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Abstract: According to the authors’ hypothesis generation of high intensity noise is caused by

generation of vorticity structures inducing velocities that can be locally higher than the velocity

of sound. The localization and magnitude of vorticity concentration can be precisely defined on

the basis of a double layer vortex model. Knowing the localization and mechanism of generation

of significantly high induced velocities, turbine blades can be shaped in such a way so as to

decrease the concentration of vorticity in these zones. According to the hypothesis described in

this paper, a modification of turbine blades at the design stage results in their quieter operation

for higher loads and wind velocities. The authors base their hypothesis on the experience from

design works concerning low noise ship propellers. The following paper focuses on these tasks.
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Notation

V0 – wind velocity [m/s],

Ma – Mach number [–],

P – pitch [m],

D – diameter [m],

G – vortex circulation [–].

1. Introduction

The operation of wind turbines, especially those with a large diameter,

has shown that they are sometimes perceived as problematic devices for the

environment due to the noise generated during operation. The noise originates

from the mechanical elements (generator, gear box) and from the physical

phenomena taking place on the blades. Figure 1 shows the phenomena occurring

on the blade of a working turbine which are accompanied by generation of sound.

As can be seen from Figure 1, one of the phenomena responsible for an

increase in the sound level of an operating wind turbine is the tip vortex [1].
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Figure 1. Scheme of flow around wind turbine blade

Figure 2. Two types of lifting surface models: (a) single-layer and (b) double-layer

The tip vortex noise is a problem that is commonly encountered with the air

flow around rotating blades (such as wind turbine or helicopter blades) [2, 3].

A similar problem with the tip vortex noise was encountered when developing

ship propellers [4, 5]. In this case vortex cavitation that is a significant source of

noise induced by the propeller was correctly explained by using a double layer

surface model to analyze the flow in the tip zone of the blade.

The double layer vortex model describes the actual flow of the wing

tip better than the single layer model commonly presented in literature [6].

A comparison of two different lifting surface models, the classical one (single-

layer) and the double-layer one, is presented in Figure 2.

Main features of the double layer model are:

– a possibility of detaching the vortex surface from the wing’s suction side

(vortex separation);
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– fast deformation of this surface (rolling);

– significant concentration of vorticity.

In the initial stage of deformation induced velocities of considerable mag-

nitude may appear. When added to the flow velocity (resultant from the wind

velocity and the rotary velocity on the tip of the blade) theses velocities may be

higher than the critical velocity. The mechanism of tip vortice generation having

been discovered, significant results were achieved in the field of noise reduction for

marine propellers [7]. The reduction of vorticity concentration allowed the noise

to be kept at a low level also for an almost doubled velocity of the ship.

The same mechanism of reducing the noise caused by a tip vortex will be

used in the process of designing wind turbines. It will be based on a suitable

selection of load distribution along the blade radius and span (selection of

the profile’s mean line). Thus, the process of concentration of vorticity can be

mitigated and also the values of induced velocity can be reduced.

2. Numerical model description

The calculation model is based on the laws governing a potential flow

induced by a system of vortices distributed in a finite domain. The calculation

procedure is a typical iterative process. The initial step of calculation is to select

the distributions of vortex filaments both on the pressure and suction sides

(double-layer lifting surface) [2]. The general vortex distribution can be described

as follows:

Γ(x,y,z)= γ(s,y)=Γ(y)f(s,y), (1)

where

Γ(y) – distribution of vortex filaments along the blade,

f(s,y) – distribution of vortex filaments on the chord of the blade,

s – coordinate along the chord.

The distribution of vortex filaments along the blade in our case is defined

as:

Γ(y)=Γmax(1−y
2)m, (2)

where Γmax – the maximum value of circulation on the blade; m= 0.5 (elliptic

distribution).

The distribution of vortex filaments on the chord of the blade is described

as follows:

f(s,y)= f(θ,y)=
1

π
(

A0+
1
2A2
)

[

A0 ctg
θ

2
+
∞
∑

i=1

Ai sin(iθ)

]

, (3)

where θ=arcsin
(

1− 2s
c

)

; A0,. . .,A∞ – constants calculated basing on [6].

It is assumed that the vortex circulation for each filament is equal:

∆Γ=
Γmax
N
, (4)

where N is the number of vortex filaments.
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Figure 3. Coordinates to discretize distributions of vortex filaments on the blade

The locations of vortex filaments are calculated starting from the leading

edge. In the same way it is done for the pressure and suction sides:
∫ s[k]

s[0]

γ(s,y)ds=
∆Γ

2
. (5)

Points s[0].. .s[k] for y=const. define the vortex location on the blade (see

Figure 3).

The co-ordinate y of the vortex detachment from the trailing edge is

calculated as follows:
∫ L

y[i]

Γ(y)dy=
∆Γ

2
. (6)

An example of the initial distribution of vortices on a rectangular foil surface

is presented in Figure 4.

In the next step, the normal component of velocity is determined in the

points coinciding with the location of vortex filaments. The Biot-Savart law for

a straight section of vortex filaments is applied (see Figure 5):

V =
Γ

4π

∫ B

A

d~Ωx~r

r3
. (7)

The initial results are stored as the base velocities. The most outer filament

detaches from the blade surface at the point where it reaches a certain velocity

value. The successive step of calculation indicates that the same situation occurs

with the next vortex filament. A new location of vortex filaments is determined

by assuming the appropriate time step. The time step of calculations is adjusted
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Figure 4. Initial distribution of vortex filaments on the suction side of rectangular foil

Figure 5. Initial distribution of vortex filaments on the suction side of rectangular foil

by using the magnitude of translation of the vortex filament from the separation

point (where normal velocity gains its extreme value).

