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Introduction
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* the will to reduce greengas
emissions

—

r Institute of Fluid Mechanics Fakultat fir Maschinenwesen il
g0} o. Prof. Dr.-Ing. habil. Rudolf Schilling Faculty of Mechanical Engineering N g




Technische Universitat Minchen TI.ITI

Introduction

possible alternatives:

* e.g. nuclear power
* renewable energy resources

» wind I
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Introduction

wind generation: - due to geographical diffenrences, there are
developing areas of our atmosphere of higher
and some of lower pressure

S pressure mass
e TR compen- wind
" o sation transpor
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Introduction

development of tidal currents: - cyclic changes in the sea level

- due to gravitation forces in the
interplanetary system Sun — Moon - Earth
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Introduction

examples:

() MCT Ltd 2003
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boundary conditions

wind vs. tidal currents:

wind tidal currents

density p 1,2 kg/m* 1000-1020 kg/m?®

viskosity n | 0,0000171 N/(m? s) 0,001 N/(m?s)

velocity v 10 m/s 2-3mls

Re 300000 450000

Re=pviLin *

Y
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Boundary conditions

wind vs tidal currents

- same Re — numbers in wind and water:

L

streams

we can use technologies proved in wind
energy to convert energy of tidal

- water and wind streams through free stream turbines can
both be calculated incompressible

O
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Boundary conditions

major advantage of tidal currents in comparison to wind streams:

- cyclic variation of sealevel and the velocity of the stream are predictable
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Boundary conditions

boundary layer:
} upper boundary layer

-influences of surface roughness to the
velocity profile

homogeneous stream - vertical energy transfer leads to
turbolence

_____ - -atthe ground : v [zZ=z,[F 0

- second boundary layer water-air !

ground boundary layer
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Boundary conditions

conclusions: - direction of the stream changes twice a day
- machine should not be sensitive to see level change /
vertical velocity change

possible solution: -vertical axis free stream turbine
- converts power from every stream direction
- this compensates the lower efficiency

- generator and transmission could be built over
the water surface

—
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theory of energy conversion

Betz' theory:

——
total wind power through a control area A : v, _
o
{IEU.I ared d 1 o . 1 3
Piind = T = m[ifﬂ.?}mj = E{J_Ai}m e
-
ONN @ O -—
) —_— "
T B Equation of Continuity:
- : pu1 Ay = poaAs = prgAs
- Energy balance:
-
. - : AE=F, — E3 = %m[?}% — Vi)
P -
v
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theory of energy conversion

Betz' theory:

Power extracted in the Turbine area: Prosiine = B = %m[ﬁ —V3)
mass flow rate through the turbine: m = puaAs
: v + U3 :
with vs = ——  Froude- Rankine-
theorem
1 v + wvs

Power extracted by the turbine: E = ol As(vy + v3)(vy — vs)

2

.1 . 1 v v v
in relation to the windenergy: F = —pAgfr;r‘f —( 1+ 5 ; — =3
2 2 v Ui vy

Fyind Cp

—
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theory of energy conversion

Betz' theory:

: - 16

maximum efficiency: CPaui: = o7 N 0, 59
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theory of energy conversion

airfoil theory:

over pressure

low pressure
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vertical axis free stream turbine

vertical vs. horizontal axis:

horizontal axis machines:
-significant losses due to angular momentum at low velocities

b Schmitz' Theor

0.5 L)
.. 0.4 1 . l‘:1'.1'-'n:hn‘.lil.'.r.
- sensitive to sea level change 03
b rotation in 2 phases Ef !

- damages the blade 0.0 | | |

- severe decrease of power ¢ 3 10
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vertical axis free stream turbine

vertical vs. horizontal axis:

vertical axis machines: - not sensitive to sea level changes
- Transmission and Generator can be built above sea level
- efficient with low velocities

