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Aerodynamics of Small-Scale Vertical-Axis Wind Turbines

Ion Paraschivoiu* and Philippe Desyf
Ecole Polytechnique de Montreal, Quebec, Canada

The purpose of this work is to study the influence of various rotor parameters on the aerodynamic perfor-
mance of a small-scale Darrieus wind turbine. To accomplish this, a straight-bladed Darrieus rotor was in-
vestigated using the double-multiple-streamtube model including the streamtube expansion effects through the
rotor (CARDAAX computer code) and the dynamic-stall effects. The straight-bladed Darrieus turbine is, as ex-
pected, more efficient with respect to the curved-bladed rotor, but for a given solidity it operates at higher wind
speeds.

Superscripts

O

Nomenclature
c = blade chord, m
CD,CL, CN = blade airfoil section drag, lift, and normal-

force coefficients, respectively
CP = rotor power coefficient, fw/CVlp. V^S)
CQ = rotor torque coefficient, T/(l/2p00 V^SR)
CT = blade airfoil section tangential-force

coefficient
Cx, CY = drag-force and side-force coefficients, Eqs.

(24) and (25), respectively
FNX*FNX = up wind and downwind blade-load coeffi-

cients normal to the tower, Eq. (8)
Ff, FJ - upwind and downwind blade tangential-load

coefficients, Eq. (9)
H = half-height of the rotor, m
Kp = performance coefficient,
N = number of blades
R - rotor radius, rn
Reb = blade Reynolds number,
Ret = turbine Reynolds number,
5 = rotor swept area, m2

T - average rotor torque, Nm
u,uf = up wind and downwind interference factors,

Eqs. (3a) and (3c), respectively
F, V - upwind- and downwind-induced velocities,

m/s
Ve - equilibrium-induced velocity, m/s
Fa, =wind velocity at the equator level, m/s
W, W = upwind and downwind relative inflow veloci-

ties, m/s
XEq = tip-speed ratio at the equator, uR/V^
z = local turbine height, m
a,af = upwind and downwind local angles of at-

tack, deg
aw = atmospheric wind-shear exponent
f = nondimehsional Cartesian coordinate, z/H
6 =azimuthal angle, deg
Poo =freestream density, kg/m3

o; = turbine rotational speed, s ~ l

= downwind conditions; no prime denotes up-
wind conditions

= average values
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Subscripts
EQ
MAX, max
00

00 /

= equatorial values
= maximum values
= freestream conditions
= local conditions in the vertical direction

Introduction

MOST of the existing Darrieus wind turbines operating in
natural conditions have been in connection with the

curved blades (parabola, catenary, ideal troposkien, and San-
dia shape). Some studies show that the catenary shape pro-
duces the largest maximum power coefficient, CPmax9 but the
Sandia-type machine (straight-line/circular-arc shape) is bet-
ter from the point of view of the performance coefficient
^pmax and manufacture.

The straight-bladed vertical-axis wind turbines were not
considered to be an interesting device due to the structural and
aerodynamic disadvantages of the configuration. Recently,
Migliore1 described a protagonist's view of the straight-bladed
Darrieus wind turbines and showed that many improvements
can be achieved in the structural integrity and aerodynamic ef-
ficiency by utilizing moderate taper of both support arms and
blades. The structural problems can be solved by limiting the
operating rotational speed and using thicker and stronger sec-
tions of the strutted blades. Thus, the straight-bladed Darrieus
machines might well be more economical in certain power and
wind-speed regimes.

A practical model was developed a few years ago using two
constant interference factors over the front and back halves of
the rotor for estimating the induced velocities.2 This so-called
"double-multiple-streamtube model" (CARDAA computer
code) is useful for predicting the overall aerodynamic perfor-
mance and loads and for structural dynamic studies3 of the
Darrieus straight- and curved-bladed rotor. This model is
capable of distinguishing between upwind and downwind
blade forces; the calculations were made on the basis of the
local Reynolds number and the local angle of attack.

