
METHOD FOR OPTIMISING THE SHAPE OF AN AEROFOIL AND 
CORRESPONDING AEROFOIL 

This invention relates to aerofoil design, and more 

particularly to methods for optimising the shape of 

5 leading and trailing edges of aerofoils. 

In this specification, for conciseness and clarity, 

the invention and the background to it will be described 

principally with reference to the leading edges of 

aerofoils (and, specifically, to the leading edge of a 

10 compressor aerofoil in a gas turbine engine). As will be 

explained, however, the principles of the invention are 

applicable equally to the trailing edge as to the leading 

edge. Furthermore, the principles of the invention may 

equally well be applied to other types of aerofoils, or 

15 to hydrofoils, and will deliver substantially the same 

benefits and advantages as in the specific embodiment 

described. It should be understood, therefore, that 

references in the following description to terms such as 

"aerofoil" and "leading edge" are not intended to limit 

20 the scope of the invention. 

The leading edge of a turbomachinery aerofoil is 

known to have a significant effect on the loss, 

efficiency and operating range of the aerofoil. 

Many approaches to leading edge design have been 

25 tried in the past, including circular, closed curve fit, 

elliptical, free-form and component centre line. 

All of these leading edge designs have certain 

characteristic disadvantages. For example: circular are 

robust but inflexible, and cause losses due to high 

30 curvature changes; closed curve fit tends to remove too 

much material and 'snub' the leading edge; elliptical are 

more difficult to implement, and lack subtle control and 

flexibility; free-form are difficult to control and 

systemise; component centre line with tangential fit rely 



on symmetrical profiles based on circles. 

Where there are large changes in surface curvature 

on an aerofoil, as tends to occur near to the leading 

edge, small local overspeeds {sometimes called spikes) 

occur in use in the surface pressure distribution. Such 

leading edge spikes can affect blade loss if they 

initiate premature boundary layer transition. Large 

spikes will result in separated flow transition while 

smaller spikes may result in attached flow transition. If 

early transition is initiated the profile loss will rise 

due to an increase in turbulent wetted area and an 

additional mixing loss associated with the separation 

bubble, should one exist. Thus for a leading edge to be 

considered "good", the spike must be absent, or at least 

small enough to prevent transition. 

Figure 1 is a graph of surface pressure coefficient 

cp against fraction of suction surface length s/s0, 

showing a comparison between the spikes produced in use 

by two known designs of leading edge. Considering the 

upper pair of curves, these show the spike 12 produced by 

a circular leading edge and the spike 14 produced by an 

elliptical leading edge. It will be observed that 

although the elliptical leading edge produces a smaller 

spike than the circular leading edge, there is still a 

significant spike (and therefore a significant risk that 

premature boundary layer transition will be initiated). 

It is also necessary that the leading edge should 

operate efficiently over a range of incidence angles. The 

incidence angle of the gas impinging on the blade leading 

edge (the "local incidence") is affected by two principal 

factors - the blade incidence and the wake incidence. 

Blade incidence varies between about zero and 3 degrees 

according to the blade's operating condition. 

Wake incidence is a periodic disturbance to the 



3 

local incidence. Figure 2 shows a single rotor blade 22 

and a single stator 24. As the rotor blade 22 rotates 

with speed U, the stator 24 will, in effect, pass through 

its wake 26. Within the wake, therefore, the local 

5 incidence is affected by the wake incidence (typically by 

about 18 degrees). Between the wakes 26 of succeeding 

rotor blades 22, the wake incidence has a reduced effect 

on the local incidence depending on the wake size and the 

distance from the wake. 

10 Although the variation in wake incidence is greater 

than the variation in blade incidence, the blade 

incidence has the greater influence on the local 

incidence. This is because the blade lift amplifies blade 

incidence by a factor of about 5 in the region of the 

15 leading edge, but has no effect on the wake incidence. 

In general, increased local incidence increases 

spike height. This makes the leading edge more 

susceptible to transition, with an increase in the 

turbulent wetted area and a consequent increase in 

20 losses. 

With compressor blades, it is particularly difficult 

to avoid leading edge spikes in use. This is because 

structural integrity requirements limit the minimum 

allowable leading edge thickness. Also, the leading edge 

25 radii are typically small and therefore manufacturing 

defects and in-service erosion result in relatively large 

geometry variations. To ensure that all blades have no 

spike throughout engine life would therefore be 

practically very difficult and extremely costly. Thus, if 

30 these spikes exist in practice, their detrimental effect 

on loss must be quantifiable. 

Known methods of leading edge design rely on 

prescribed geometry (e.g. ellipses), or point definition 

(which lacks control), and cannot produce leading edge 
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designs that avoid spikes in use. Known methods of design 

do not take full account of the relative importance of 

the region of the aerofoil nearest to the edge, in 

comparison to the regions further back, particularly when 

5 the edge is not designed to be circular (for example, 

when it is elliptical). 