Investigation of vertical axis turbines for energy conversion from tidal

currer:ts*!/ \

lift based designs drag based designs
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vertical axis free stream turbine

drag based turbines:
-oldest and simplest way to extract energy from the wind

||
=N
i
A P

anemometer

-

persian wind turbine

—
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vertical axis free stream turbine

drag based turbines:

theory: - area A with moving with velocity u
- wind speed v

) ) :
Power 1'3' — -PTH-"”' FOI’CG ..'f'"ﬂr = %{:L{;A?;f’ﬁi

with Vrel = U — U

A, -
1""III:I‘J Vrel u Fw Iﬁ' 9
» W > > Pr = Ecp,:ﬂ{wm — ) u
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vertical axis free stream turbine

drag based turbines:

{”P., -i.{‘_r - ‘:1
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power coefficient: _ wl(veo —u)u r:w(l _ l) u
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vertical axis free stream turbine

drag based turbines :
-drag forces on the way back

real power coefficient:

0,15

0.1 —

el ~
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vertical axis free stream turbine

Lift based turbines:

Darrieus turbine

H-Darrieus turbine

How can we calculate the power of such a machine?
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vertical axis free stream turbine

lift based design:

—
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vertical axis free stream turbine

lift based design: theory:

FLM

velocity:
y tanvy = g

Uoo

power:
P = (F4cosy — Fyrsiny)u

. Aewr
P=fAl e VI N (1 _ o )

Ca

power coefficient:

A
CP,A:CAA’Vl—FAE (1— )

L4
oy
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vertical axis free stream turbine

lift based design: theory:

A
CP,A:CA}\V].—F}\E(].— )

4
e

16
14 c,/c,=10 /f' \\
12 / A\ ide ratio :

10 \
C./C, / \ CA
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vertical axis free stream turbine

lift based design: comparison to drag based design:

FLM

- ratio of the maximum power:

example: plate with glide ratio 10

use of lift is 100 times better than use of drag!
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vertical axis free stream turbine

Lift based turbines:

main characteristics:

tip speed ratio: QR

angle of attack:

.
: cosB T - 3
arcsin ( 3 ) Lo < O < 5

a(©, ) = {4
r cose o
— arcsin =5 , sonst

.

relative velocity:

Iy Pud c(0,N) =/ (vg + X vy 5in0)2 + (X -0y - cosO)2)
r- Institute of Fluid Mechanics Fakultat fir Maschinenwesen = Sy o
G0} o. Prof. Dr.-Ing. habil. Rudolf Schilling Faculty of Mechanical Engineering N g




Technische Universitat Miinchen

vertical axis free stream turbine

Lift based turbines:

T T oo oo

L T T T T T N T B B

Azimuth

larnbila.
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vertical axis free stream turbine

Lift based turbines:

Blade-Forces:

Lift:
v ) .
2 (0, .%.c(e,,ﬁ)ﬁ tp-H
Drag:
1 f{} 2
F,(©,\) 5 ce(©,\)° tp- H
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vertical axis free stream turbine

Lift based turbines:

Lift and drag coefficients:

approximation:

Ca(©,A) =2 7 -sin(a(O,A))
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vertical axis free stream turbine

Lift based turbines:

Qur goal: - power calculation of the turbine:

Pgﬂmr(.}\) =1 f'rff,qomr‘_gﬁs()i) ﬁ

N

arms of the lever

- torque produced by each blade:
re = R sin(a(0, \))

ﬂ’fﬁ‘.aiur(ea )"} = Fﬂ(ev )") Ta — Fﬂ'(el }‘) T Tw = R C{)S(ﬂ’(e., }h))
2w

ﬂ’l’Ratm,ges()\) = / ﬂi{RUtﬂr(e, )\) de

0
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vertical axis free stream turbine

lift based turbine:

obtain the power
p fjﬁ’m‘r}r{}'l) — 1

M Rotor,ges ( }k) Y,

0.50

L e .
i ! ! ; ! | power coeffient:
] 1 1 i 1 i .-l.
T s ey T T B LI T () — PRotor
- | | | | i N =75
7T SORRRSUISHRU SUNSHY_4SSSMUUMS USSPSUUSUAS SIS SMUSU, WSS SE——— 3 Y1 “lRetor
o i ! ! ! ' !
T e et sl YRt
e e o NS
N I B B R
0.00 T T T i T T T i T T T i T T T i T T T i T T T

o 2 4 [
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vertical axis free stream turbine

lift based design:

assumptions made:

