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1. Project goals

* Improvement of the simulations of
turbine flows in part- and overload:
— CFD

* Numerical study of the active flow
control regarding:

— Affecting the pressure fluctuations on
the blade surface.

— Improving the efficiencies in part- and
overload operation.

- efficiency

—o— pressure fluctuations
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2. Theoretical basics — Physics

* Problem: Mean angle depends on pitching angle
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2. Theoretical basics — Physics

16

14

12

Problem: Mean angle depends on pitching angle

Cu(a)
o
S
I
[SH
NA
S
7 Aa
6°
5o
4’
3
o°
Cua =0 T e T e
9 10 11 12 13 14
o

= a= ada)

C -t 1 0—ia0-(2a§+341a2)
al-Aa® 3 90

! Institute of Fluid Mechanics

M o. Prof. Dr-Ing. habil. Rudolf Schilling

Fakultat fur Maschinenwesen
Faculty of Mechanical Engineering

"y
/

& )



Technische Universitat Miinchen

3. Theoretical basics — Numerics
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3. Theoretical basics — Numerics

 Modelling turbulence — Hybrid modelling

L., t; (boundary.) << L, t, (core)

= Modelling the mean effect of

core flow: I, t, 7(LES) the boundary layer on the
core flow.

= Splitting in RANS und LES
region.

\D) O \D) G O O H O 9
(» boundary layer: |, t ¥ (URANS) ©

OO0 H o H o O O 9

/g

——
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4. VValidation — channel flow

 Results - isosurfaces

—
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4. Validation — cylinder flow

Re: 37900, vggs and Py Re: 1407000, vggg Re: 36007000, vggg

Frequencyanalysis Frequencyanalysis Frequencyanalysis
cylinder wake, x =2.5 L, Re = 37900 cylinder wake x =5.5 L, Re = 140000 cylinder wake x =2.75 L, Re = 3900000
1.E-01 1.E-01
1.E-01
—[F()| — IF(@P) — IR
1.E-02 § 1.E-02
LE-02 w
__ LE-034 __ LE-03
a a
1.E-03 =~ =
= 2 2
% = 1.E-04 3 = 1.E-04
=3
[y
1.E-04
1.E-05 4 1.E-05
1E-05 t 1.E-06 } 1.E-06 }
0.1 Lo 104 0.1 1.0 10.9 0.1 1.0 10.0
Sr Sr Sr
Fakultat fir Maschinenwesen )
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4. Validation — airfoil at maximum lift

o Contourplot of the vorticity

——
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5. Results — 2D tandem cascade
« Geometry

inletlength =4 - Lg 4

outlet length =8 - Lg 44 I
outlet

periodic

inlet

e
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2D tandem cascade

5. Results —

ts for the static pressure

INng poin

Measur

Fakultat fir Maschinenwesen
Faculty of Mechanical Engineering

o)
£
<
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0]
S
w
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5. Results — 2D tandem cascade

 Measuring planes in the channel

flow direction .

inlet plane 0  plane 1 plane 2 outlet
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5. Results — 2D tandem cascade

* Fixed front blades: separation - streamlines

Separation, second cascade: realtime Separation, second cascade: time averaged
r Institute of Fluid Mechanics Fakultét fir Maschinenwesen "
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5. Results — 2D tandem cascade

Position 2
1.E+00 5
C . 1.E-01
* Fixed front blades: frequency analysis |
1E-02 |
= 1E03 |
T f I _ Fn g [
k — Cn — 5 L 1E-04
CO }é ° p' A' Coo 1.E-05
1.E-06
FFT (kv = 0) § HH
1.E+00 ¢ 1E07 ] ’ i
% 0.1 1 k[] 10 100
1.E-01 Position 6
E+01 ¢
1E02 | LEvoL
E 1.E+00 E
1.E-03 F
— g LEO1 |
S 1E04 1E-02
o i = g
1E-05 El.E-O3
1E-06 ; = 1.E-04 %
; 1.E-05 %
1E-07 L g
kE|gen - 3. 125 1.E-06 ’
1.E-08 1Eo07 | il
01 1 KU 10 100 o : i o0
k[
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5. Results — 2D tandem cascade

* Pitching front blades: separation - streamlines

static front blades pitching front blades
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5. Results — 2D tandem cascade

« Pitching front blades: influence on Ap,

Apt/ Apto_stat

0.9 -

0.8

0.7

0.6 -

0.5

0.4 -

0.3

0.2 1

0.1 -

total pressure (k = 3.12)

Ap:(0-2)

— — —-dAlpha=0°
dAlpha=1.25°

dAlpha=2.0°

dAlpha=2.75°

Il o. Prof. Dr.-Ing. habil. Rudolf Schilling

Institute of Fluid Mechanics

11
—o—dAlpha=1.25°
—B—dAlpha=2.0°
—~ h_—H—q = o |
S 1B A dAlpha=2.75
U dAlpha=3.0°
o A dAlpha=3.75°
=09 o dAlpha=1.25°
S
o
< 08
N 0.7 ‘ ‘
] 0 3 5 6 7
k[
Fakultat flir Maschinenwesen (N