Outside of the boundary filament the values of these velocities are com-

pensated by the undisturbed flow deflection resulting from the airfoil shape. The

velocity on the boundary filament is so big that it cannot be compensated by the

airfoil shape. This is why the double surface model allows the boundary filament

to detach from the suction side of the wing (the normal component of velocity is

heading from the surface) and change into the filament of a free vortex.

The boundary filament on the pressure side also has large values of induced

velocities and can’t detach from the surface (the normal component is heading

to the surface). The detachment of the vortex from the suction side causes the

pressure side vortex to move towards the tip blade.
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The displacement of the vortex filament on the pressure side is a result of

appearing of the tangential component of velocity and modification of the vorticity

distribution of the suction side.

Detachment of the boundary filament causes an analogical effect for the

next filament. Large values of the normal component of velocity are generated

and the process of deformation of vortices on the suction side and displacing the

vortices on the pressure side takes place automatically.

The deformation of vortex filaments obtained from the double surface model

is shown in Figure 6. From the analysis of the velocity around the tip, including

the deforming system of free vortices it can be stated that the conditions allowing

supersonic velocities exist only in the initial part of the deforming vorticity

distribution (regions a and b in Figure 6).

Figure 6. Distribution of deforming vortices modeled by the double surface model

on a rectangular wing

Region a – Located above the suction side surface, close to the leading

edge, where the deformation of free vortices detaching from the suction side and

partially from the pressure side begins.

Region b – Located just behind the trailing edge where deformation of the

vortices detaching from the pressure side begins.

This statement results from an analysis of the velocity field around the wing

tip, taking into account the deforming system of free vortices.

Analyzing the velocity field on the surface of the blade and around the

deforming system of free vortices it can be noticed that a small zone of large

vortices concentration is generated in the initial phase of the deformation of the

system of free vortices detaching the wing surface.

There is a significant increase in the induced velocities around this zone.

In the next case of the deformation of this core the further part of the surface of

a free vortex system is wrapping around it in a spiral way.

It results in the expansion of the zone with non-zero vorticity, but at the

same time the zones with high velocity values disappear. It is a very important
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statement because only relatively small zones exist where the velocities can be

supersonic.

The following part of this paper contains calculations of the Mach number

in the tip zone of the rotating blade, including the influence of induced velocities

originating from the deforming vortex system (Figure 7). Wind velocity 10m/s,

rotor speed 2 ft/s, rotor diameter 50m. Two cases were analysed:

(a) initial stage of deformation;

(b) deformation obtained for a further cross-section near the trailing edge.

It is clear that velocities close to the velocity of sound appear only in the

initial stage of deformation, case (a). In the following stages the velocities decrease,

case (b).

Figure 7. Mach number value in the tip zone of a wind turbine blade

Knowing the position and the mechanism of forming high induced velocity

values, it can be attempted to shape the blades to reduce the concentration of

vorticity in these zones.

Effective rules of shaping the distribution of vorticity counteracting the

concentration of vorticity have been established in the design process of marine
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Figure 8. Distribution of pitch depending on the diameter

propellers. In case of propellers the load is reduced by decreasing the airfoil pitch

and camber and assuming a correct distribution of the load along the profile

chord. In case of pitch distribution in turbines it is the opposite, the pitch has

to be increased to reduce the load of the tip. The rule for the camber line is

the same as for propellers. Figure 9 shows calculations of the radial distribution

of a dimensionless value of circulation G. They concern three pitch distributions

presented in Figure 8:

– constant pitch distribution,

– pitch increasing towards the tip,

– pitch decreasing towards the tip.

From Figure 9 it is clear that increasing the pitch towards the tip reduces

the value of circulation in this zone. Therefore, the concentration of vorticity can

be mitigated by shaping the pitch of wind turbine blades appropriately. To make

this process efficient, the load distribution along the chord must be suitable. It

can be a parabolic or circular distribution. In every case the lift force should

be obtained from the curving camber of an airfoil, and not from the angle of

attack. This makes it possible to shape the vertical lines in the tip part of the

blade correctly without allowing a strong concentration of vorticity. It should be

remembered that this method influences the efficient use of wind and the wind

turbine efficiency. For reasonable changes of the load, the decrease is not big and

it is acceptable.

3. Conclusion

The operation of a wind turbine may cause a disturbing noise. According

to the hypothesis stated above this is generated by a local supersonic flow in the
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Figure 9. Radial distribution of non-dimensional vortex circulation G

induced velocity field. A similar phenomena can be observed for ship propellers.

Vortical cavitation is a very important source of noise induced by the propeller.

The authors have recognized the mechanism of generation of vortical cavitation of

the propeller operation. This issue is closely connected with the concentration and

deformation of vorticity detaching from the propeller blades. A local increase in

the velocity on propellers is connected with local pressure drops that initiate the

growth and collapse of gas microbubbles in water (noise source). A local velocity

increase in air may cause acoustic waves. Reducing the concentration of vorticity

and reduction of the induced velocities can be done by appropriate shaping of the

load along the blade span. According to the authors it is a way of avoiding one of

the sources of noise induced by wind turbines.
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