The previous CARDAA computer code was improved by
considering the variation in the upwind- and downwind-
induced velocities as a function of the azimuthal angle for
each streamtube.4 This variant assumes angular streamtubes
within a computation procedure based on the use of the
CARDAAV computer code. The influence of the secondary
effects on induced velocities, namely, the blade geometry and
profile type, the rotating tower, and the presence of struts and
aerodynamic spoilers, is relatively significant, especially at
high tip-speed ratios.5 The description of the CARDAA and
CARDAAV computer codes is given in Ref. 6.

Recently we proposed a new variant of the double-multiple-
streamtube model by considering the streamtube expansion ef-
fects on the Darrieus wind turbine. These effects, allowing a
more realistic modeling of the upwind/downwind flowfield
asymmetries inherent in the Darrieus rotor, were included by
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using the CARDAAX computer code.7 When the dynamic
stall8 is introduced in the model, the aerodynamic loads and
performance show significant changes in the range of low tip-
speed ratio, X<3.5.

The objective of this paper is to determine the aerodynamic
loads and performance for a Darrieus straight-bladed wind
turbine using the CARDAA, CARDAAV, and CARDAAX
computer codes. All of these program schemes are based on
the double-multiple-streamtube theory.

Double-Multiple-Streamtube Theory
In the double-multiple-streamtube model it was assumed

that the vertical-axis Darrieus wind turbine could be
represented by a pair of actuator disks in tandem at each level
of the rotor, Fig. 1. The different induced velocities are con-
sidered at the upstream and downstream halves of the rotor
swept volume. The flow through the rotor is considered to be
subdivided into a large number of streamtubes. Any pressure
variations along the boundaries between adjacent streamtubes
are assumed to have negligible effects on momentum balances
for the flow in the streamtube. Thus, the flow in each stream-
tube is assumed to be aerodynamically independent of that in
all of the other streamtubes.

The upwind and downwind velocity components for each
streamtube are considered different and the variations with
height in the freestream velocity are incorporated into the
model. The effects of turbulence or gustiness are neglected
and only mean wind speeds are considered in this model. The
ambient wind is assumed to be two-dimensional and the
freestream velocity profile is given by the following relation:

The flow in each streamtube is considered to be acted upon
by two actuator disks: disk 1 being the upwind half of the sur-
face swept by the rotor blades (- ?r/2 < 0 < Tr/2) and disk 2 be-
ing the downwind half of the rotor Or/2<0<37r/2). As a
result of the forces exerted on the fluid by the actuator disks,
its velocity changes along the streamtube. The induced veloc-
ity decreases in the axial streamtube direction so that the
downwind component is less than the equilibrium-induced
velocity and the latter is smaller than the upwind component,

V" <V (2)

If V^i is designed as the local ambient wind velocity we will
have

(3a)

(3b)

(3c)

(3d)V"=(2u-\)(2u'-\W<»i

By applying the momentum equation to control volumes
which contain the actuator disks, one can determine the drag
forces on the disks and the two disk-induced velocities. The
power and side-force coefficients are calculated by means of
blade element analysis.

From Ref. 2, the local relative velocity for the upstream
half-cycle of the straight-bladed rotor, -ir/2<6<ir/29 and
the local angle of attack are given by

W2=V2[(X- sin0)2 + cos20]

a = arcsin{cos0/[(J^-sin0)2

(4)

(5)

For the downstream half-cycle of the rotor, 7r/2<0<37r/2,
the local relative velocity W and local angle of attack a. ' can

be expressed as a function of X' (or V) under local condi-
tions, as in Eqs. (4) and (5).

The upwind nondimensional normal force, as a function of
the azimuthal angle 0, is given by its projection in a direction
normal to the tower by

(6)

For the upwind half-cycle, the tangential-force coefficient is
given by the relation

where

1 fl / W \*-2-L (id

(7)

(8)

(9)

Similarly, for the downwind half-cycle of the rotor, the
normal- and tangential-force coefficients can be calculated us-
ing Eqs. (8) and (9) where the velocities and blade-force coeffi-
cients must be replaced by those corresponding to the
downstream flow conditions.