Faculty of Mechanical Engineering L,
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5. Results — 2D tandem cascade

« Pitching front blades: influence on Ap, — interpretation

1 5, 1
Ap;—zmc—zp

Q2
b2Lw? d
of

2 2
A S Wg o0 LWy o

Apyg B 50 'LW%_l LW:r_l

LWg2/LW2 | Ap,/Ap,
N\
AN k=1.04; Aa.=2.0° 1.0 1.0
N
N\ k =1.56; Aa = 2.0° 0.96 0.97
\ O\ BN
\o—— ] k =3.12; Aa = 2.75 0.80 0.78
N k = 6.25; Ao = 2.0° 0.86 0.83
N\ |

e
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5. Results — 2D tandem cascade

« Pitching front blades: influence on Apt — interpretation

——
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5. Results — 2D tandem cascade

0.1 +

« Pitching front blades: influence on Apt

Induced energy — pitching power IEEE s

Epicns (A f,) "~

—fE_dAlpha=1.25°

E pitcho (Ao fo )2 e ll feigen

Ce[-]

Aa [°]
0.1 + 0.1
0.05
— e —
B 2 -1 1 2
—_ -0.05 A _
(3- -0.1 5
0.15 Q15 |
02+ -
— 0.33fE_dAlpha=1.25° 2 0F dAphacL25" .
— 0.33fE_dAlpha=2.0° | g5 |- oo d Alpha=2.0° 025 1
— 0.33fE_dAlpha=3.0° . 1/3 fEigen  20fE_dApha=3.0° N 2 Eigen
Ao [°] Aa [7]
| Institute of Fluid Mechanics Fakultat fur Maschinenwesen (N

P

0. Prof. Dr.-Ing. habil. Rudolf Schilling Faculty of Mechanical Engineering L




Technische Universitat Miinchen TI-I-"

5. Results — 2D tandem cascade

« Pitching front blades: influence on Apt

. Api_net (0 - 2)
energy ratios 11
0.6 —o—dAlpha=1.25°
—o—dAlpha = 1.25° —&—dAlpha=2.0°
= || —=—dAlpha=2.0° A dAlpha=2.75°
o5l i vy |
N SRS S . dAIpha:3.25°
+ 04+ A dAlpha=3.75° s | @ dAlpha=3.25°]
=) e dAlpha=3.25° £3
\X/ 0.3 - % 09 +
S <
2 02 H )_/
~ <
Z o011 A o 08 1
o G\ A
O T T T T T T
0 1 2 3 4 5 6 7 0.7 :
0 1 2 3 4 5 6 7
K[-] K
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5. Results — 2D tandem cascade

* Pitching front blades: influence on the direction change

direction change
1.1 —o—dAlpha=1.25°

—3—dAlpha=2.0°
A dAlpha=2.75°

1.05 - —o—dAlpha=3.0°

A dAlpha=3.75°

% e dAlpha=3.25°
1@

AUy(k) / AUy(k=0)

0.9 ‘ ‘ ‘
0 1 2 3 4 5 6 7
K[-]
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5. Results — 2D tandem cascade

 Pitching front blades: influence on the frequencies

FFT (ky. =0)

IF (Fn/ (0.5 p ¢ A))|

0.1 1 10 100

K[-]
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5. Results — 2D tandem cascade

* Pitching front blades: frequency shifting

Normal force

FFT (comparison, k =0 and k = 1.56; Aa. = 2.0°)

FFT (comparison, k = 0 and k = 6.25; Aa = 1.25°)

1E+01 1.E+01 1
1E+ooi — k=0 ] —k=0
' < — k=156;da=20° 1E+00 > | __k-625da=105
1E0L & 1E-01
= 1E02 Z 1E-02 " ’N‘ ,
a LE-03 1 o 1E-03 ’ I
S s ] o ; T f' |
= 1E-04 5 = 1E-04 = *
Loeost L | ‘ll‘
£reos) £ 1eos bl
1E-06 & 1.E-06 & mmw W ‘
] 3 I
LE-07 ¢ 1E07 + ity
1E‘08 ] T T T T T T T T T T L 1E‘08 1 T T T m lJ.J o
0.1 1 10 100 0.1 1 10 100
k[-] k[-]
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5. Results — 2D tandem cascade

* Pitching front blades: frequency shifting

Static pressure at measuring point 2

FFT (comparison, k = 0 and k = 1.56; Aa. = 2.0°) FFT (comparison, k =0 and k = 6.25; Aa = 1.25°)
1E+01 5 1E+01
; —k=0 ] —k=0
1E+00 7 — _k=156;da=2.0° 1E+00 El —k=6.25;da=1.25°
1.E-01 4 1E-01
= 1E-02 =1E02
< NU E
[&] 4
a 1 Q1E03 4
S 1E-03 o LE03 4
o o ]
< 1E-04 T 1E-04
= = ] |
L 105 L 1E05 | \ lw ‘ ‘
] ] v [ |
1.E-06 = 1E-06 H i ‘_N
1E-07 + 1E-07 £ ‘
l.E-OS | T T T T T T T T 1 T T T T T T T T T T T T 1.E'08 1 T T T T T T ‘} T T T T LI } T T T I‘|H|” IH‘
0.1 1 10 100 0.1 1 10 100
k[-] K[
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5. Results — 2D tandem cascade

