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Abstract.

Wind is becoming a competitive energy source, dragging more and more attention as a renewable,
economically viable and greener alternative to traditional sources. Large scale wind farms connected
to national power grids are today very common in Europe and USA. In the other end of wind power
generation spectrum, we find small-scale wind turbines designed and built to be used at isolated spots,
such as farms in the Argentinean Patagonia. In these small scale applications, the imposibility to connect
to the national power grid adds an aditional interest to the use of wind turbines as a source of electric
energy.

In the present work an aerodynamic study of a small-scale commercial wind turbine is performed,
using simplified theoretical models and 2D and 3D CFD calculations. Turbine power output is estimated
and compared with experimental mesurements. Pressure distribution over the blades is calculated, in
order to perform Fluid Structure Interaction (FSI) analyses. Conclusions and future work are stated.
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1 INTRODUCTION

Growing awareness of environmental issues such as global warming, greenhouse effect and
air pollution, together with the increasing prices of fossil fuels have boosted the interest in devel-
oping renewable and environmentaly friendly power sources (Cooper et al., 2010). Wind energy
has become a particularly succesful one, showing sustained and significant growth (Kaldellis,
2004).

1.1 Small-scale wind turbines.

While most of wind generated electricity is produced by large scale wind turbines (more than
S0kW of electrical power), isolated communities with no connectivity to national power grids
may use small-scale wind turbines as an alternative to diesel generators. Wind turbines have
been used for household electricity generation in conjunction with battery storage over many
decades in remote areas. Small-scale wind turbines are categorized as micro (1 kW), mid-range
(5 kW) and mini wind turbines (20 kW) (Clausen and Wood, 1999; Ronit et al., 2013). A more
detailed description of micro wind turbines can be found in Cooper et al. (2010) and Peacock
et al. (2008).

1.2 Costa-I micro wind turbine.

In the present work the aerodynamic characteristics of Costa-I micro wind turbine are anal-
ysed. Costa-I wind turbine is a horizontal axis wind turbine (HAWT) designed for domes-
tic use in rural areas, produced and commercialized in Argentina by ALP Group (http://http:
/lwww.alpgroup.com.ar). Principal features are sumarized in Table 1.

Nominal power output 1.1kW @ 10m/s
Power control method | furl control starting at 10m/s
Number of blades 3
Diameter 3.3m
Rotational speed 300rpm
Aerodynamic profile AH 93-W-145
Installation height 9-13m

Table 1: Costa-I principal features.

2 AERODYNAMIC STUDY.

Costa-I wind turbine aerodynamic characteristics are analysed using different models. Power
output is estimated with the following methods:

1. One-Dimensional Momentum Theory (Betz theory);

2. Blade Element Momentum (BEM) Theory.

3. Direct power calculation using 3D CDF models.

2.1 One-Dimensional Momentum Theory (Betz theory).

A simple model, generally attributed to Betz (Betz, 1994), can be used to determine the
power from an ideal turbine rotor, the thrust of the wind on the ideal rotor, and the effect of the
rotor operation on the local wind field (Manwell et al., 2009).
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This analysis asumes a control volume which is delimited by a stream tube and two cross
sections of the latter. The turbine is idealized as a uniform actuator disc creating a pressure
discontinuity in the flow (see Fig. 1). The following assumptions are made:

Stream tube boundary

/

1

\. T Actustor

/ J Disk

1 1
' U, U, | us DUy
—_— —t— —_—

1

: :

! 1

) 1

1 : :

:

N 4

2 3

Figure 1: Actuator disk model of a wind turbine.

e the flow is ideal (homogenous, incompressible, frictionless, steady state fluid flow) and
rectilinear;

e thrust and flow are uniform across the rotor area;
e non-rotating wake;

e static pressure at the upwind and downwind boundaries is equal to the undisturbed ambi-
ent pressure.