The blade-force coefficients CN and CT for the upwind zone
can be written as

CN = CLcosa + Casino:

CT = CL since - CDcosot

(10)

(11)

where the blade airfoil section-lift and drag coefficients, CL
and CD, respectively, are obtained by interpolating NASA and
Sandia Laboratories' test data using both the local Reynolds
number and local angle of attack. The local Reynolds number

Reb = Wc/v* (12)

For the present applications, the airfoil data cover the
angle-of-attack range between 0 and 180 deg (positive and

Lateral view Upwind view

Upwind

Rotor element ABCO replaced by
two octuotor disks in tandem

Fig. 1 Double-multiple-streamtube model.
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negative values) for 11 different Reynolds numbers
(W4<Re< 107). If the Reynolds number exceeds the highest
value available in the stored data, the highest available
Reynolds number data set is used.

This quasisteady approach is used up to an angle of attack
close to the a stalling value when the dynamic stall model is
considered for estimating lift and drag coefficients.

The average half-torque coefficients for the upwind and
downwind zones of the straight-bladed rotor are, respectively,

CQ=-
and

NcH
2irS

NcH

Tr/2 f l / fJ7* L Mi

The power coefficient for the entire rotor is the weighted
sum of the upwind and downwind halves of the rotor

(15)

Dynamic-Stall Model
The dynamic stall is a complex unsteady flow phenomenon

which refers to the stalling behavior of an airfoil section when
the angle of attack is changing rapidly with time. In the case of
the Darrieus wind turbine, when the maximum operational
wind speed is approached, all blade sections exceed the static
stall angle, the angle of attack changes rapidly, and the whole
blade works in dynamic-stall conditions. In this analysis, the
Boeing-Vertol dynamic-stall model,8 as modified by
Strickland et al.9 was used. This model assumes that the lift-
curve slope and zero-lift angle remain unchanged and that
dynamic effects modify only the angle of attack at which stall
occurs. Thus a modified angle of attack is utilized for entering
two-dimensional force-coefficient data. The modified angle of
attack am is a function of ca.b/(2W) and parameters ab, y, and
Kl, and is given by the relation

(16)

where Wrepresents the relative inflow velocity, ab is the effec-
tive blade angle of attack, y and K{ are empirical constants,
ab represents the instantaneous rate of change of a.b, and Sa* is
the sign of a.

The instantaneous coefficients of lift, moment, and drag are
given respectively, as

L=( "b }cL\otm-ab0/
(17)

(18)

(19)

where ceM is the effective blade angle of attack for zero lift.
The values of y are functions of the airfoil thickness-to-chord
ratios (t/c) and the local blade Mach number. For //O0.10
and low Mach numbers, the values of yL for lift stall, yM for
moment stall, and yD for drag stall are

= 1.4- 6(0.06 -t/c)

yM=l -2.5(0.06 -t/c)

(20)

(21)

(22)

The K{ values change with the sign of the effective angle of
attack, and are calculated by

This dynamic-stall model, which was incorporated in the
CARDAA, CARDAAV, and CARDAAX computer codes, is
applied when the effective angle of attack is close to the static-
stall value ass (when ab > ass or when otb decreases after hav-
ing been above the stall angle).

Drag- and Side-Force Coefficients
Assuming that the induced velocity through the rotor is con-

stant, single streamtube methods cannot be used to estimate
the side force because the local angle of attack on a blade ele-
ment on the upwind face of the rotor is equal to that on the
downwind face, thus canceling out the force perpendicular to
the ambient wind direction (or side force). In fact, the induced
velocity on the downwind side is lower than that on the up-
wind side. This calculation is possible with the double-
multiple-streamtube model, which can predict different in:
duced velocities and local angles of attack on the two faces of
the rotor.

