, is derived from the computation of an equivaleave/speed, see Eg. (3), which is estimated from a
mathematical model based on an one dimensionabapbprto the flow of a liquid gas mixture developydRath [18]:

B = Hm% * (1-/3)p(1+Eil( p- po)n EE%+ Eﬁ + eEI[E)Wa“ ﬂ; 8)

The pressurep in this formulation can be split into two compotera HA part due to the propagation waves and goHID
due to the incompressible fluid motion [15]. Howe\since a one way simulation is carried out to pata this wave speed, the
HA part of the pressure field is not taken intoaot. Hence a reference pressure of the HD modsdrsidered and set to the
outlet pressure of the HD computational domain.

Regarding the bulk viscosity/", modeling the energy dissipation during the phaisenge between the cavitation and the

surrounding liquid, a mathematical model based baraogeneous flow assumption is used [16]:

orf(1- ? RIT &
- i ﬁ)p+ﬁp;)253@c EM ©)

In the same way as the computation of the wavedspgbe pressurep in the bulk viscosity formulation is set to thetlet
pressure of the HD computational domain. The waxeeds and the bulk viscosities experience fluatnationly due to the
cavitation volume fluctuation since the pressurseisas a constant. In Table 2 the time averageé sjeeds and bulk viscosities
are given in each continuity control volume.
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Table 2 Time averaged wave speeds and bulk viscosities

Continuity & H

control volume [m.s‘l] [pa_s]
1 28.8 2’576
2 27.3 2’313
3 28.3 2’486
4 32.6 3’339
5 59.5 10448
6 138.7 8’968
7 153.6 5’840
8 165.8 608
9 165.6 0

6.2 HA model of the test rig

The upper part load resonance phenomenon was erped on the third test rig of the EPFL Laboratfimy Hydraulic
Machines. To investigate this phenomenon, the HAehof the complete test rig is set up with the SBN software, see Fig. 12.

Q1

Mo,
S0

Fig. 12Layout of the test rig.

The test rig is a closed loop system with one reseland two feed pumps in parallel. The main HAd®abparameters of the
water passages are resumed from a previous motlteldsuhe analysis of the upper part load resamaas well, but where it was
assumed that the excitation source is periodic atgpan the inner elbow part of the draft tube [&.enhance the HA model of
the test rig, the turbine characteristic of thenEra turbine runner has been integrated. By settiagHA parameters of the test rig
model with the time averaged values, the eigen&agies are computed using a small perturbationlisgabnalysis [19], see
Table 3. This analysis is based on the computatfahe eigenvalues and the eigenvectors of th@fsdifferential equations in
SIMSEN which give respectively the eigenfrequeneied the eigenmode shape.

Table 3Eigenfrequencies of the test rig

Eigenmode f/n
order []
0.52
0.69
1.24
1.83
1.91
2.62
The first eigenmode features a frequency highen tihe vortex rope precession 8t32n. Hence, the standard part load
resonance between the vortex rope precession imeguend the first eigenmode can’'t occur in thesetation conditions.
However, the cavitation volume instability modebtda frequency value o2.6n  will induce resonance with the sixth eigenmode
which spatial shape is given in Fig. 13.

OO WNPE
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Fig. 13Shape of the sixth eigenmode in the whole hydraylstem (left) and in the draft tube componenth)ig

In the left part of Fig. 13, the eigenmode shappladted in the whole hydraulic system where thstfand the last nodes
correspond to the reservoir location. In the rigatt, the shape is plotted in the draft tube compbincluding the cone, the
elbow and the pier. The plotted pressure variabteesponds to the modulus of the complex eigenveetthich explains positive
fluctuations in the whole system. However, the peasf these fluctuations are given by the arguroétiie eigenvectors. Due to
the modeling approach which neglects the convedtdinms in the set of equations, the phase canrealsh 77 values. At each
pressure node, the phase changes to the oppolsite irathe cone and the elbow parts, a pressute oexperienced which is in
good agreement with experimental measurements sigoaviphase shift of 150° between the inlet andottéet cone pressure
fluctuations, see Fig. 3.