-homogeneous stream through the turbine
- same velocity at all blades in every position

-angular momentum is to be neglected

validation of the method:

-influences of airfoil wake and angular momentum are
essiential

- no possible at low tip speed ratio!

this modell just for general lay out ( order of magnitude)
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vertical axis free stream turbine

lift based design: behaviour at low TSR:

high TSR: low TSR
C Vv C - angular of attack rises
Vv with decreasing
A TSR
QR
QR

90
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vertical axis free stream turbine

lift based design: behaviour at low TSR:

0.50

Power coefficient

! }Ru Fear
{"'P ( }" } = I :

gd
5] Uy ‘4-REJHJ'F'

. analytic model valid
numerical |

model | | | | | /
needed G-UUD T T T 2| T T T J|1 T T T EI; T T T l|3 T T T 1|0 T T T i

Schnellaufzahl
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vertical axis free stream turbine

lift based design: behaviour at low TSR:

real power at low TSR:

. . L
— SSMM | -negative power at low velocities due to stall effects
o W - no lift but still drag
Qo * FWVM o\ ¢
|
9 UFDM / - turbine will not be able to start by itself
. A
| \ - but: drag based systems have good starting
ML\_/
| \ Idea: use pitch control to use airfoils as drag areas!

1 2 3 4 A
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vertical axis free stream turbine

pitch-variable design — use of drag:

- two possible kinematics:

anticlockwise
ny .\..-“

clockwise
o\, x '='

r- Institute of Fluid Mechanics
{0} o. Prof. Dr.-Ing. habil. Rudolf Schilling

—

Fakultat fur Maschinenwesen " 41
Faculty of Mechanical Engineering N



Technische Universitat Miinchen TI-I."

vertical axis free stream turbine

numeric simulation for drag based design at low TSR:

results:

180~

270"
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vertical axis free stream turbine

numeric simulation for drag based design at low TSR:

results: - videos
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Investigations on current mills and wind turbines

Thank you very much!

—
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Appendix: Incompressibility

pressure diffence in front of the turbine and after it is negligible

Ap= 0

—

Ap= 0
incompressibility of the stream through the turbine

opl ot=oplox,= 0

<
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Appendix: Froude-Rankine-Theorem

Froude-Rankine-theorem :

conservation of momentum: O O O
S = m(v, — vs) T
Bernoulli 1 — 2 - EUZ s EU? ( : :
FTat T T | = K
Bernoulli 2 — 3 = E
£ 9 P 2 I —
p2++—'}_,r2 =p3+—?_,r3 ¥
2 2
pressure difference over the turbine: P, 4 9
P2— — P2+ = 5(1’1 — v3)
P .
S = Alpa- = p2e) = A { 502 = 1) )= snlor = va) = pracdaor — )
t ; _l(v1+v3](v1—v3]_v1+vg
29 (v1 — v3) 2
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Appendix: Schmitz' theory

Schmitz' theory of losses due to the angular momentum:

1
. Hiﬂﬂi ( 2 aruta:n{ 1—} )
cPH.::hmt't* 4}' Fa) a3 l i d
It ) sin®(arctan(y:-))
0

cp 4

0,6 1
0,5

0.4

0,3 4|
0,2 |
0,1 -
0,0 L : . -—

<:| 0 5 10 A,

v = Windgeschwimdigheit
w,= = Windgeschwindighkeit / 3
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