The invention provides a method for defining the 

shape of an aerofoil, and the resulting aerofoil, as set 

out in the claims. The invention provides a leading edge 

10 shape for an aerofoil with a higher incidence range than 

known leading edge designs. 

The invention provides a method that combines the 

strengths of known alternatives, allowing both freedom 

and control. It provides leading edge designs that 

15 overcome, or at least greatly reduce, spikes in use. It 

has the further benefit that it can be implemented with 

existing design tools and manufacturing methods. 

An embodiment of the invention will now be 

described, by way of example, with reference to the 

20 following drawings: 

Figure 3 is a schematic illustration of an initial 

leading edge profile, and a graph showing its 

parameterisation; 

Figure 4 is a schematic illustration of an optimised 

25 leading edge profile and its corresponding 

parameterisation; and 

Figure 5 is a comparison of the spiking associated 

with the initial and final profiles, for two values of 

local incidence. 

30 The idealised leading edge is one that achieves 

minimum design incidence loss while maximising operating 

incidence range; two design objectives which are often 

considered as opposed. However, these two design 

objectives can be achieved if the leading edge spike is 
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removed at both design and high incidence. 

Figure 3(a) shows the leading edge profile 32 of a 

compressor rotor aerofoil with a known elliptical leading 

edge 33, having a 3:1 semi-axis ratio. The leading edge 

5 thickness 34, tLE, is defined as the thickness of the 

leading edge at the point 35 where the ellipse joins the 

blade surface. The camberline 36 is a notional line 

running along the centre of the blade from the leading to 

the trailing edge. In this drawing it has been normalised 

10 to lie along the X-axis, and thus it appears to be a 

straight line; in a real blade it may not be a straight 

line. 

In this example, only that part of the blade profile 

nearest to the leading edge is to be optimised; 

15 specifically, the region within 2.5tLE of the leading 

edge, as shown in Figure 3(a). 

The leading edge thickness, as shown in Figure 3(a), 

is first transformed into a new space by normalising both 

the camberline and the thickness by the value 2.5tLE. 

20 Figure 3(b) shows the result of this transformation, in 

which 

camberline \ thickness y/ = —-- S(y) = 
2'5tM and 2'5tiE 

25 The curve 38 characterises the geometry of the 

leading edge region. Point 40 represents the point at 

which the leading edge reattaches to the blade surface, 

and point 42 defines the leading edge radius. 

In order to optimise the leading edge design, the 

30 curve 38 should be well defined and continuous. In 

particular, the infinite gradient at (IJJ = 0) should be 

removed, as well as the high curvature over the front of 

the leading edge. 
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The function S(i|/) must therefore be modified. This 

can be achieved by dividing by a function that has the 

same qualities. The thickness distribution is divided by 

two functions, a parabolic function and a linear 

5 function. The parabolic dominates close to the leading 

edge (i.e. close to i|/=0), removing the high curvature and 

the infinite gradient. The linear function ensures that 

where the leading edge joins the surface of the blade, at 

\Jj = 1, the function remains smooth. In the numerator a 

10 linear function is removed from the leading edge. This 

ensures the function does not go to infinity at = 1. 

The equation therefore becomes 

15 

camberline thickness w = c= 
2 5/ 2 5/ where and 

The transformed space, S', was parameterised using 

10th order Bernstein polynomials. The clustering of the 

20 polynomials was increased close to the leading edge point 

for increased resolution in this area. This was achieved 

by mapping the polynomials onto a circular arc: (i|i = 1 -

cos(0)). Theta is defined in the range between 0 and n/2. 

The equation for the Bernstein polynomials as a function 

25 of 0 is 

r„\s 

v'V 

e \>- / 

\7iI2) 
1-

9 
U/2. 

I0-r 

30 

The design space is spanned by changing the 

magnitude of the (r+1) parameters, Ci (i = 0:r). 



The result of the optimisation is to produce a 

function that is almost linear in the transformed space. 

Figure 4(b) shows the optimised function S' (44) together 

with the original function S (46) for comparison. 

By reversing the parameterisation described above, 

the optimised leading edge shape may be generated, as 

shown in Figure 4(a). The optimised leading edge shape 48 

is shown together with the original leading edge shape 50 

for comparison. The optimised leading edge is more 

slender than an ellipse, but it is still sufficiently 

robust for use in a gas turbine engine. 

Figure 5(a) shows the loss loop 52 associated with 

the optimised leading edge. The corresponding loss loop 

for the original leading edge is shown by the dashed line 

54. Loss yp is plotted against incidence in degrees. It 

can be seen that the loss for the optimised leading edge 

remains low over a considerably wider range of incidence. 

The reason for this is that the spike is removed over a 

large incidence range, preventing premature transition at 

the leading edge. Figure 5(b) shows surface pressure cp 

against distance along the suction surface s/s0 for a 

small value of incidence (about 0.5 degrees). In the 

enlarged portion of the graph it can be seen that there 

is no spike in surface pressure for the optimised leading 

edge 56 whereas the original leading edge displays a 

prominent spike 58. At the highest operating incidence of 

the blade the spike is only just beginning to appear. 