6.3 Simulation results

After the integration of the cavitation volume sility in the HA parameters computed at the inigegeéd Thoma number
value of 0.38, a one way simulation is carried out. The respariséhe hydraulic system to the excitation indudedthe
cavitation vortex rope is represented in Fig. 14.

0.03
_ p
~ 003 -l | =
P 0.02 "
pE ~ 0.02 :
0.01
0.01¢
8 o
o 45 Node £
f 3 4 number n
H[ ] 0 1 2 3 -] 4

Fig. 14 Surface representation of amplitude spectra pregiistuations as function of the position in thafaulic system (left)
and pressure fluctuations in the draft tube coigiat).

In the left part, the surface representation it n@im the amplitude spectra pressure fluctuatiplested at each pressure node
of the HA model. The draft tube component is lodabetween the node numbers 46 and 60. In the pght the amplitude
spectrum of pressure fluctuations in the draft tabae is plotted. One can observe that the sixgerenode responds to the
excitation due to the cavitation volume instabilljowever, the first eigenmode characterized byeguency of 0.52n , responds
as well contrary to the measurements. This is dumne of the harmonics of the vortex rope preceskaguency which matches
with the first eigenfrequency fluctuating becau$ehe unsteadiness of the wave speed parameteedver, the modulation of
the hydraulic system response is not simulated.

7. Conclusion

This paper contributes to the understanding of tteehanism inducing upper part load resonance betwee cavitating
vortex rope and the hydraulic system. A methodoltmggompute the hydroacoustic parameters of alpad vortex rope model
from incompressible flow numerical simulations isegented. Two excitation sources are considerednoaentum one
corresponding to the force induced by the vorteperprecession on the draft tube wall and a massesaorresponding to the
cavitation volume fluctuations. The analysis ofsiaénydroacoustic sources allowed to explain the@menon as an instability of
the cavitation volume which fluctuates at the umddde frequency matching with one of the eigenfiemgy of the hydraulic
system. The simulation of this cavitation volumstability is very sensitive to the numerical set Two phase flow numerical
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simulations must be considered and the choice eturbulence model is decisive. The elliptical hap the cavitation vortex
rope core is well simulated using the homogene@wtation model. However, the volume instability tae high frequency
component occurs at a Thoma number much higherthigaane obtained by measurements.
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Nomenclature
Latin Symbols

A Pipe cross section [m2] SQ Mass source [m3.s-1]
Adx
C= g > Compliance [m2] Sq Momentum source [m]
a
C. Cavitation compliance [m2] T Temperature [K]
Cequ Equivalent compliance [m2] U Peripheral velocity [m-s-1]
D Pipe diameter [m] V, Cavitation volume [m3]
D, 4 Reference diameter [m] Z Elevation [m]
E=gH Machine specific energy [J-kg-1] Z Elevation reference [m]
E.al Young modulus of the pipe wall [Pa] a Wave speed [m.s-1]
E Bulk modulus of the liquid phase [Pa] dx Elementary pipe length [m]
H Turbine head [m] f Frequency [Hz]
dx
L= a\ Hydraulic inductance [s2.m-2] g Gravitational acceleration [m-s-2]
Q Flow rate [m3.s-1] h Piezometric head [m]
AdxQ _ .
B Hydraulic resistance [s.m-2] n Runner frequency [Hz]
2gDA
R Perfect gas constant [J.K-1.mol-1] p Pressure [Pa]
R, Thermodynamic resistance [s-m-2] Py Vapor pressure [Pa]
Greek Symbols
B \Void fraction [-] u" Bulk viscosity [Pa.s]
A Local loss coefficient [-] © Relaxation time [s]
1Y Density, [kg.m-3 ] w Runner angular velocity [rad-s-1]
£, Cavitation density, [kg.m-3 ] g Thoma number [-]
8 Q E
=— Flow coefficient [- Y =8 Energy coefficient [-
ﬂwDraef [-] szrif ay [-]
Subscripts, Superscripts, Acronyms
y Quantity fluctuations HD Hydrodynamic
y Time averaged quantity SPS Single Phase Simulation
HA Hydroacoustic TPS Two Phase Simulation
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