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Abstract

The influence of turbulent wind on Darrieus wind turbines has recently
emerged as significant consideration for wind turbine design and optimization.
The purpose of the present paper is to study the influence of atmospheric
turbulence on Darrieus rotor performance by using stochastic wind model into
the Double-Multiple Streamtube aerodynamic model (DMS).

Theoretical predictions of the aerodynamic loads were performed for Sandia
17-m wind turbine and compared with the available experimental data and CARDAAV
results. This Comparison shows an important improvement of the loads predicted
by using stochastic wind. These loads agree well with experimental data.

Nomenclature

a, a' = interference factors

o] = blade chord, m

Cps Cy = section drag and lift coefficients

Cy:+ Cy = blade airfoil normal and tangential force coefficients
fup = upwind functions, Eq. (18)

Fuo Fr = normal and tangential forces

h = height above ground, m

H = half height of the rotor, m

n = frequency, Hz

N = number of blades

Np =  number of points in the time-series

R = rotor radius at the equator, m

Rep = blade Reynolds number

T = torque, Nm

TSR = tip speed ratio

u, Vv = fluctuation velocities, m/s

v = local velocity, m/s

v = wake velocity, m/s

Vo Vg = downwind and upwind induced velocities
Ve ] normalized fluctuation velocity

W = relative velocity, m/s

X = streamwise velocity location

Xsg = streamwise position at which the turbulence is generated
Z; = local turbine height, m

a = local angle of attack, deg.

ay = atmospheric wind shear exponent

5] = nondimensional power spectral density
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$(n) = power spectral density

5 = angle between the blade normal and the equatorial plane
¢ = nondimensional cartesian _zordinate = z/H
n = nondimensional cartesian coordinate = r/R
n° = reduced frequency

An* = dimensionless frequency band

Uy = kinematic viscosity, m“/s

" = dimensionless turbulence intensity

" = dimensioniess time

) = azimuthal angle, deg.

o = freestream density, kg/m3

w = turbine rotational speed, s~

subscripts

= = freestream conditions

]
"

; local conditions in the vertical directions

1. lIntroduction

During the design of wind turbine the early studies were mainly concerned
with aerodynamic perfarmance and optimization of wind turbines to achieve eco-
nomic target. As these problems are overcome, actually the main area in which
better analytical tools are required deal with stochastic wind and aerodynamic
effects modeling and better fatigue |ife predictions. Wind turbine blades have
been known to fail due to the structural fatigue after sometimes as little as
2-3 years despite having been designed for a fatigue |ife and it was identified
that atmospheric turbulence is one of the major source of the aerodynamic loads
[1]. The steady-state aerodynamic code on which these designs are based assume
a constant ambient wind which does not vary with time. As a result, the pre-
dicted loads on the blade are identical for each rotor revolution and we h;ve
no informations about the effect of turbulence on the rotor. The investigation
herein provides one tool to estimate these effects by introducing a stochastic
wind model into the DMS aerodynamic model .

2. Wind simulation

The velocity field of the wind is assumed to be a |inear superposition'of a
steady or mean component and a stochastic fluctuation. The one dimensional
variations of the turbulent wind are produced by creating wind time series at a
fixed point upwind the rotor and assuming that the wind speed is constant in a
plane perpendicular to the mean wind direction. The turbulent wind speed ?t
downstream of the fixed point is then obtained by calculating a time delay in
the time series. The decrease in the streamwise velocity as the flow passes
through the rotor is taken into account by assuming a linear variation in tne
streamwise direction (2]. The power spectral density (PSD) wused is given by
(3]:

r et 0.164 (n7/ny)

—
b |
N, ZE |

1+ 0.164 (n"/ng)°/3
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In order to satisfy the relationship between the turbulence intensity anrd
PSD, the nondimensional power spectral density &, is given by:

éy (M) Vg, 0.171/n,
(2) ¢ = =
h o2 1+ 0.164(n" /ny)>/3

The fluctuation velocities u and v due to the ‘turbulent wind are repre-
sented by a Fourier time-series:

. N, /2
+ . + ., + +
(3) Ve = @ B [Ajsm(brnjr ) + BJ-CDS(err;j ) ]
=1

where

+
(4) Ve = Ve Vg,
(5) Vf = u, Vv
(6) A; = (2 ¢ a")'2 sing,

+
(7) Bj = (29 m")!"? cosg;
(8) ™= tVg/h

With the above relations, values of the fluctuation velocities are per-
formed by using the Fast Fourier Transform. For the moving nodes the time delay
Art, at any position x, is given by:

Vi [ X dx
f-
(9) A’D = — —_—_—
h X¢g Vi(x)

r 1 X Xs0
=—|:—-ln(c.|+cz—)- -1]
h C, r r

where the coefficients c, and c, are a function of the wake velocity V"' ana
are related as:

vll
(10) C1 + cz S —

1]
—_

(11) ¢y - Gy
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3. Aerodynamic model

A large number of aerodynamic prediction models currently exist for study-
ing Darrieus wind turbine and a complete state of the art, including the appro-

priate references, is given by Refs. [4], [5]. Generally speaking. the funda-
mental objective of all aerodynamic models is to evaluate the inducea velocity
field of the turbine since knowledge of this velocity field allows all the

forces on the blade and the power generated by the turbine to be determined.
Since time-domain analysis require long record lengths, to reduce statistical
scatter the Double-Multiple Streamtube model (DMS) was chosen. In this model
the upwind and downwind components of the induced velocities at each level of
the rotor are calculated by using the principle of the two actuator disks in
tandem as described by Ref. [6]

The freestream velocity profile is calculated from the following equation:

(12) Vai Ve = (Z;/Z¢q)™

The upwind velocity component is less than the local ambient wind velocity
and in the middle plane between the upwind and downwind zones there is an
equilibrium-induced velocity. Velocities at the upwind region, middle plane and
downwind region are given by:

(13) V, = a Vg

(14) Ve = (2a-1)Vg,

(15) Vp = a'Vy = a'(2a-1)Vq;

where "a" and "a'" represent the upwind and downwind interference factors.

