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Context and Key goals

 Massive penetration of alternative renewable energies (Solar, wind power)
e Stochastic nature of the renewable energy production

55

50 -
* To maintain balanced production: 30 -
v’ Sufficient reserve capacity 257
. T 20 -
v’ Primary and secondary control capabilities B Geothermal 3.0%
15 4 M wind 26.1%
Biomass 8.3%
10 - M Non-renewable waste 3.3%
—> Hydropower plants 5 - i
0 B Marine energies -0.5%
Nuclear -0.8%
_5 M Fossil 3.9%

- Off-design operation
Mean annual growth rates of electricity
production 2002-2012
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Context and Key goals

Frequent power transients:

v Require a wide operating range

v' May induce high levels of vibration and large pressure fluctuations

0.6
Part load condition Full load condition (bar)
0.4
0.2
* Favrel et al., 2013 * Mduller et al. ,2013 0

[0.2 — 0.4] « Turbine rotational speed

e Pressure fluctuations in the draft tube
e Pressure fluctuations in the spiral case

RMS .
. Pt Self-excited instability
Resonance excited - d
. at full load
. by the part load vortex : i
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HYPER"OLE (ERC/FP7-ENERGY-2013-1-Grant 608532)
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SIMSEN software

e SIMSEN software

o Ce| A
v’ Hydraulic circuit SIMSEN EPFL

v Electrical installations

v’ Rotating inertias
v’ Control system
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Electrical Analogy

Mass and momentum equations:

.

1 iﬂ ﬂi Q,
D, a, i
dx

Datum.
Electrical analogy:
v’ (Bergeron, 1950; Paynter, 1953 )

L,/2 R/2 R/2 L/2

o0 iy i iy Ty

G| A
< SIMSEN

Storage
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Inertia

1 ol

‘ax
His oU
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Losses

Assumptions:
v Uniform flow
v’ 1-D approach
v’ Convective terms neglected
v" Vertical displacements neglected
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Eigenvalue computation

e Set of differential equations
Draft tube

Tailrace
pipe

* Eigenfrequency

X = X, +0% <d(>z°+5i)zf(>zo+5>z) —> det[[']'s+m_l[5|ﬂ=0
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Natural frequencies

Hydraulic system modelled by an equivalent pipe

1K1

Total length

n
Itot :Zyi
|:

Equivalent wave speed
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v
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First natural frequency of the cavitating draft tube

* Simplified hydroacoustic model of the frictionless cavitating draft tube

Cavitation compliance Draft tube inductance First natural frequency * Jacob, 1993

.g-A d

= Cor= bor ¢ ?DT Lor = or fo= 21 —= 21 -
. /A . /4

2 D, ot g-ADT {Lor Cor DT
2
> 1 1 |k 1 , 1
@ kzg m =~ Lpr f0=ﬁ\/%zg CprlpT
i Lo
E ® SN *
= _I_ lo,r = DT length [m]
© Apr = DT cross section area [m?]
S ‘ Cor apr = DT wave speed [m/s]
= . ]
£
wn 13

Draft tube
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First natural frequency of the cavitating draft tube

* Simplified hydroacoustic model of the frictionless cavitating draft tube

Cavitation compliance Tailrace pipe inductance First natural frequency * Dorfler, 2013
A d
lr-9-Ay I f-1 1 _ 1 DT
DT a2 L g-A \/LI'R Cor | .l Aot
DT R DT TR A
R
l;r = TR pipe length [m]
A. = TR pipe cross section area [m?] ZTR ; ATR
I-TR

JNL °

- .
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Draft tube

Tailrace pipe
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* Summary

15t order

2nd_6th order

Equivalent
pipe

f _aequ Aequ
ﬁk 2 ItOt

aequ dequ k

k ﬂk 2 Itot

________________'._________________

Draft tube

without TR

Analytical equations

Draft tube
with TR
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Example of applications

N,=750rpm=12.5 Hz

Draft tube >/ - [0.2-0.417,
______________ >f =[2.5-5 Hz]

* Hydraulic system 1

Xcitation

Xcitation

Penstock

Penstock Turbine Draft tube
L = 300 m Ph = 5 MW L = 10 m
D = 1.2 m Qn = 5.0 m3/s D = 1.2 m
a = 1250 m/s Hn = 100 mWC [a = [50-100] m/s
A = 0.012 - Nn = 750 rpm A = 0.012
Dref = 0.846 m
Ng = 33 - 17
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Example of applications

Elastic mode shape

v Non-Linear amplitude variation of
pressure in the TR as function of

Draft tube the length
""""""" v" Non-constant amplitude variation

of discharge in the TR as function
of the length

* Hydraulic system 1

Turbine

Gequ_ 1 f= 1/‘§ﬂ

I I L 21 2 Itot ° /2)§T\I DT

\%:_9‘_“:}

15t Pressure mode Elastic mode shape 15t Discharge mode



@ Power Vision Engineering

Example of applications

Hydraulic system 1
Draft tube

e e e —

Turbine

Penstock

15t order: Better agreement with f,

2"d-6th order: Rather good agreement for natural frequencies
Maximum error of 14%.

