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Abstract. On EDF hydraulic production plants equipped wtiancis turbines, there
have been related some cases of significant predisictuations detected in the upper parts of
the penstock when units were operating in the gl pressure surge zone. There was no
decrease of the Peak-to-Peak pressure fluctualong the penstock in the upstream part as it
could be expected. To understand the phenomenosit@mests have been carried out using
innovative non-intrusive dynamic pressure sensoraany points along the penstock allowing
the analysis of upward and downward waves and timérferences”. These interferences cause
in some cases standing waves for which the envelbpeessure oscillations along the penstock
exhibits nodes and anti-nodes whose positionstavely fixed along the penstock for a given
operating point of the turbine. It appears thatrdi® [Frequency of surge]/[Natural frequency
of the penstock] conditions directly the numbeneodles. This point is important because upper
zones of the penstock close to the surge tankdreverally not been designed to withstand high
values of pressure fluctuations. For high numberatd (3, 5, 7...), long term operation may
induce mechanical fatigue of the penstock. A statisapproach was performed based on the
dynamic signal databases of EDF and GE comprisitg a@nalysis of 21 occurrences of strong
axial pressure surges of high load. It seems #mdhio values of the frequency ratio favour this
resonance. This emphasizes the role of water egelsabetween the rope and the penstock
(complementarily with the draft tube) in establighihe conditions of resonance.

1. Introduction

Pressure surges are sometimes encountered in $ramoines, and interpreted as axial hydraulic
instabilities involving the resonance of the syst@mmposed of the draft tube rope, the turbine,thad
penstock. This phenomenon happens at high loadamutlso be observed at part and low load. Such
resonance may result in unacceptable pressuretipunlsed electrical power swing (Tadel, 1986 [11]).
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At part load, both forced and self-excited osdadlas can occur. The classical case of system
resonance under forced oscillation involves thé dube helical vortex rope which generally imposes
its own precession frequency, and has been widelpeed theoretically and experimentally since long
time (Couston, 1998 [2]). Methodologies have bemppsed to simulate the system behavior (Nicolet,
2006 [9]), and to predict the cavitating volumepedies and the system response using a combination
of reduced scale model testing and 1D/3D numesioalilations (Alligné, 2011 [1]) (Landry, 2016 [8]).
Recent works have also demonstrated the possitwlijerive the vortex and the system frequencies
from the single swirl number (Favrel, 2017 [5]).wdever, in an industrial context and given the high
sensitivity of the key parameters (wave speed, mgpepliance...) to the operation conditions, these
processes are still challenging. In order to imprtwir capacity of prediction, further researchtil
ongoing in order to better avoid the risk of padd resonance on a prototype machine. The specific
case of upper part load self-excited vortex ropse complex to predict, but can usually be migda
by efficient countermeasures.

At full load, self-sustained pressure surge is sonmes observed on Francis or reversible pump-
turbines. In some cases, this leads to signifipeggsure and power swing, and can even jeopaftize t
capacity of the turbine to operate at its maximwtpot. The physical mechanism has been discussed
in the past years and researches pointed out stabdeing influence of the mass flow gain factor
(Koutnik, 1996 [6]), as well as the non-linear depence of the cavitation compliance to the Thoma
number to initiate the surge (Koutnik, 2006 [7]).

Although most of above mentioned works focused lo@ ¢comprehension of the phenomena
occurring in the draft tube in order to charactetlze mechanisms and the governing parameter® of th
self-excited pressure surge, this paper focuseshencoupled response of the penstock with the
excitation. It develops an original approach basedkexperimental observations. For the first time, a
large number of surge events measured on variodsoiplants by EDF and GE Hydro have been
gathered in a single database, allowing empirinalysis and interpretation of the phenomenon. The
paper will mostly consider the cases of full-loagige for which many measurements were available,
but the interpretation should still be valid fosdefrequent low-load pressure surges (occurring at
discharge lower than in the helical part load rapess).

The specificity of these experimental cases is ti@tpressure pulsations are not decreasing along
the penstock as in the case of most load rejectonsome EDF Francis turbines, cases of significan
pressure fluctuations have even been detectecimtist upper part of the penstock when the urgts ar
operating in the full-load surge zone. Such dyndoadings are usually not considered in the desfgn
the penstock and in some rare cases, they canceitoedatigue strength of the material. An original
non-intrusive method for mapping the dynamic pressa several points distributed along the penstock
has been developed and enables to illustrate thblisbment of standing waves.