For a blade element of a plan area cdz, where c is the chord
of the airfoil section and dz is the element height, dFN and dFT
represent the elemental normal and tangential forces, respec-
tively. The elemental drag and side forces become:

(24)

(25)W2c( CNsin8 - CTcosO)dz

!= 0.75 + 0.255* (23)

for the upwind face of the rotor and, similarly, the downwind
face, where CN and CT have different expressions according to
the local angle of attack in the downwind zone of the rotor.
Thus, the drag and side forces depend very much on airfoil
section data such as CN and CT. The total average drag and
side forces are obtained by integration over a full cycle and
along the full length of the rotor with N blades. The average
drag and side forces are normalized with respect to the wind
speed at the equatorial level FEQ and the swept area S of the
rotor. The drag- and side-force coefficients calculated as func-
tions of the azimuthal angle 0 show that during a full cycle of
the rotor the drag force keeps the same positive sign (ambient
wind direction considered to be positive) while the side force
changes its sign periodically (every 90 deg).

Strut Effects
The drag on the blades is the Darrieus rotor's primary

source of drag force, but that on the tower and struts also
causes a reduction in the overall power output. The struts are
necessary to give more rigidity to the blades and to reduce the
rotor stresses; moreover, they can improve the turbine
response to gravitational loads by increasing the resonant fre-
quencies, which may be significant for large vertical-axis tur-
bines. Apart from these positive structural merits, however,
the struts have an aerodynamic disadvantage in that they
disturb the flow, thus causing a resistive torque as well as en-
tailing higher costs by increasing the complexity of the rotor.
For these reasons, preliminary studies should attempt to
establish the criteria for using struts. There are several possible
configurations for these supports.

For example, at Sandia Laboratories an experimental com-
parison was made between unstrutted and strutted blades on
the Sandia 17-m rotor.10 In this case, the support struts with
blade sections forming an X shape from the center of the rotor
become a drag device because they operate in the wake of the
blade sections extracting most of the power. Thus, when two
blades are without struts the 17-m rotor produces a maximum
power Priiax = 39.3 kW at 42.2 rpm, whereas with struts the
maximum power fall to Pmax = 28.9 kW (i.e., 26% of power
losses).

The parasite drag due to the struts can be reduced by chang-
ing their configuration and by aerodynamically streamlining
the support arms using horizontal struts. Consequently,
horizontal configurations were tested for a Giromill11 includ-
ing baseline support struts made of two tubes covered with
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sheet metal, a bolted-truss configuration, and a formed and
welded box shape. Finally, the latter was selected as being
structurally superior, since it has a high efficiency for bending
and combined loads and, at the same time, the lowest drag co-
efficient, resulting in the lowest power loss of all three config-
urations.

Several studies have been undertaken to predict the effect of
strut drag on the performance of the vertical-axis Giromill
rotor. Thus, Moran12 formulated a procedure for estimating
drag by considering an equivalent drag coefficient acting on
the blade that produces the same rotor torque as the integrated
drag of the struts. Assuming the strut to be a horizontal wing
of constant chord Ca, which rotates with a constant speed co in
the induced-velocity field of the rotor, the elemental force act-
ing on a strut length d/ may be expressed as follows:

(26)

The power losses due to the struts may be calculated by in-
tegration along the strut length for the power losses corre-
sponding to a zero-incidence drag coefficient. The effect of
parasitic losses on the power coefficient is significant for high
tip-speed ratios. Thus, the resistive average torque due to the
horizontal strut can be written as

and the power-loss coefficient becomes

1 f 37T/2 r r
Ta=——p<x>Ca\

47T J —ir/2 J r-p
(27)

(28)

However, with some simplifications, it is possible to directly
approximate the coefficient of the power losses due to a strut.
To do this, the tower diameter is assumed to be very small with
respect to the rotor diameter (rT<r), at high tip-speed ratios
XEQ> 1 and CDQ = const; in this particular case Eqs. (27) and
(28) become

(29)

83 4 5 6 7
Tip-speed ratio at the equator: XEQ

Fig. 3 Power coefficient vs tip-speed ratio. Comparison between
three computer-code predictions.

