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Airfoil profiles for wind turbines
by
+)

F.X. Wortmann

In the following the requirements of wind turbine airfoils
are briefly considered and a report is given of the design of
some suitable airfoils together with results of test measure-
ments at moderate and large angles of attack. The report con-
cludes with a few observations about rough airfoils, pitch
coefficients as well as allowable degrees of roughness and

the avoidance of roughnesses due to insects.

1. Requirements

The blades of wind turbines with high tip speed ratio have a
very high slenderness ratio. Their absolute torsional stiff-
ness is therefore limited in the same way as for a helicopter
blade. In order to shift the limit of static instability (blade
static divergence) as well as the limit of flutter to as high
speeds as possible, the airfoils - at least in the outer section
of the blade - should have a more or less fixed centre of

pressure.

At the same time the outer sections of the blades should
possess the best 1lift/drag ratios that are possible over a
relatively wide 1lift range. The 1lift values with low drag
should cover approximately the range 0.5 <Cp < 1.5, when the
solidity of the rotor is at the lower limit of about 1-2 %.
Should this range be too high, for instance at low wind
speeds or high tip speed characteristic, the measured values

given here can be matched to the required ¢, range by a
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proportionate reduction in camber, without the necessity for

making new measurements.

With regard to the behaviour of the blade when stalling, as
yet no clear concepts have been developed as to the influence
various types of stalling behaviour can have on the controll-
ability and the torsional flutter. For this reason no
particular attention is to be paid to this poin£ at first. For
the inner section of the blade the airfoil drag is not so
important as the ability of the airfoil to develop lift. An
airfoil with good 1lift characteristics can reduce the
necessity of providing larger chord lengths at small radii.
Since above all structural considerations outweigh all others
in this area of the blade, an airfoil is required which is as

thick as possible and which possesses good 1lift properties.

The requirements of the airfoil not only at the outer but also
at the inner section of the blade are not usual, and suit-

able, high-performance airfoils are rarely to be found in the

litewature [T/, 2/, [3].

The velocity distributions for two newly-designed airfoils are
given in Fig. ta. The first distribution is for a 15.3% thick
airfoil with a pitching moment about the c/4 point of cl =

-.02 and is designed for the outer section of the blade.

The second distribution has a larger pitching moment of Sl =
-.07 and supplies a 25.8% thick airfoil for the inner section
of the blade.

Figs. 1b and 1c show the speed distributions, as derived from
potential thecory, for both airfoils at various cy values.
The distribution 258 has been so modified for a third airfoil,

that a yet thicker airfoil with 34.3% resulted.



All three airfoils have been build as models for wind
tunnel testing and measurements have been carried out by
Dipl.-Phys.D.Althaus in the laminar wind tunnel of the
Institute at Reynolds numbers from 3 to 5x106 . Finally the
chord length of the 34.3% thick airfoil was shortened by
cutting off the airfoil tail, see Fig. 4b, such that the
relétive airfoil thickness was increased to 40% and with a
further cut, up to 50%. Also for these two shortened air-
foils (with the designations 400 and 500) ¢y (o ) graphs

and polar diagrams were plotted.

2. Test results

The test results for the five airfoils are shown in Figs.
2 - 6. Fig. 2a contains the cl(a )} graphs for the 15.3%
thick airfoil, namely for positive cl with a smooth airfoil

for Re = 3x106 and for the rough airfoil for the Reynolds
6

numbers 3, 4 and 5.5x10 .

By rough it is meant that the transition was triggered off by
turbulence wire on both sides of the airfoil close to the
leading edge at about 3% of the chord length. The remaining

surface of the airfoil remained smooth.

The arrows in the cl(a ) graphs show the area of hysteresis.
For negative cq and Re = 3x‘lO6 the hysteresis is more marked.
A difference between smooth and rough could not here be

observed.

Fig. 2a also shows the position of the transition along the
chord length as a function of the ¢y value. On the
abscissa 20° is equivalent to 100% of the chord length. On
the lower surface the transition for cl values above 0.4
migrates quickly to the trailing edge, whereas on the upper
surface it migrates only a small amount between 30 - 40% of

the chord for all positive ¢y . The pitching moment



of this airfoil is about 2-3% for the non-separated flow and

changes relatively little even for separated flow.

The model of the second airfoil for wind tunnel testing, with
an average thickness of approximately 26-27%, was first of all
designed with a trailing edge thickness of 4.2%, which was
reduced to 1.66% after the first measurements. It was found
that through this the minimum drag values could be reduced
from 15x10_3 to 8.9x10_3, that is by about 60%. All measure-
ments in Fig. 3a with the model designation 270 S refer to

the pointed version shown in Fig. 3b. In the tables of
coordinates airfoil 270 S is replaced by airfoil 258 which is
practically identical to that measured, but which was designed

from the start for a trailing edge thickness of 1%.

Fig. 3a shows the polar diagrams, the cl(CX) and the
lec/4 ( o ) graphs for the smooth and rough airfoils 270 S.