* Pitching front blades: frequency shifting

Static pressure at measuring point 6

FFT (comparison, k =0 and k = 1.56; Aa. = 2.0°)

1.E+01 1
1 — k=0

1.E+00 El —k=1.56;da=2.0°

1E0L 4

= 1E02

C2

o 1E-03 &
n ]

1E-04 1

IF (/O

1E-05 4
1E-06 +
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5. Results — 2D tandem cascade

e Animations

Static front blades, realtime. Pitching front blades, periodic averaged flow.
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6. Results — 3D Francis turbine runner

« Geometry
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6. Results — 3D Francis turbine runner

* Fixed flow to blades — separation at the leading edge
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6. Results — 3D Francis turbine runner

* Fixed flow to blades — timeseries of force and torque

r

FLM

Institute of Fluid Mechanics

Ci = ‘F‘ 'NLa
Ig'a)z'rla
C = |T| 'NLa
g'a)z'rla
Lo
27

C Cy

0.7

0.69

0.68 |

0.67

0.66

0.65

0.64

—Cf

—=Cm

4 5

0. Prof. Dr.-Ing. habil. Rudolf Schilling

Fakultat fur Maschinenwesen
Faculty of Mechanical Engineering

——

O



Technische Universitat Miinchen TI-I-"

6. Results — 3D Francis turbine runner

 Fixed flow to blades — frequency analysis
Axial force and torque
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6. Results — 3D Francis turbine runner

* Pitching flow to blades — inlet damping — averaged values
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6. Results — 3D Francis turbine runner

* Pitching flow to blades — inlet damping — averaged values
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6. Results — 3D Francis turbine runner

* Pitching flow to blades — hydraulic efficiency
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6. Results — 3D Francis turbine runner

* Pitching flow to blades — frequency shifting
Axial force and torque
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6. Results — 3D Francis turbine runner

* Pitching flow to blades — frequency shitting

Axial force and torque
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6. Results — 3D Francis turbine runner

* Pitching flow to blades — frequency shitting
Axial force and torque
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6. Results — 3D Francis turbine runner

* Pitching flow to blades — amplitude reduction
Max and rms amplitudes of the torque 1 n i
Arms = \/W nz:l(An)

AM - max AM -rms
- — : 25 : :
L 3 A= 0.0° ! Aa = 0.0°
- —e—Aa = 025° | \ ' —e— Ao = 0.25°
20 L - -Aa=05° 20 | — - Aa=05°
' s Ao = 1.0° e Ao = 1.0°
—%—Aq = 1.5° —*— Ao =1.5°
=) I -~+-Aa=3.0° =) -+ -Ao=3.0°
T1s S| e A= 500 L 15 o Ao 5.0°
< | <
5 ﬂ“. 1 g
Z 1.0 8 o= < 10 =
\\g.f’/
05 | 05 |
-15.1% -20.4%
0.0 L 0.0 .
0 25 5 75 10 0 25 5 75 10
k [-] k[
| Institute of Fluid Mechanics Fakultat fur Maschinenwesen (N

P

M o. Prof. Dr.-Ing. habil. Rudolf Schilling Faculty of Mechanical Engineering ~ \.__/



Technische Universitat Miinchen

6. Results — 3D Francis turbine runner

* Pitching flow to blades — amplitude reduction

Max and rms amplitudes of the axial force

AFax - max
25
Ao = 0.0°
4 —a—Aa =0.25°
20 L B -~ = Ao =0.5°
8 g s Aoc= 1.0°
- —>—Aa = 1.5°
=) \ o -——- A0 =3.0°
15 ¢ ; e ---o--- Ao, = 5.0°
f A
— - To..
< 10 e
05
0.0 :
0 25 5 7.5 10

k]

:O)

AK) I Ak

2.5

20 r

15 ¢

1.0

05 r

0.0

AF

1N 2
A =.]—
\/anl(An)

Aa =0.0°

—a—Aa = 0.25°
——<-—-Aa =0.5°
seacs Aoc=1.0°
—*—Aa = 1.5°
-—~+-Aa =3.0°
o Ag=5.0°

25 5 7.5

k]

4B |nstitute of Fluid Mechanics
MZ8N o. Prof. Dr.-Ing. habil. Rudolf Schilling

Fakultat fur Maschinenwesen

Faculty of Mechanical Engineering L,

(N

P




Technische Universitat Minchen TI.ITI

7. Conclusions

* Reducing the losses due to pitching guide
vanes.

« Shifting the frequency maximum due to pitching
guide vanes.

e Reducing the pressure fluctuations on the blade
surface due to pitching guide vanes.

« Only LES / DES is appropriate to simulate the
transient effects with adequate accuracy.
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--- Thank you ---
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