•=, iJOi

60 120 180
Azimuthal angle :0(deg)

240

Fig. 2 Induced-velocity variation vs azimuthal angle at a tip-speed
ratio of 7.14.

2
c/R-663

_ 125 rpm
oCARDGA

rttRQfttit

blades

2 3 4 5 6 7 6
Tip-speed ratio at the equator: XEQ

Fig. 4 Drag-force coefficient vs tip-speed ratio.

Table 1 Characteristics of rotors with straight
blades and curved blades (Sandia type)

Diameter/height, /3 0.984
Frontal surface of the rotor, 5, m2 13.88
Profile of the blade NACA 0015
No. of blades 2
Distance from the 5
ground to the equator, m

Speed of constant 162.50
rotation, rpm

Conditions at
Sandia site

1.0012
m2/s 17.986

Blade
type

Straight:

Height
2H,m

3.756
3.756
3.756

Diameter
2R,m

3.696
3.696
3.696

Chord
length c,m

0.153
0.189
0.268

Solidity,
s = Nct/S

0.083
0.102
0.145

Reynolds
no,

wcR
"oo '

xlO5

2.68
3.3
4.69

Tip-speed
ratio,

X^ ^EQ
5.000
4.615
4.286

Power
coefficient,

0.421
0.449
0.479

Curved:
(Sandia)

4.634 4.560 0.153 0.145 3.3 5.455 0.348
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(30)

Note that the support arm power coefficient and energy loss
are calculated in closed form Ref. 1.

Results and Discussion
The characteristics of three configurations of straight-

bladed rotors and a frontal surface equivalent to Sandia's 5-m
turbine are given in Table 1 for a turbine Reynolds number
varying from Ret = 2.68 to 4.69 x 105. In the case of the
straight-bladed Darrieus rotor, increasing the solidity from
0.083 to 0.145 by increasing the blade chord length gives an in-
crease in CPmax from 0.421 to 0.479 and a decrease in the cor-
responding tip-speed ratio from XEQ - 5.0 to 4.286. At a given
solidity, 5 = 0.145, the straight-bladed Darrieus turbine has a
Q>max = 0.479, while the curved-bladed Sandia 5-m turbine has
a Cpmax = 0.348; this latter device operates at higher tip-speed
ratios (or lower wind speeds). The tip loss corrections on the
power of the straight-bladed rotor were not taken into account
in these calculations.

Figure 2 presents an example of the induced-velocity pro-
files for a two straight-bladed rotor operating at 125 rpm for a
tip-speed ratio of XEQ = 1A4. The constant-interference fac-
tors obtained with the previous CARDAA computer code
are compared to the variable-interference factors given by
CARDAAV and CARD A AX. It can be seen that the constant-
interference factor was underestimated on the downwind zone
and that the interference factor for the streamtube with an ex-
pansion effect (CARD A AX) has the smallest values.

The power coefficient as a function of the tip-speed ratio is
presented in Fig. 3. With regard to the maximum power coef-
ficient, which occurs in all cases at the same tip-speed ratio
*EQ = 5.25, CARDAA, CARDAAV, and CARDAAX predict
Q>max values of 0.500, 0.485, and 0.476, respectively. How-
ever, the previous publications showed that the CARDAA
omputer code (with a constant-interference factor of the in-
duced velocity) overpredicts the power-coefficient peak, while
the CARDAAV and CARDAAX results are very close to the
VDART3 predictions or experimental data.

Drag- and side-force coefficients on the rotor blades were
calculated by Eqs. (24) and (25), respectively. Their average
values over a full cycle are presented in Figs. 4 and 5 as a func-
tion of the tip-speed ratio. Slightly different values of Cx
calculated with the three variants of the model appear for high
tip-speed ratios. However, the side-force coefficient CY shows
a drastic variation in a transition zone, between tip-speed ratio
XEQ = 4 and 6. Figure 6 compares the tangential-force coeffi-
cient as a function of blade position calculated by the three
computer codes. There is no difference between CARDAAV
and CARDAAX predictions on the upwind zone of the rotor,
and the downwind zone CARDAAX gives smaller forces.