Exactly in the same way the shapes of the three thick airfoils
and the corresponding Cy (o) graphs and polar diagrams are
represented in Figs. 4a, 4b and 4c as well as in 5a, 5b and 6a,
6b. For the 34% and the 40% thick airfoils the pitching
moments also were measured and for the 40% thick airfoil

converted to the c/4 point.

The airfoil thicknesses at the blade roots, which are required
for structural reasons, develop remarkably good 1lift values at
moderate drag when the airfoil surfaces are smooth. However
the loss of lift when the surface is rough is considerably
greater than for thinner airfoils. The high lift/drag ratios
in the outer section of the blades are approximately halved by

roughness.

The coordinates of the airfoils are given in the tables 1, 2
and 3.



Since also large angles of attack can be of significance for
the design of the blade, the lift and drag values of
symmetrical and strongly cambered airfoils at two dimensional
flow are plotted on the same axes in Figs. 7a and 7b. They
can serve as an estimate for the total aerodynamic forces
which could possibly occur, but in this case it must be taken
into account that the drag values are reduced due to a finite
aspect ratio A ., For o = 90° the values must be reduced

by approximately the following percentages: ¥

Aspect ratio A % Reduction
20 35
30 T7
40 10
3. Comparison of various airfoil types

It is often heard that "laminar airfoils" are too sensitive,
and that if they were not smooth, they would be less effective
than older "standard" airfoils. Such a statement is in
general untrue because for smooth surfaces nearly all airfoils
are "laminar" and therefore better, and for rough surfaces all
airfoils become less effective by the same amount with

regard to drag. Refer to Figs. 8 and 9 for an illustration of
this (from /2/), in which are represented the "rough" polar
diagrams of the airfoils NACA 23012, 4412 as well as 4415.
These values are to be compared to the rough polar diagrams of

the airfoils proposed in this report.

4. Moment coefficients

The aerodynamic force resulting from lift and drag develops a

moment according to the position of the centre of rotation

chosen. During wind tunnel testing the centre of rotation in



general lies on the chord of the airfoil at about 25% of the
chord length (c/4 point). A clockwise moment has a positive
sign. The intersection of the line of action of the
aerodynamic force with the airfoil chord is designated as
the centre of pressure. The length A x of the centre of

pressure from the centre of rotation is derived from

°F S om0 ¢ = chord length
(1) "'E 5 dCl Cl
where cmo is the moment coefficient at cl = 0. (Ax =+

represents a counter-clockwise free couple).

Because the aerodynamic force is a combination of the action
of the variable blade angle of attack and the fixed blade
camber, Ax/c is normally not constant for varying angle of
attack, but varies mostly between 0 and 0.25. In other words:
it can shift between c/4 and c/2 at large and small angles of

attack respectively.

For a migrating centre of pressure however,there exists a
so-called neutral point, for which the product of aerodynamic
force and a special lever arm, that is the distance between
centre of pressure and neutral point, remains constant. 1In
(1) the value dcm/dcl goes to zero for the neutral point,

and all that remains is the "zero moment" Cpq

The neutral point, which is also often called the aerodynamic
centre, is defined by the constancy of the nose-down moment

at given dynamic pressure. It is near the c/4 point, for-
conventional airfoils mostly 2-3% behind this and approxi-
mately the same amount beneath the airfoil chord. For
symmetrical airfoils without camber the centre of pressure
coincides almost with the c¢/4 point, as long as the flow is

not separated. For separated flow it migrates in the direction

of ¢/2. For an S-shaped camber the centre of pressure can



also be fixed in the c/4 point. When centre of pressure and
centre of rotation coincide, the aerodynamic moment does not
exist. This is, however, a condition of indifferent

equilibrium: an alteration of the angle of attack produces no

restoring moment.

For static stability (weathervane stability) the centre of

rotation must lie in front of the centre of pressure and the
T ( o) graph must take increasingly negative cm values for
increasing o . A centre of rotation behind the aerodynamic

centre will always be unstable.

If the centre of rotation does not shifti on::the chord, but
normal to this, e.g. due to blade deflection at the wind
turbine, the stability can become larger or smaller varying
with alterations in angle of attack. This is most easily

seen for a symmetrical airfoil: if the centre of rotation lies
on the underneath or windward side, then all positive angles

of attack will be stable, all negative will be unstable.

