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Abstract The design of rotor blades is based on conceptatbaised

An inverse design process is applied to determine blade
shapes used in vertical axis wind turbines (VAWTS). The
method is based on the modified Garabedian-McFadden
technique that uses the deviation of the pressure distribution
or the velocity distribution on the surface from a target
pressure or velocity distribution, and modifies the blade
surface in order to reduce this deviation. The method was
originally developed for wing design and applied for such
aerofoil shapes as those of horizontal axis wind turbine
blades. The procedure is employed here successfully to find
a target shape that is used in a VAWT operating with blades
of constant thickness rather than of aerofoil shape. The
method is presently applicable to determine blade shapes in
a two-dimensional section, and considers some
performance criteria of VAWTSs; thus, it contributes to finding
blade shapes that most closely corresponds to the efficient
operation of such turbines.

Keywords. Inverse design, Numerical method, Velocity distribution,
Vertical axiswind turbine

.  INTRODUCTION

The rotor blade is a critical element of wind tumds, whose
aerodynamic and dynamic properties influence thiesesystem.
The main challenge during the design process ofdtoe blade
is to find the relationship between its shape amdérodynamic
properties. Although the direction of wind velocitg not
constant, a prevailing direction can usually beedained in
most of the geographical locations, and the vanafrom this

prevailing direction does not affect the perfornanc

significantly. The design process is iterative iagtice. A blade
which has certain desired properties according revipus
experience is tested using a computational or é@xeatal
model in order to find out if it satisfies the giv@erformance
criteria. Results are usually not satisfactoryhia first approach,
but the model provides an insight on how the adileade design
affected the results. Accordingly, the design ipriaved and the
design loop is repeated until adequate blade désigbtained.

in that of the aircraft wings in most of the caddswever, there
exist some exceptions when the aerofoil shapeti®ptimal to
satisfy the performance criteria. This is the cage for small
rotor blades and low-power vertical axis wind tads (VAWTS)
(Hau [1]). The present study considers a VAWT bladth
constant thickness as constructed in the Universfy
Huddersfield laboratory (Park [2]).

Inverse aerodynamic design methods have been pdpos
widely in the last three decades. Only a few ofnthare
mentioned here, which are related to the technicgesl in the
present paper. Garabedian & McFadden [3] develoged
iterative procedure to design swept wings, whialeferred to as
the Garabedian-McFadden (GM) method. This origatileme
was later modified by Malonet al. [4], which allowed design
for a wide range of geometry with prescribed swefaessures.
The authors referred to this technique as the reaif
Garabedian-McFadden (MGM) method. The MGM procedure
was incorporated into a multigrid Navier-Stokedadlimanalysis
method in Malone & Swanson [5]. Dulikravich & Bakgg]
formulated a Fourier series solution of the MGM a&tipn.

The applicability of the MGM technique for the dgsiof
aircraft wings and horizontal axis wind turbine dda has
already been demonstrated [see e.g. 3-6]. The gwahof the
present paper is to apply the MGM technique for itherse
design of VAWT blades with constant thickness, whic
represents a geometry substantially different frahose
described by aerofoils. First, the technique aecctimputational
procedure is described. Then, the air flow field&termined
around a VAWT blade with constant thickness, amrddibtained
velocity distribution is used as target velociti€nally, it is
shown that the process can result in the origiteaddshape with
satisfactory accuracy.

Il. INVERSE DESIGN PROCESS
A. Modified Garabedian-McFadden Technique

The positions of blade coordinates are modifiethsd they
approach the positions along the surface that sporeds to the



target velocity profile. The MGM technique (Malosteal. [4])
is used to achieve this goal. In this techniquedeeation of
pressure or velocity distribution near the surfiroen the target
pressure or velocity distribution is expressed bg surface
ordinate y, the slope of the surfacey/dx, and the second

that corresponds to the target conditions. Bothtspasf
computations are implemented in Matlab.

A known blade shape is applied in order to creatget
conditions. This blade shape should later be obthim the
inverse design process, so it will also be usedalaate the

derivative of the surface,?gldx?. The change in the surface procedure. The geometry of one rotor blade of a VIAW
ordinate is denoted hyy, which is positive when the surface has defined in the plane by thgy) coordinates of the surface points.

to be modified so that it moves away from the chorte
equation to be solved for the change in the paositicthe blade
surface is the following

Ay + BM—CdZ(Ay) =V?2

_\/2
dX dX2 tar Vpl’

(2.1)

The centre line of the blade is located on an and, the upper
and lower profiles are determined so that the tiesk of the
blade be constant everywhere except at the fidtiast points.
Then, the velocity field around this shape is dateed using the
panel method. The velocity distribution near thedel surface is
used to calculate the coefficient of pressureestime positions.

where Vir and Vi are the present and target velocities, The coefficient of pressurg at any position is obtained from
respectively, ané, B andC are numerical constants that should Eq. (2.4)

be large enough to avoid the shape from changiagrtoch in
one step. The following values were applied inghesent study:

A =1000;B =C = 100. Further refinement of these values is the

subject of future study. When the present velamjityroaches the
target velocity, then the change in the ordinateduces, i.eAy
tends to zero. If both of the top and bottom bladdaces are
divided into n subdomains, then the derivativekdn (2.1) can
be written in discrete form as follows

d(Ay) - Ay ~ DY,

dx Xia1 7K
Ay —By _ By, —Ayi,
» _ _
ddE(Azy): X 2 _)f a0 iz2.0-1 (22)
i+1 i-1

2

with i denoting the calculation point between two subdaosan
the blade surface. Substituting Eq. (2.2) into@dL), assuming
constant step siz& = x;+1 —x for eachi = 2,...n-1, and denoting
the coefficients of\y;_1, Ay, Ayi+1 byki, ko, ks, respectively, then
Eqg. (2.1) can be organized in the following form

k, ks 0| Ay, \/t; 2 _szr 2
k Kk ks Ay, V2 3 _szr 3
k ko Ay, |=| V& 4 _szr 4 (2.3)
ISR A (R :
0 K Ko ]| Ay _Vt;r n-1 _szr -

The size of matrix in Eq. (2.3) is2)x(n—2) since the

change of ordinate at the leading edgeand at the trailing edge T

Ay is zero. Itis a tridiagonal matrix; thus, Eq32can be solved
by the tridiagonal matrix algorithm or Thomas altfun (Conte
& de Boor [7]).

B. Computational Procedure
In the computation, first the distribution of veikyc or
coefficient of pressure is determined, which repnés flow
conditions around the target blade profile. Theasé conditions
are used in the inverse design process to obtaibldde profile
2

u? +v2

u 2
whereu andv arex andy components, respectively, of the air
velocity at the same position, abds the free stream velocity.

In the inverse design process, the target velasciiatained
as explained in the previous paragraph are usedth the blade
shapecorresponding to the target conditions. Alternaivié the
coefficients of pressure represent the target ¢imomdi, then first
the target velocities are calculated. The initiatlogity
distribution is determined by defining an arbitrénlpde shape,
and then calculating the velocity near this surizgiag the panel
method. Then, Eqg. (2.3) is solved and the bladpestsamodified
according to the obtained valuAy,, ..., Ayni. This iteration
continues until the change in the blade shape bes@maller
than a prescribed limit.

c, =1- (2.4)

lll. APPLICATION FOR A VAWT

A rotor blade of the VAWT located in the Universitf
Huddersfield laboratory (Colley [8]; Park [2]) ish@sen as
subject of the present study (see Fig. 1a). Thaedine of the
blade is located on an arc with radius of 145 mhe thickness
of the blade is 2 mm. The chord length is 20 cm.

@ (b)
Fig.1: (@) VAWT asinstalled in University of Hudder sfield laboratory (from

Park [2]); (b) sketch of rotor blades showing the angle of attack a (O is axis
of theturbine, and U isfree stream velocity)



A. Pressure Distribution and Velocity Field around
the Target Profile

The Matlab model of the blade defined above is shiovFig.
2 by the dark area. The pressure distribution ancebocity field
around this shape is determined in an air flow whée free
stream velocity is 10 m/s, and the angle of attaekl5 degrees.
More precisely, this angle is defined here by thgla of the
direction of the line connecting the free end & titade to the
vertical axis of the turbine and the direction ofd stream
velocity (see Fig. 1b). The velocity field is deténed by the
panel method and is as shown in Fig. 2.
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Fig. 2: Velocity field around arotor blade of the VAWT of the University of
Hudder sfield labor atory

B. Blade Shape Obtained by the Inverse Design
Process

The velocities near the surface of the blade ddfaelier in
this section are used as target velocity distridyutor the inverse
design process. An initial blade shape close tmfienal shape
is usually known. However, in order to demonstrée
robustness of the method, the present computaggarbwith a
NACAO0012 aerofoil shown by the blue curve in Fig. This
profile is symmetric and substantially differenbrir the target
shape that should be obtained (cf. the blue anckldhapes in
Fig. 3). Both sides of the blade are divided ifd0@ $ubdomains,
and velocities were determined at the boundary rof @vo
subdomains. The computation was terminated wheavbege
of changes in the position of each point (i.e. #nfs at the
boundaries of 100 subdomains) in one side of thde)lrelated
to the blade thickness, became less than 0.0005.aEcuracy
was achieved in this particular example after 178l &85
iterations on the top and bottom sides, respegtivéithe blade.
The calculated blade profile is shown in Fig. 3thg green
curve. The comparison of the target and calculatediles in
Fig. 3 shows that the calculation provides a smbtdde shape
that closely approximates the target profile. Thésult is
obtained for an initial profile that is substarigaifferent from
the target profile. Thus, the presented inversegdgeocess was
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successfully applied to find the upper and lowesfifgs of a
VAWT blade, satisfying given target conditions.
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Fig. 3: Initial, target and calculated blade shapes

IV. SUMMARY AND CONCLUSIONS

An inverse design process based on the MGM tecknigju
proposed to determine the shape of VAWT blades.prbeess
uses a target velocity or pressure distributiowelsas an initial
blade profile and determines a blade profile tlatesponds to
the target velocity or pressure distribution. Tledoeity around
any actual blade shape during the process is eadalilby the
panel method. The process was applied successfitliytarget
conditions corresponding to a VAWT blade with camst
thickness, which is used in the University of Hudkield
laboratory. First, the target velocity distributiaround this blade
was determined; and then the inverse design praees&led a
profile that closely approximates this blade shdfe process
has already been applied for horizontal axis wintliihe blades
and for aerofoil sections; however, the presenliegon shows
the reliability of the inverse design process fAWT blades
with constant thickness.
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