Finally, we will present the aerodynamic calculations made
by CARDAAX—the more exact computer code of the double-
multiple-streamtube model—on a two straight-blade (NACA
0015) Darrieus rotor having a solidity (Nc/2R = 0.067)
operating at 125 rpm. The rotor calculated here has a height of
6 m, a diameter of 6 m, and a blade chord of 20 cm. This wind
turbine is capable of producing about 10 kW of mechanical
power in a wind speed of 11 m/s.

All of the following predictions are given for three tip-speed
ratios: XEQ = 1.916, 4.909, and 7.140 and the dynamic-stall ef-
fects were taken into account. Figure 7 illustrates the in-
terference factors of the induced velocities as a function of the
azimuthal angle. It can be seen that the largest difference be-
tween the upwind and downwind half-cycles of the rotor cor-
responds to the high tip-speed ratios when the induced velocity
through the rotor is extremely nonuniform. The values of the
normal-force and tangential-force coefficients as a function of
the azimuthal angle were calculated by the CARDAAX com-
puter code. These calculations show smaller forces on the
downwind zone of the rotor, but the dynamic-stall effect is
more significant on the tangential-force coefficient by its fluc-

2NACA0015blldes
c/R=0.067 I
125 tm

3 4 5 6
Tip-speed ratio at the equator XEQ

Fig. 5 Side-force coefficient vs tip-speed ratio.

-1JT> -60 0 60 120
Azimuthal angle *0(deg)

Fig. 6 Tangential-force coefficient vs azimuthal angle at a tip-speed
ratio of 7.14.

109-

S

'0.3 -60

2NAa0015l
c/R=0.067-
125 rpn
o XEQ=1.916 ;ARDAO(

)lodes

AQQC CARDfAX
XEQ = 7.440 CARD/ iAX

180 aa60 120
Azimuthal angle: 8 (deg)

Fig. 7 Variable-interference factors vs azimuthal angle. CARDAAX
predictions for three tip-speed ratios: 1.916, 4.909, and 7.140.

0.20

0.05 24060 120 180
Azimuthal angle' 0 (deg)

Fig. 8 Total aerodynamic torque vs aximuthal angle

tuating values at a tip-speed ratio of 1.916. Consequently, the
variation of the total aerodynamic-torque coefficient as a
function of blade position is very nonuniform in the dynamic-
stall operating conditions, Fig. 8.

Increasing the solidity by increasing the number of blades
gives a slight increase in C^^ and a decrease in the corre-
sponding tip-speed ratio. The solidity can also be changed by
altering the blade chord length. The effect of increasing the
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2 NACA 0015 blades
125 rpm ,

5 10 15 20 25
Wind speed at the equator, VEQ

Fig. 9 Power output vs wind speed for various chord-radius ratios.

N = -1 blade
NACA 0018
C/R = 0.20
X = 150
Re =3.8*104

90° © Experimental Data
I CARDAA Predictions

—— With Dynamic Stall
-— Without Dynamic

Stall /

180*-

270°
Fig. 10 Normal-force coefficient vs azimuthal angle for a single-
bladed rotor at X=l.S.

chordlength from 0.18 to 0.22 m is shown in Fig. 9. At 125
rpm, the variations of the power output as a function of the
wind speed for various chord-radius ratios are plotted in this
figure. The power output increases from 8.8 to 12.5 kW at a
wind speed of 20 m/s as the chordlength increases from 0.18
to 0.22 m.

Experimental Results
In order to check the validity of performance/loads models,

it is essential to compare their predictions with experimental

10

5

0
z
u

-5

-10

-15

I I T I I I I I

Experimental Data
CARDAA without
Dynamic* Stall
CARDAA with
Dynamic Stall

i i I__I
-60 60 120 480 240

Theta (Deg)
Fig. 11 Normal-force coefficient vs azimuthal angle for a two-
bladed rotor at ̂ =3.0.