If the possibility of free rotation is replaced by the
elastic torsional axis of the blade, which

usually lies behind the c¢/4 point, a certain dynamic pressure
exists at which the gradient of the distorting moment becomes
greater than the gradient of the elastic restoring moment.
The blade then suddenly snaps out (divergence). For an
untwisted rectangular blade of depth c and span s the corres-

ponding dynamic pressure g is given by:

(2) n? c.1
q =
o Foaun B Iy g2
da c

For airfoils where the centre of pressure hardly moves, for

which 2 x/c —> 0, higher divergence dynamic pressures are more



easily attained than for airfoils with large 4 x/c for given
torsional stiffness G*I. The same tendency is true for the
dynamic pressure at which flutter occurs. 1In addition to
this, it is also important for wind turbines to hold the
control forces for adjusting the blade small, which also

speaks in favour of airfoils with low Chot

5. Allowable roughness

The surface roughness of an airfoil is a decisive factor for
drag and 1lift of the blade. Roughness can be produced during
manufacture of the blade, but can also occur during operation
due to icing-up, rain and insects. The essential value is

the heigh of roughness K.

For a turbulent boundary layer K should not become larger
than the thickness of the so-called viscous sub layer, that

is,the following inequality should hold.

(3) v .K e
\YJ
In this v' = /{Q/p is the skin friction velocity, formed
from the shear stress = 5 and density p . It is usual to
express v’ by the local frictional coefficient C% of the
flat plate, where
g.uUny

(4) C' = b sk stn e )

. £ Re 0.2

X

(Rex is the Reynolds number derived from the distance from
the leading edge in the downstream direction.) Following

from this, with U, as incident flow speed:

and from equation (3)

(5) Ve K

o
v aohl




Since with a turbulent boundary layer C% varies only slightly
with the Reynolds number, ReX can be approximately set Rex= Rec
that is, the Reynolds number formed from the local chord

length is replaced by that formed from the total chord length.

Thus the allowable depth of roughness K results:

Re, U K
V
10° 91 :
10° 114
107 144
108 181

In areas of decreasing pressure of an airfoil the allowable K
values are almost the same, while in areas of increasing
pressure K values approximately 1.2 to 1.4 times as much are

permissible.

If the roughness K on a flat plate is double that permitted,
the frictional drag increases by about 20%. Should K be five
times greater than permissible, the frictional drag increases
to 1.5 to 1.7 times that of the smooth plate and becomes

independent of the Reynolds number.

Should the height K be referred to the chord length, it can
be seen from the table that approximately:

s S £ "

(6) - 10D TR Ty
c

In Fig. 10 a more exact result is given for the flat plate. It
can be seen that, for high values of Reynolds number, the
allowable depth of roughness is pretty small, e.g. for Re,.=

o' ST g if e o 8 ipd s Koe o510 % .



For a laminar boundary layer roughness has a completely
different effect: at the critical height of roughness, laminar
flow no longer occurs, and a prematurely turbulent boundary

layer is produced.

Fig. 10 shows critical depth K for two-dimensional roughnesses,
such as turbulence wire. In the laminar case the requirements
of surface smoothness are in general less than in the

turbulent case and are very much dependent on the distance from
the leading edge in the downstream direction. For two-
dimensional steps pointing upstream, values of approximately
three times as much as in Fig. 10 hold good, whilst steps
pointing downstream may have only 1 1/2 times these heights.
For three-dimensional "sand" roughnesses approximately double

the value in Fig. 10 can be taken as the permissible height.

For surface waviness the relationships are more complicated.
Long period single waves should not exceed the given critical

K values with regards to their amplitude.

As a first and often remarkably good criterion the human sense
of touch can be used. What is registered as "smooth", is

generally good enough for a laminar boundary layer.

6. Avoiding roughness

The performance of wind turbines at high tip speed ratios is
decisively influenced by the airfoil 1lift/drag ratio. A
‘smooth surface is therefore important, above all in the outer
blade section. Even if the method of manufacture ensures a
smooth surface, it can become rough during operation due to
rain, insects and icing-up. While rain and ice result in
roughness only of short duration, dried-on insects can impair
the performance over a very long period. A simple possi-

bility for avoiding insect roughness, and also to reduce the



danger of icing, is to use highly elastic, weather-proof

rubber plates about 3-4 mm thick, which are laid around the

leading edge.

(7
[2]

[37
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E EX 77 -W-155

FX 77 -W- 258
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Fig.1la: Design-velocity distribution of the outer section
airfoil with 15.3 ¢ thickness and of the inner
section airfoil with 25.8 resp.27 % thickness;
Cli = 0.7.
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Fig.2b: Contour of the airfoil FX 77'—\N°— 153

with 15.3 % thickness

Fig.3b: Contour of the airfoil FX '/7 "W“ 270 S

with 27 % thickness

Fig.4b: Contour of the airfoil with FX 77 _W— 343

34.3 % thickness as well as
of the airfoil 400 and 500.
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Fig.7a:
Lift coefficients of symmetrical
airfoils with 8% and 12% thickness
and of a cambered airfoil with 16%
thickness at large angles of attack
& cambered airfoils
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// drag coefficient 3
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Fig.7b:

Drag coefficients of symmetrical and cambered airfoils

at large angles of attack.

The total force coefficients are shown for the high

cambered airfoil of Fig.7a.
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Fig.10: Allowable roughness depth along the chord length
at three Reynolds numbers for turbulent and laminar
boundary layers.
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