2. Terminology

- Frequency of Penstock : Fenstock The first ¥ wave hydro-acoustic eigenfrequencyefgenstock
filled with water (corresponding to open-closed haary conditions at both ends):

Fpenstock = .
4L
e a Average acoustic wave velocity in the water efgienstock.
e L Length between the turbine and the upper locatiomave reflection
This frequency can be either:
» Calculated theoretically from the estimated leragikd the calculated wave velocity

* Or determined experimentally after a load rejectom shutdown of the turbine (frequency of
free pressure oscillations after complete clos@ita@wicket gate) (Fenstock Load rejectidn
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*  Or measured during instabilitiespthstock instabily

- Frequency of axial Pressure Surges: duge : The frequency of the pressure pulsations medsure
in resonant conditions

- The ‘Penstock Wavenumbe't (PW) is then defined as:

FSur e
PW =192
FPenstock

This “Wavenumber” is a little different from theastlard physical definition where it represents a
number of oscillations per unit of length. In féoe above definition conditions the number of siagd

waves along the whole penstock initiated by thesfuree surge. More precisely, it is the numbers of
quarters of waves.

- The ‘Rope-Penstock Resonance FactofRPRF) is defined as:
RPRF = PW — 2k

where k is a positive integer number, and RPRB-2[. In terms of Euclidian division, RPRF is edu
to the remainder of PW modulo 2. For example: If BW.7, then RPRF =4.7 — 4 = 0.7 and k=2

3. Non-intrusive dynamic pressure measurement along ghpenstock via PVDF wires

3.1. PVDF wires

“ PolyVinyliDene Fluoride” (PVDF), polymer with piegtectric properties, is available in many forms
and for various uses. We use it here as a stringegm the form of a wire.
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Figure 1.PolyVinyliDene Fluoride polymer. Figure 2. PVDF wire diagram.

Submitted to variations of traction, the wire gextes electrical charge proportional to its elorogati
We use this property by winding the wire aroundpesubjected to pressure variations. For the low
frequencies of surges encountered in hydraulictpldwith plane pressure waves), we can admit
proportionality between variations of pressuréhia pipe and elongation of the wire.

The major benefitis then to be able to measurertkegsure variations in any section of pipe, withou
drilling it as in the case of a traditional intrusisensor.

_ PVDF wire
~

| Diameter
i variation

— e M
4= Pressure waves —»

Figure 3. Schematic diagram of using PVDF wire on a pipe.

Knowing the characteristics of the pipe (diametbickness and properties of metal) and the

sensitivity of the wire, we can deduce the presstagations in the pipe from the electrical
measurements of wire charge:
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‘ Electric signal (pC) ‘

W'resenS'tivitvL ‘Wiredeformat\'on (Al ‘

(pC/udef/m)
Wire length L ‘ Radius deformation (4Ar) ‘
(n.2.mur)
Dimensions and .
peL ‘ Pressure variation (AP)

characteristics of the pi

(thickness, radius, Young...)

Figure 4.Pressure variation calculation.

3.2. Implementation on penstocks

This method is simple to implement, provided tlinet periphery of the penstock is accessible. After
tracing and rough cleaning of the measuring secboe or more windings of the wire are positioned
by applying a manual preload. Final fixing is devith a cable clamp. The number of windings is chose
depending on the diameter, the thickness and timagsd amplitude of the pressure variations, so as
to produce an optimal electrical signal. The wgeannected to a charge amplifier, whose voltage or
current signal is recorded on a digital datalogger.

Figure 5. Mounting example - 1 turnon 1 m Figure 6. Mounting example -
diameter pipe - wire and amplifier. 4 turns on 0.45 m diameter pipe.

3.3. Validation and limits of use of the PVDF wire measuent

The wire method has been validated during measumsmealized on several EDF plants (collaboration
of EDF, Insa Lyon, Matelys Research and GE HydranEe). (Pavic, 2017 [10] gives elements of
validation for this type of measurement).

With the amplifiers currently used (B&K 2635) exjggice shows that measurements are feasible as
long as the pressure variations (either oscillatiar transient) are sufficiently fast (oscillation
frequencies higher than ~1 Hz For stationary regjraepressure variations lower than ~1 s for teanis
conditions).

Any measurement of the static value of the pressuriherefore excluded. In addition, a low
frequency drift may occur in the signal, but isigagmoved by high pass filtering at 0.5 Hz.

4. Experimental results: 2017 test in Monceaux-la-Virte plant (France)

4.1. Presentation of the measurements



29th IAHR Symposium on Hydraulic Machinery and Systems IOP Publishing
IOP Conf. Series: Earth and Environmental Science 240 (2019) 052034  doi:10.1088/1755-1315/240/5/052034

The plant is composed of 2 vertical Francis turbie5 MW each) under 150 m head without air
admission in turbines. Both units are connecteal $mgle penstock (1.8 to 2 m @ and 490 m long).