This can be seen in Figure 5(c), for an incidence of 

about 3 degrees. The original leading edge 60 still shows 

a distinct spike, whereas the optimised leading edge 62 

shows only a very slight overshoot in surface pressure. 

The increase in usable incidence range for the blade with 

the optimised leading edge is around 3°. 

The invention thus provides a method whereby by 
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parameterising the leading edge surface profile, and 

modifying the resulting transformed space, an optimised 

leading edge profile can be defined with minimised 

leading edge pressure spike over the blade's operating 

5 range of incidence. Such leading edges typically have no 

leading edge spike for incidences up to 4°. This so-

called spikeless leading edge is a parabolic function. 

In the described embodiment, the leading edge shape 

is optimised over a distance of 2.5tLE- In other 

10 embodiments of the invention, a different multiplier may 

be appropriate; for example, where the Reynolds number of 

the flow is different or where the thickness-to-chord 

ratio of the aerofoil is different. 

Although, in the described embodiment, the 

15 transformed space was parameterised using 10th order 

Bernstein polynomials, it will be appreciated that other 

polynomials may be used. 

Although the described embodiment relates to a 

leading edge for a compressor aerofoil, the principles of 

20 the invention may, as outlined above, be applied equally 

to the trailing edge of an aerofoil. The invention may 

equally be applied to stator aerofoils as to rotor 

aerofoils. The invention is also applicable to aerofoils 

in different types of machines, and could be applied to 

25 hydrofoils. 

In the described embodiment, a known elliptical 

leading edge profile is used as the starting point for 

the method according to the invention. In fact, any 

leading edge profile, known or notional, could be used as 

30 a starting point. If the starting profile is very far 

from the optimised shape for the flow conditions under 

consideration, it may be necessary to repeat the 

parameterisation and optimisation process, perhaps more 

than once, until the optimal leading edge profile is 
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achieved. 

Testing has also demonstrated that the leading edge 

shape has an effect on the downstream transition, but the 

degree of this effect depends upon design and operation. 

5 The new leading edge shape reduces the (audio) noise 

generated by the aerofoil. This is of particular benefit 

in unducted or undamped systems. 

The insensitivity to inlet angle, and the ability to 

apply the principles of this invention also to the 

10 trailing edge of an aerofoil, is of great benefit in bi­

directional turbines or compressors (e.g. Wells turbine, 

reciprocating column turbine). It may likewise be 

employed in other components, such as the cooling fins of 

bi-directional equipment such as a motor / generator or 

15 hybrid drive set, where the reduction in noise is 

advantageous and the increase in efficiency allows the 

equipment to be contained in a smaller space envelope. 

The method could be applied to turbine aerofoils, 

including steam turbines. The features are particularly 

20 useful for high mach number turbines. 

This method could be applied to optimise any 

aerofoil shape, or part aerofoil shape (for example, 

splitters, struts, fairings, pylons, nacelles, 

centrifugal or axial compressors or turbines, hollow axis 

25 turbines, windmills, wind turbines, propeller blades 

(ships), water jets, propulsors) running in fluids or 

gases. The features are of particular use where shocks or 

gusts are encountered by the aerofoils, such as wind 

turbines .(especially those within the built environment), 

30 Wells turbines, bi-directional turbines, and open rotors 

or propellers. 
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CLAIMS 

1. A method for defining the shape of an edge of an 

aerofoil, the method comprising the following steps: 

obtaining a starting value for the thickness of the edge; 

defining a distance from the edge of the aerofoil in 

terms of the thickness; 

over the defined distance, defining a space S in terms of 

normalised camberline and normalised thickness; 

transforming the space S to a new space S'; 

parameterising the new space S' to obtain new values for 

normalised camberline and normalised thickness; 

defining a new shape for the edge using the new parameter 

values. 

2. A method as claimed in claim 1, in which the 

transforming step comprises applying a parabolic function 

to the space S. 

3. A method as claimed in claim 1, in which the 

transforming step comprises applying a function of the 

form 

o u camberline yr v r/ to the space S, where y/= and 
KtLE 

t /i ickn &ss q = , and where K is a predetermined constant. 
KtLE 

4. A method as claimed in claim 3, in which the value 

of K is 2.5. 

5. A method as claimed in any preceding claim, in which 

the space S' is parameterised using 10th order Bernstein 

polynomials. 

6. A method as claimed in any preceding claim, in which 

the edge is a leading edge. 

7. A method as claimed in any preceding claim, in which 

the aerofoil is a compressor blade for a gas turbine 



11 

engine. 

8. An aerofoil including an edge defined by a method as claimed in any of claims 1 

to 7. 

9 A method for defining the shape of an edge of an aerofoil substantially as 

described in this specification, with reference to and as shown in Figures 3 to 5 of the 

accompanying drawings. 

10. An aerofoil including an edge substantially as described in this specification, with 

reference to and as shown in Figures 3 to 5 of the accompanying drawings. 