Risk of resonance with the draft tube in red.

a=50m/s

fexcitation = [25 -5 HZ:

Analytical | Eigen value
System 1 calculation | calculation
g aDT(min) | aDT(min) |Relative error
[m/s] [m/s] [%]

0 [Hz] 0.8 1.24 -35.48
f2 [Hz] Pl 2.09 8.61
3 [Hz] [ 3.41}\ 3.67 -7.08
£4 [Hz] \ 4.55 4.18 8.85
75 [Hz] 559 5.99| -5.18
f6 [Hz] 6.82 6.15 10.89]

flz 9equ _ Gequ 1 f = 1ADT
0]
A 2hy /22%\| DT
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Example of applications

* Hydraulic system 2 N, =7501pm =12.5 Hz
Draft tube 9fexcitation = [02 _ O4]fn
PR T | 9fexcitation = [25 -5 HZ]
| U Y | 1
Turbine ' = : T;iillrace
: | pipe
Penstock 5 r
| |
I |
e e e e e e e e e e e o |
Penstock Turbine Draft tube Tailrace pipe
L = 300 m Ph = 5 MW L = 10 m L = 100 m
D = 1.2 m Qn = 5.0 m3/s D = 1.2 m D = 1.2 m
a = 1250 m/s Hn = 100 mWC [a = [50-100] m/s a = 1250 m/s
A = 0.012 Nn = 750 rpm A = 0.012 A = 0.012
Dref = 0.846 m
Nq = 53 - 21
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Example of applications

Rigid column mode shape

v’ Linear amplitude variation of
pressure in the TR

Draft tube v Cpnstant qmplitude variation of
discharge in the TR

. - Similar to surge tank mass
Tailrace oscillation between TR pipe and DT

pipe /-rv compliance

)] i

* Hydraulic system 2

Penstock

e [ —
-
.

By 4 f, = 21 %pr

e o e e e e e ___ f =2 Qu 1 /4

: 2 hot \/IDT 'ITR':?T
R

L

N

S~

15t Pressure mode Rigid column mode shape 15t Discharge mode
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Example of applications

Hydraulic system 2

Draft tube
- - T T T - -y T T 007 | .
| % - é | T?|Irace
: ! . pipe 1o
Penstock F o g |
| | 1
o I
1 bt

f:%u \/éequ
! 2'Itot

1

15t order: Good agreement with f,

fo

:2'”J|DT-|TR2D;

2"d-6th order: Rather good agreement for natural frequencies

Maximum error of 14%.
Risk of resonance with the draft tube in red.

a=50m/s

100 m/s

fexcitation = [25 -5 HZ:

a=

Analytical | Eigen value
calculation | calculation
System 2 - - -
aDT(min) | aDT(min) |Relative error
[m/s] [m/s] [%]

0 [Hz] 0.25 0.27 -7.41
f1[Hz] 0.96 0.27 255.56)
2 [Hz] : 2.04 -5.88
3 [Hz] 2.88 2.53 13.83
f4 [Hz] 3.85 4.12 -6.55
f5 [Hz] 4.81 4.87 -1.23
16 [Hz] 77 5.16 11.82

Analytical | Eigen value

System 2 calculation | calculation
aDT(max) | aDT(max) |Relative error

[m/s] [m/s] [%]

_fO [Hz] 0.5 0.55 -9.09
1 [Hz] 1.19| 0.55 116.36
2 [Hz] 2.1 13.33
73 [Hz] [ 357 4.05 -11.85
4 [Hz] \ 4.76]/ 4.88 -2.46
£5 [Hz] 5o 6.18 3.72
f6 [Hz] 7.14 6.36 12.26
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Example of applications

* Hydraulic system 3 N, =750 rpm =12.5 Hz

Draft tube 9fexcitation = [02 _ O4]fn
________ ————— 9fexcitation = [25_5 HZ]
Turbine UEZ:Y; Tailrace

pipe 7.
T fexcitation =[2.5-5Hz]

Penstock

Penstock Turbine Draft tube Tailrace pipe
L = 300 m Pnh = 5 MW L = 10 m L = 100 m
D = 1.2 m Qn = 5.0 m3/s D = 1.2 m D = 2 m
a = 1250 m/s Hn = 100 mWC [a = [50-100] m/s a = 1250 m/s
A = 0.012 Nn = 750 rpm A = 0.012 A = 0.012
Dref = 0.846 m
Ng = 53 - 25
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Example of applications

