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Wake Aerodynamics

Wake development:

. Axial velocity

[’: Turbulence intensity
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Development of the wake

Scenario:

1. Vortex system formed from circulation

2. Roll-up into center vortex and distinct tip vortices
3. Destabilization of tip vortices

4. Break down into large-scale turbulence

5. Turbulent mixing

6. Interplay with meandering
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The enigma of the wake model of Joukowsky

The far wake model by Joukowsky (1912)
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Can vortex breakdown the limiting factor?

R
| puu,2zrdr B
Swirl number: S =2 — Uy(r=R) _

R
[ pu?27zRdr Up 1-a
0

Criterion for vortex breakdown (Squire (1960), Delery (1994)):
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Axisymmetric AD/NS analysis

The governing equations:
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Actuator disc modelling and body forces =
The body forces:

1
fr :O, fX:IOUH(Qr_i_Equ’ fezpuDuﬁ

Assumed velocity profiles:

Ug _Q|, _ r ’ _ _
U_O_r{l exp[ 1.256(5j H Up =Uy(1-a)

The resulting body forces:
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The dynamics of the vortex breakdown (A =1)

Sgrensen and Mikkelsen (2013)
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Comparison between AD-NS and momentum theory

Maximum Power Coefficient
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Modeling of vortex wake behind rotors A

Far wake model of Joukowski (1912) Observations

Conclusion from stability analysis:

[The vortex wake behind a wind turbine}

IS unconditional unstable

Okulov and Sgrensen JFM 576 (2007)
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The actuator disc/line techniques

Basic idea: . Replace rotor blades by body forces

Determine body forces from aerofoil data

Simulate flow domain using EllipSys/LES

Body forces

Inflow Outflow
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Wake breakdown due to presence of low
upstream amplitude excitation
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Mutual inductance instability of tip vortices

Ivanell et al (2010)
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Mutual inductance instability of tip vortices

Ivanell et al (2010)
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Mutual inductance instability of tip vortices
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I 2
h : Distance between vortices
U.: Convective velocity

I" : Circulation

03.11.2013

16 DTU Vindenergi, Danmarks Tekniske Universitet



I

Relations between wake and rotor charateristics

Geometry of of wake: th — U —h= 27RU,
27R  OR N, AU,
2
Assuming constant loading: T = U, Cy
N, O

Roller bearing analogy: U, =C,-U,ae +(1-C,)-U,

From 1-D Momentum theory: Uwake =UO l—CT

oR N AC;

U :16[1+C1(\/1—7CT—1)T
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Expression for length of near wake
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Assuming that: U =C,-Ti

0
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Amplitude amplification:

We get the following expression for the length of the near
wake (defined as the stable wake of the tip vortices):

R
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Conclusions

It has been shown both theoretically and numerically that the wake
at small, i.e. TSR < 3, may be subject to Vortex Breakdown

« From stability analysis we have shown that the wake behind a
wind turbine is unconditional unstable

e From linear stability theory it was shown that the normalized
amplification factor is equal pi/2

 Defining the near wake as the linear area of amplitude amplification,
a simple expression for determining the length of the near wake has
been established

« The expression has been preliminary validated against LES/AL

simulations and visualizations of a model rotor
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