Using the blade element theory and the momentum equation for each streamtube
and equating the vertical variation of the induced-drag coefficient of the
rotor, its found that:

(16) fup(VIVe)? = 7n(V/Va) [(vmi /vm)-(wvm)}
or, in terms of the interference factor,

(17) fupa = mn(1-a)

where n = r/R, and fup is the upwind function which characterizes the upstream
halt-cycle of the rotor on the blade element rotating in this zone. Based on
the forgoing consideration, the upwind function is given by:

r

Nc T/2 cosé sing -

(18) fip = [c v C, J(W/V)ng
8mR /2 |cosé | |cosé |cosé

where

(19) C

N = CLCOSQ # Cosina

(20) Oy

C sina - C,cosa
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The blade aiffoil section |ift and drag coefficients are obtained by inter-
polating the available test data using both the local Reynolds number (R
Wc/v) and the local angle of attack.

In the presence of turbulence the relative velocity and the local angle of
attack are given by:

eb

(21) W& = (wr - (V + u)sind - vcosd)?

+ ((V + u)cosé - vsind)2cosls

((V + u)cosé - vsind)cosé

(22) a = arcsin
W

The later relations are written without the subscript u because they are
applied at both regions (upwind and downwind). For a given rotor geometry,
rotational speed and a given velocity at each streamtube position, a value of
V, is chosen assuming that the interference factor"a”’is unity. Thus Re, and «
will be evaluated in a first approximation and the airfoil characteristics C_
and C, can be calculated by interpolating test data. Then, with equations (19),
(20) the normal and tangential force coefficients of the blade section are
estimated and equation(18) allows the upwind function f,  to be evaluated. With
the first value of f, another value is calculated for tﬁe interference factor
employing equation (17) and the iteration process is repeated until successive
sets of "a”are reasonably close. Once the true value of the induced velocity in
the upwind zone has been calculated, the local relative velocity W can be
obtained from equation (21) and the effective angle of attack from equation
(22). The normal and tangential force are evaluated for each streamtube as a
function of the blade position:

1
(cH/S) Cy (W/Va)? (1/cosé)dg
-1

(23) Fu(f)

1
(cH/S) Cy(W/Va)? (1/cosé)ds
-1

(24) Fr(g)

The torque produced by a blade element is calculated at the center of eacn
element. By integrating along the blade we obtain the torque on a complete
blade as function of the azimuthal angle:

1
(25) T(6) = (poCRH/2) Cy W¥(n/cosé)ds
-1

A similar development then leads to expressions for downstream region.
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4. Application to Sandia 17-m wind turbine

The computer code developed for the present study is called 'CARDAAS". It

refers to the use of stochastic wind in the aerodynamic model. Normal forces ana

aerodynamic torque were calculated for Sandia 17-m wind turbine at two tip
speed ratios 4.60, 2.87 and two rotational speeds 38.7 and 50.6. Results were
compared to the available experimental data as given by Refs. (7], [8] and tc

CARDAAV predictions assuming a constant steady wind.

Figure 1 shows the distribution of the normal force coefficient as a func-
tion of the azimuthal angle for TSR = 4.60. Comparison of CARDAAS predictions.
with different turbulence intensities, with experimental data and CARDAAV
results show good agreements with respect to the experimental data. For high
turbulence intensities the experimental data are well predicted.

At low tip speed ratio (TSR = 2.87), Fig. 2, comparison of the rotor torque
predictions given by CARDAAS, CARDAAV and experimental data at three turbulence
intensity levels including dynamic stall is made [9]. Results given by CARDAAS
show a good agreements with respect to experimental data and deviation between
CARDAAS and CARDAAV becomes greater when turbulence intensity increases.

5. Conclusions

A stochastic wind simulation for Darrieus wind turbine has been used to
yield turbulent wind velocity fluctuations for rotationally sampled points and
incorporated into the double-multiple streamtube aerodynamic model (DMS) in
order to predict more accurately aerodynamic loads on wind turbine. Determin-
istic flow velocities from the DMS were mixed with the stochastic flow veloci-
ties which were computed from the stochastic simulation and used, afterwards,
to predict forces on the rotor blades.

The average distributions of the rotor force using a turbulent wind do not
coincide with the mean distributions produced by the DMS model when the con-
stant steady wind is assumed:

- At low turbulence intensities, the deviation between the averaged values
and periodic force distributions is small. Nevertheless, the instantaneous val-
ues exhibit a significant high excursions about their average.

- At high turbulence intensities, the discrepancy between the averaged and
periodic force distributions increases, as does the magnitude of the instanta-
neous excursion.

- Normal force and rotor torque distribution agree well with experimental
data and tend to be closer to them when turbulence intensity increases.
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Fig. 1: Comparison of normal force coefficient at three intensity levels
with experimental data and CARDAAV resuits at TSR = 4.60
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Fig. 2: Comparison of the rotor torque distribution at three intensity
levels with experimental data and CARDAAV resuits at TSR = 2.87