«—————— Surgetank

Penstock guard valve

Penstock -490 m
/

/ Powerplant

Figure 7.Power plant diagram.

Severe high load surges have been recorded ornuthies2The objective of the measurements carried
out by EDF in collaboration with GE was to charaggethe propagation mode of the pressure waves
in the penstock, when the turbine is in this urnistabgime.

The following sensors were connected to a commtalatger:

» 3 classic sensors (Draft tube, Spiral case andt®gnguard valve)

» 8 PVDF wires regularly spaced along the penstock

Penstock guard valve Surge tank

»

Figure 8. Pressure measurement scheme - classical sebhkmsdnd PVDF wires (red).
4.2. Results

The entire range of output of the unit has beeroeag, allowing to identify various pressure fluation
Zones:

GV Opening (%) Spiral case pressure [bar)

Eg ‘ = : 14,4

0 2 4 6 8 10 125

He 100 200 300 400 540

Time (s}

Figure 9. Cascade spectrum of spiral case pressufgure 10. Spiral case pressure low-pass.

Three main pressure fluctuation zones are idedtifiethe spiral case pressure when the discharge
increases:

» Part load pulsation zone A of relatively low amypdie at 2.1 Hz (not studied in this paper)
» High load pressure pulsation zone B at 3.4 Hz

* High load pressure pulsation zone C at 2.35 Hz
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The two high load surges are very close in tergisitharge, and only a minor change in guide-vane
opening makes the frequency switch from one tolrerdh few periods of the pressure oscillations.

The signals have been band-pass filtered [0.5 HBPto focus on the low frequency surge
phenomenon.

4.2.1. 3.4 Hz pressure surge (zone B)

The pressure fluctuations in the draft tube anthespiral case are in phase, with a higher anaaitu
inside the spiral case (Figure 11). In additioe,slgnals between the spiral case and the pengtezo
valve are out of phase, with similar amplitudesgFe 12).

| Bar Bar
P_Spiral case P_gap distributor/runner P_Draft-tube 1 ——— P_Penstock guard valve — P_Spiral case

0.5 0.5
0 . i N \ | \ . o
-0.5 05

1 1
43 435 44 a5 as 43 435 a4 445 a5
Time (s) Time (s}

Figure 11.In-phase pressure signals. Figure 12.0ut of phase pressure signals.

To explain this wave propagation along the pensteehook at the pressure fluctuations measured
by the PVDF wires distributed along the penstodke Bignals are either in phase or out of phase,
showing the appearance of a standing wave.

On the following temporal diagram, we can see #adlations of 11 points of pressure measurement.
The vertical spacing of the signals ordinates hesnbmade proportional to the positions of the
measuring points along the penstock.

The peaks of the upward waves and correspondingwsbf the reflected waves are clearly visible.
We also see the rise of the pressure troughs anddibscent reflected in the form of pressure domes

Figure 13.Visualisation of upwards and downwards waves.
We can see, by looking carefully, how these upveaidl downward waves transiting along the linear
of the penstock add up algebraically to create a@nel antinodes.
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A Fast Fourier Transform (FFT) is applied on eagna to extract its amplitude and phase at the
surge frequency of 3.4 Hz. Then every pressurédation measurement is set at its position aloeg th
penstock to reconstruct the resulting standing wave

Resulting standing wave - f=3,4 Hz

Spiral
case 1
1 A

Linear penstock length (m)

Figure 14.Snapshot of the 3.4 Hz pressure pulsatioRigure 15.Nodes and anti-nodes in the penstock.
in the penstock. The 7/4 wave form is clearly shown.

The measured pressure pattern indicates a resooértbe system Rope-Adduction. Nodes and
antinodes are clearly exhibited, showing pointkigh penstock oscillations, even at the upper fdrts
the penstock. The resulting wave has an approxiynateéwave shape (~seven ¥ of wave).

4.2.2. 2.35 Hz surge (zone C)

The pressure fluctuation along the penstock at Pi8%vere analysed in a similar manner to get the
resulting standing wave. For this surge, the presfiuctuations at the spiral case and at the pekst
guard valve are in phase:

Resuiting standing wave - f=2,35 Hz Resulting standing wave - f=2,35 Hz

Spiral case

wire2 * b Surge

700 401 500 & 0

Pressure |bar)

g
Wire 3

Wire 8 p
o Wire 4

Wie? e lwies Linear penstock length (m)

Linear penstock length {m}
Figure 16.Snapshot of the 2.35 Hz pressure Figure 17.Nodes and anti-nodes in the
pulsation in the penstock. penstock. The 5/4 wave form is clearly shown.