Enforcing linear momentum, mass and energy conservation and assuming Us; = Us, one gets:

_U1+U4

U2 9 9

(1

1.e., the flow velocity at the rotor plane is the arithmetic mean of the upstream and downstream
speeds. The induction factor is defined as:

U, — U,
== "< 2
a i (2)
Definition (2) and Eq. (1) gives:
Uy =Uy(1 —a),
2 1 3)
U4 = Ul(l — 2&);
and the power output P of the turbine is:
1
P = 5pAUf'40L(1 —a)?, 4)
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where A is the actuator disk area and p is the air density. The factor % pAU? in Eq. (4) is the
power carried by the incoming flow. The ratio

P

Cp = +———
T LU

= 4a(1 — a)? (5)

is called power coefficient of the wind turbine rotor, and represents the fraction of the power in
the flow that is extracted by the rotor. Although induction factor a is not knwon, Eq. (4) can be
used to derive an upper bound for power output, by finding an optimal value for a so that C'p
attains a maximum, as shown in Fig. 2. Maximum power coefficient for an ideal frictionless
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Figure 2: Power Coefficient vs. Induction Factor.

turbine is thus Cp a0 = ;—? ~ 0.593. This value is known as Betz limit. It should be pointed out

that Eq. (4) is not valid for a > 0.5, as a = 0.5 would imply that downstream velocity is zero,
and a negative a would imply that the flow reverses direction. For further details, see Manwell
et al. (2009). For the Costa-1 wind turbine parameters, the Betz limit is 3180W.

2.2 Blade Element Momentum (BEM) Theory.

The previous analysis can be modified and intergrated with aerofoil theory to produce a more
realistic model accounting for:

e angular momentum in the wake;

e non-uniform pressure and turbulence distriution over the swept area;
e aerodynamic drag;

e finite number of blades.

The flow upstream the rotor plane is purely rectilinear, but if the rotor adquires angular momen-
tum trhough its interaction with the flow, as a consecuence of angular momentum conservation,
the flow past the rotor must adquire an equal ammount of angular momentum, in the opposite
direction (i.e., the wake adquires rotational velocity, see Manwell et al. (2009)).
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If rotor angular velocity is €2, and wake angular velocity is w, the angular induction factor

a’ is defined as:
, w

a

25/07 The local speed ratio ), is defined as:

== ©)

QR .
where A = — is the tip speed ratio.
With these definitions, relative flow speed angle ¢ with respect to the rotation plane at a
particular radial position r can be expressed as (see Fig. 3):
U(l —a) l—a

= v a) T N+ ) ®)

Dividing the rotor in annular sections with radius r and thickness dr, and assuming that pres-

Rotation plane

Figure 3: Relative velocity.

sure, wake rotation and induction factors are functions of radius only, rotor power can be calcu-
lated as:

R
1
P = /0 BQ§PU361 (Cysinp — Cycos ) erdr, )

where B is the number of blades, p is fluid density, ¢ is chord length, and C}, C, are the lift and
drag coefficients, respectively.
It can be shown that, if one assumes C; = 0 (see Manwell et al. (2009)),

COS Y — A\, sin ¢

C = 4sin p—4; (10)

Be (singp + N\, cosp)

2mr

Realizing from Fig. 3 that ¢ = o+ 6, and recalling from 2D aerofoil theory that C; is a function
of angle of attack «, one can solve Eq. (10) together with C; = C}(«) to find local angle of attack

Copyright © 2013 Asociacion Argentina de Mecanica Computacional http://www.amcaonline.org.ar



522 E. BARBIER et.al.

o and corresponding lift coefficient C} at radius r. Using the following relations (see Manwell
et al. (2009)):

a  Be (
1+a 2mrdcosy
11
" (11
a=a ,
tan ¢

induction factors can be determined (it should be verified that condition a < 0.5 is satisfied),
and then Eq. (9) gives rotor power.
A practical implementation of the method just outlined is:

1. divide the rotor blade into strips of finite length Ar,

2. assume that ¢, 0, «, C}, Cy, a, a’ are constant within each strip,
3. determine the aforementioned parameters,

4. calculate rotor power.