Rigid column mode shape

v’ Linear amplitude variation of
pressure in the TR

Draft tube v Cpnstant qmplitude variation of
discharge in the TR

- Similar to surge tank mass

* Hydraulic system 3

l > -
| U Y I 1
I ) p ¢ | T?Ilrace oscillation between TR pipe and DT
: ~ . pipe Av compliance
Penstock P o g |
| | .’(_I_.
| I
I

% </éeq fo= 21 >

______________ f = u u 1 .

' 1 21y 7Z\/|DT 'lTR'ZrDT
R

N o

p—— ]

15t Pressure mode Rigid column mode shape 15t Discharge mode
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Example of applications

Hydraulic system 3

L1

Draft tube
| U ¥ ' Tailrace
[ — 3 3 | ]
I ! . pipe e
Penstock P s | g ﬂ
| I

15t order: Good agreement with f,

2"d-6th order: Rather good agreement for natural frequencies
Maximum error of 14%.

Risk of resonance with the draft tube in red.

a=50m/s

100 m/s

a=

fexcitation = [25 -5 HZ:

Analytical | Eigen value
calculation | calculation
System 3 % . "
aDT(min) | aDT(min) |Relative error
[m/s] [m/s] [%]

0 [Hz] 0.42 0.42 0.00
f1[Hz] 0.96 0.42| 128.57)
2 [Hz] : 2.04 -5.88
f3 [Hz] 2.88 2.55 12.94
f4 [Hz] 3.85 4.12 -6.55
f5 [Hz] 4.81 4.84 -0.62
16 [Hz] 77 6.16 -6.33

Analytical | Eigen value
System 3 calculation | calculation
aDT(max) | aDT(max) |Relative error
[m/s] [m/s] [%]

0 [Hz] 0.84 0.81 3.70

1 [Hz] 1.19| 0.81 46.91
2 [Hz] 2.1 13.33
73 [Hz] [ 357 4.03 -11.41
4 [Hz] \ 4.76]/ 4.72 0.85
£5 [Hz] 5o 6.14 -3.09
f6 [Hz] 7.14 6.55 9.01




@ Power Vision Engineering

Contents

Context and key goals
Eigenvalue computation

v'"Numerical equations
v Analytical equations
Examples of application

v'Hydraulic system 1
v'Hydraulic system 2

v"Hydraulic system 3
Conclusions / Take away message

28



@ Power Vision Engineering

Conclusions

* Analytical approach to determine the possible risk of resonance with the draft tube vortex rope
excitation (2.5-5Hz)

* 1%t order: Better agreement with f, for the hydraulic system without a tailrace pipe (hydraulic
system 1) = Elastic mode shape

* 1%t order: Good agreement with f, for the hydraulic system with a tailrace pipe (hydraulic system
2 & 3) =2 rigid column mode shape

« 2nd.gth grder: Rather good agreement for natural frequencies (Maximum error of 14%).

* Limitations of the methodology

v’ Parallel branches:
* Modelling by a single branch with equivalent parameters to obtain a first order of magnitude.

* Real system will feature much more complex and numerous eigenvalues (hydraulic system asymmetry, diameters,
bifurcations)

29
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Take away Message

_ _ o Hydraulic machines — IEC Technical specification
* This analytical method is included as ANNEXE E.2 of the new IEC for Francis turbine pressure fluctuation

Technical Specification 62882 ED1 (to be issued in 2020)
|EC 4/375/DTS

e

Without d tailrace p|pe DRAFT TECHNICAL SPECIFICATION (DTS)
15t order 2"d—6th order ¢ 73 2882 £01

DATE OF CIRCULATION: CLo=ING DATE FOR VOTING 2
2019-08-30 2019-11-22

£ _%qu_%qu | 1 |f —%aqu_ G%qu —

K Zk _Z'Itot K ﬂk 2k T

SECRETARIAT: SECRETARY:

Canada Mr Robert Arseneault

OF INTEREST TO THE FOLLOWING COMMITTEES!

TC 2,TC 114

With a tailrace pipe

This document is still under study and subject to change. It should not be used for reference purposes.

an—Gth o rd e r Recipients of this document are invited to submit. with their comments, notification of any relevant patent rights of
which they are aware and to provide supperting documentation.

1t order
f-1 9
0=
27 |

K ﬂk 2'|tot

proposed stability date: 2022

L~ DT
DT TR AI'R

1

|

1

' [f _equ_ %

1 f — q u — q u . k Hydraulic !nachines — Technical specification for francis turbine pressure fluctuation
|

1

|

1

|

NoTe From TC/SC oFFICERS:
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Thank you for your attention!
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e SIMSEN

Example of applications

Hydraulic system 1 Hydraulic system 2
N T~ N — E— \
t \\L‘F_”r—‘*—e—\—'/ilp 25— — A
) )
: g o — A a— e — — 4
f AN '[_T_‘:J_T_\"/_ - :,\_ £ °/Z.r N\ RN
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