The resulting wave has an approximately wave shape (~five ¥4 of wave).

4.3. Evaluation of wavenumbers
There is a resonance of the system including the amd the penstock.

The hydro-acoustic eigenfrequency of the penstastvéen the turbine and the surge tank is
determined during transient event after load rijacof the turbine: 4L/a = 1.92 s (FPenstock Load
rejection = 0.52 Hz).

3.4 Hz surg 2.35 Hz surg
Penstock Wavenumber (P 6.54 452
Rope-Penstock Resonance Factor (RF 0.5¢ (k=3) 0.52 (k=2)

4.4. Interpretation
View from the penstock, the rope can be interpreteé periodic generator of water hammers during
the surges. If the period of surge is sufficierstigall compared to the time of a round-trip wavém
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penstock (2L/a) (i.e. PW> 2), the rising pressueasevof the water hammer “n” crosses the downward
pressure wave of the water hammer "n-1" (even 'nf23" ...) reflected at the surge tank.

The reflected rising and descending waves add gebedically. These interferences cause the
envelope of pressure oscillations along the pekdtwdraw nodes and antinodes whose positions are
relatively fixed along the penstock if the surgpésiodic.

For odd values of PW (1, 3, 5,...), the spiral aageesponds to a pressure antinode of the ogmilat
and pressure node for even values of PW (2, 4.6 ..

The higher the Penstock Wavenumber is, the upperldbt upstream antinode of pressure
fluctuations is located in the penstock.

5. Proposition of a criterium for instability transmis sion along the penstock

The following criterium is proposed to anticipdte position of the uppermost antinode in the paksto

Penstock wavenumk Upper point of the penstock reached by an
antinode of pressures (in % of the length of the
penstock counted from the turbine)

PW>1 (less than half of the surg [1- FPenstock] (%)
Surge
PW<= 1 (more than half of the surg 0% (maximum in the spiral cas
Examples:
Figure 18.1f PW = 3 (3/4 of wave): the upper Figure 19. If PW = 1 (1/4 of wave):
point of maximum fluctuation = 1-1/3 =66% of Maximum pressure fluctuation is in spiral

linear of penstock. case.
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6. Statistical approach for the Rope-Penstock Resonance Factor

6.1. Results with frequency of penstock measured after load rejection
The below statistic presents 21 accentuated full-load surges measured by EDF or GE Hydro France on
Francis turbines.

avourable to resonance Unfavourable to resonance
3
2
| I I
0 ‘ I .
0,2 04 0,6 0,8 1 1,2 1,4 1,6 1,8

Figure 20.Rope-Penstock Resonance Factor (RPRF) (calculated witfbdk Load rejecign(@bscissa
value of 0.4 in the diagram means interval [0.4-0.6]).

Unfavourable to tesonance

Number of surges analysed

As we can see, there is a statistical tendency to have more surges fo€E RPRH.2] (18 surges,
or 85 % of the listed events), than in intervals [0.0-0.2] & [1.2-2.0[ (3 surges). Many surges have a RPRF
value in the interval [0.4-1.0].

6.2. Physical Interpretation and discussion

It seems that only certain values of Penstock Wavenumber (PW) and RPRF favour this resonance (the
penstock must supply water (in addition to the draft tube) when the rope collapses and not when it
grows). These favourable values of PW are the intervals: [0-1] or [2-3] or [4-5]... (but not [1-2] nor [3-

4] ...). Consequently, RPRF is in interval [0-1].
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The diagrams in the table below represent exangbliestant "snapshots” of the fluctuating pressure
and discharge in the system:

PP i ' i Configuration favourable to
| i resonance (PW=2.6 &
RPRF=0.6).

Penstock -

2
pressure

variation

When the pressure increases

Fluctiating in Spiral Case & Draft Tube

flow - « The volume of the rope

' S decreases and therefore it

absorbs a volume of
water

» The spiral case supplies
this volume of water

Other frequencies of surge
can realize this favourable
matching

Penstock

pressure

PW =0.5 or 2.6 or 4.7 for
example. RPRIE [0-1].

t , But not all frequencies favor
! the resonance:

PW =1.6 for example.
RPRF = 1.6

Fluctuating-
f[awﬁ

Disharmonized-flow-fluctuations®-
Unfavorable-for-resonancef]

Figure 21 Exchanges of fluctuating pressure and dischdoyeyahe penstock.

The experience of many surge measurements shoaedrtft tube and spiral case pressure signals
are in phase (or almost in phase). Pressures @and fluctuations along the penstock are offset@fy 9

10
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At the pressure nodes, flow fluctuations are maxmand pressure fluctuations are minimum (Vice
versa, at the antinodes).