Power losses due to wingtip effect can be taken into account by multiplying each strip’s contri-
bution to total power by Prandtl’s correction factor /' (de Vries, 1979):

Bl _r
F = 2 cos™? [exp (—Mﬂ . (12)
T B S

2.2.1 BEM analysis of Costa-I.

As stated in Table 1 of 1.2, Costa-I blades’ aerodynamic profile is AH 93-W-145 (Althaus,
1996), see Fig. 4.
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Figure 4: AH 93-W-145 aerofoil.

Lift and drag coefficients for this profile are calculated using 2D CFD models developed
both in SPARC and ANSYS-CFX, for angles of attack varying from 0° to 22°. Simulations are
performed in conditions of no rugosity, sub-sonic flow and R, =~ 1.5x10°. Turbulence is coped

Copyright © 2013 Asociacion Argentina de Mecanica Computacional http://www.amcaonline.org.ar



Mecanica Computacional Vol XXXII, pags. 517-527 (2013) 523

020

018 160

016 / 1.40
L 014 120
5 £
2 o1 2
= 2 100 "
5 & —&— Simulated
2 010 3 oo I
S / S 080 -=- Experimental
g 0.08 = /
5 3

006 / 060

004 / 040

002 it 020

000

o 2 4 6 8 10 12 14 16 18 20 22 000

0 2 4 6 8 10 12 14 16 18 20 22

Angle of attack [deg.] Angle of attack [deg.]

Figure 5: Lift and Drag coefficients.

with the Spalart-Allmaras model (Pletcher et al., 2013). Numerical and experimental results
show very good agreement, as can be seen in Fig. 5.

Velocity and pressure distribution for an angle of attack o = 5° are shown in Figs. 6 and 7,
respectively.
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Figure 7: Pressure distribution, oo = 5°.

Using these results and the procedure outlined in 2.2, estimated power output for Costa-I
wind turbine is 2400W, and corresponding power coefficient is C'p = 0.447.

2.3 Direct power calculation using 3D CDF models.

A 3D CFD model developed in ANSYS-CFX is used to predict power output and pressure
distribution along the blades. Main features of this model are:

e cyclic symmetry (only 1/3 of the turbine is modelled);

e disturbances due to mounting tower are neglected;
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e rotating structured mesh (about 1.5x10° cells);
e stationary analysis;
e turbulence modelled using Spalart-Allmaras turbulence model.

Computational domain and boundary conditions can be seen in Fig. 8.
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Figure 8: Computational domain and boundary conditions for 3D CFD model.

This model is used to predict power output for wind speed varying from 3m/s to 13m/s, at a
rotational speed of 300rpm. At nominal speed of 10m/s, predicted powr output is 2350W and
Cp = 0.438, which is in close agreement with the result of the BEM model.

Field measurements and predicted power output show good agreement, as can be seen in
Fig. 9 (estimated power output is affected by a factor of 0.64 accounting for electrical and
mechanical losses). Discrepancy between numerical simulation and experimental results for
wind speed greater than 8m/s is attributed to the action of furl control. Fig. 10 shows streamlines
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Figure 9: 3D CFD model power prediction and experimental values.

of the flow field, wake rotation can be clearly seen. Velocity field at rotor plane is shown in
Fig. 11. Pressure contour plots and streamlines at different sections are shown in Figs. 12
thru 14. This pressure distribution can be used as input data for a fluid structure interaction
(FST) model.
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Figure 10: Streamlines.

Figure 11: Velocity field at rotor plane.

Figure 12: Pressure distribution at 200mm from the hub.
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Figure 13: Pressure distribution at 800mm from the hub.
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Figure 14: Pressure distribution at 1500mm from the hub.
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3 CONCLUSIONS

Costa-I wind turbine aerodynamic characteristics were investigated by means of analytical
and 2D and 3D CFD models. Developed models show good agreement with experimental
results. In particular, turbine power output vs. wind speed curve has been predicted and good
match between simulation results and power generation data retrieved from the field is observed.

Developed CFD models can be used to predict pressure distribution along the blades, and
coupled with structural models, in order to perform FSI calculations. These calculations will be
used in the future to perform structural optimization of the blades.
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