Thus the frequency of surge could be partly coodéd by the Penstock Wavenumber (PW) that
ensures harmonized water exchange between roppesrstiock, and consequently influenced by the
characteristics of the penstock. This could exptham difficulty of transposition of high load susge
from model to prototype, if the properties of theake hydraulic system are not taken into account.

Moreover, in the high load surge zone, a progressigrease of the load can be interpreted as:
* A progressive increase of the average volume ofdpe

* An increase of the water volume exchanged at eaciilation (for a given peak-to-peak
fluctuation of draft tube pressure).

* Adecrease of the surge frequency (and consequatie Penstock Wavenumber) to adjust to
this increase of water volume:

o Continuously within a favourable range of PW. ExéenpW interval [6-7] (This way,
the spiral case is getting closer to a node ofspires

o In some cases, by sudden switch to avoid an unfattel zone (RPRE1-2]). For
example: PW switches from 6 to 5. The volume ofewachanged with the penstock
(all things equal otherwise) is proportional to teenporal integration of spiral case
pressure on a half period of the surge). The sldieisurge, the more important the
volume of water is exchanged)

These observations and interpretations do obvionstyallow to predict, for a new project, the
adapted lengths of pipes in order to avoid highl Isarges. However, it allows to identify, for aeiv
project, ranges of possible high load surge freqiesn The effective emergence of these surges is
probably related to the conditions in the draftetybompliance of rope ...)

GV Opening (%)

81

66

56

46

36

26

16
0 2 3 4 4,5
Hz

Figure 22.Cascade spectrum of spiral case pressure sensoideiitification of PW.

11
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7. Consideration about the location of the wave reflen
In this paper, the presented values of Rope-Pdnfesonance Factor (RPFP) have been calculated
With Fpenstock Load rejectird@Cause this frequency is easy to measure wétyneo subjectivity.

Nevertheless, the best frequency for calculationlevoertainly be FPenstock Instability (estimated
via the time of wave roundtrip in the penstock dgrihe surge).

Frenstock Instabilyevaluation is sometimes possible by interpretatbulraft tube temporal pressure
fluctuations (with the help of spiral case sigrad)t But often, it is not possible or too subjeetiVA
better interpretation is permitted by mathematsegaration of upgoing and downgoing waves from 3
sections of pressure measurements spaced from3frtwters [Pavic, 2017].

Both frequencies are in most cases identical. Nleglss, according to EDF measurement
experience (based on field measurement and perrargentoring of 300 penstocks), there are some
cases where they differ due to the location ofujyger point of wave reflection. During load rejeat
the point of reflection is generally the free sudat the top of the surge tank (or the outlethef t
penstock in the upstream reservoir). Moreoverctralitions of reflection in the turbine are not umo
precisely and seem variable from one case to anothe

During full-load surges, reflection may sometimeswr completely or partially in some other places,
like a local enlargement of the pipe: Connectioragfenstock to a large gallery for example, or the
connection point of the gallery to the surge tartkis variability is probably related with the impamnce
of water volumes exchanged at each oscillatiom@furge.

Among the 3 surges (out of 21) which does not meaditi the statistics, one can be clearly explained
by the difference betweermndnstock Load rejectio®Nd FPenstock instabii(@Nd probably another one too).

8. Conclusions and outlook

The statistical analysis of an extensive databfpermstock resonance cases during full-load pressur
surge event collected by EDF and GE Hydro has pessented in this paper. The RPRF value (Rope-
Penstock resonance ratio) is defined and calcufateshch case in order to classify the resultsst\dd

the cases are corresponding to a ratio rangingartecular interval and a physical interpretatadrihis
ratio has been developed to explain this result.

For some hydropower-plants where a pressure suageeported, an innovative method using PVDF
wires has been applied and the details of applicdtave been presented. This method allows easy and
non-intrusive dynamic pressure measurements diséb all along the penstock. Such pressure
mapping allows a fine analysis of the wave propagaturing the surge event and shows the
development of standing waves in the penstock shtipe and frequency depending on the operating
point.

Together with the intrinsic behaviour of the catititg rope, the natural frequencies of the penstock
(derived from the main hydro-acoustic frequencyLaitd depending on the geometry of penstock)
plays an important role in the determination of siege frequency and probably in the apparition of
resonance. A criterion based on the “Penstock Wawéer” PW has also been proposed to evaluate
the conditions of transmission of the full-load g@ere surge fluctuations along the penstock, amd th
location of maximum fluctuation amplitude.

12
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