Table 2 Experimental model characteristics
Configuration
No. of blades
Rotor diameter, m
Blade length, m
Blade chord, m
Airfoil section
Blade material
Reynolds no.,x 104

Vertical axis
1 or 2
0.610
0.610
0.061
NACA 0018
Balsa wood
3.2 and 3.8

work. Most of the existing experimental work has been in con-
nection with the overall rotor performance arid has been per-
formed on small rotors in water9 and wind tunnels13 or on a
real turbine operating natural conditions.10 Some data related
to the blade forces are now available but are limited to small
rotors at low Reynolds numbers.9'14

Dynamic effects are known to be important for a Darrieus
wind turbine with high chord-to-radius (c/R) ratios. These ef-
fects include added mass due to fluid inertia, unsteady wake
circulation, and dynamic stall. The dynamic stall is significant
at low tip-speed ratios even in rotors with small c/R values,
while the other two effects take on more importance at high
tip-speed ratios and for c/R values greater than 0.10.

An experimental straight-bladed Darrieus rotor with one
and two blades was built and operated in a wind tunnel to
measure the instantaneous aerodynamic forces. Its basic
characteristics are listed in Table 2.

The values of nondimensional normal force F£ calculated
by CARDAA with and without dynamic-stall effects are com-
pared with measurements in Fig. 10 for a one-bladed rotor
with c/R = 0.20 at a tip-speed ratio of 1.5. It should be noted
that the dynamic-stall model incorporated into the CARDAA
code shows a large improvement of the aerodynamic loads
model, but the calculations are still different with respect to
experimental data. In the case of the normal-instantaneous
forces, the calculations with dynamic-stall effects under-
predicted the experimental points for a straight-bladed rotor
at a low Reynolds number of 3.8 x 104.

The effect of dynamic stall on the variation of normal- and
tangential-force coefficients for a two-bladed rotor at a tip-
speed ratio of X = 3.0 is shown in Figs. 11 and 12, respectively.
The aerodynamic predictions by CARDAA with and without
dynamic stall15 are compared with experiments.14 Figure 11
represents the normal-force coefficient F^ as a function of the
azimuthal angle. The CARDAA prediction is improved when
the Boeing-Vertol dynamic stall is incorporated into the
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3.0

2.0

1.0

L.

0

-10

ooo Experimental Data
—— CARDAA without Dynamic Stall

N =2 —— CARDAA with Dynamic Stall
C/R=0.20

-60 60 120
Theta (Deg)

180 240

Fig. 12 Tangential-force coefficient vs azimuthal angle for a two-
bladed rotor at X= 3.0.

model. In this case, the results are much better although the
experimental data are generally under predicted. For the in-
stantaneous tangential-force coefficient Ff, the CARDAA
predictions with dynamic stall show good agreement for 75
deg<0<150 deg; the peak value of Ff occurs at the same
blade position in the upwind zone of the rotor, about 0 = 5
deg, but is overpredicted by 40%. For an azimuthal angle
0>150 deg, the predicted Ff gives fluctuating values, with
respect to experimental results, and has two peaks, in absolute
values, that overestimate the measurements. This can be ex-
plained by the large solidity of the rotor (c/R = 0.20) and by
inconsistencies in the dynamic-stall model employed.

Summary and Conclusions
Planform geometries of the vertical-axis Darrieus wind tur-

bine, studied with the double-multiple-streamtube model, in-
clude the straight cylindrical shape, a geometry which
represents a major advantage over curved blades on the
aerodynamic performance but is penalized by large bending
moments. A straight-bladed rotor allows the size of the tur-
bine to be reduced to an acceptable value for a given perfor-
mance. This shape represents the simplest geometry and thus
reduces manufacturing costs. It is recommended for low wind
speed conditions and for small rotor sizes.

The stall condition, referred to as dynamic stall, produces a
lift and nosedown moment, with peak values much greater
than the corresponding static stall loads. The dynamic stall,
while not affecting the maximum value of power coefficient,
does affect the power at lower values of tip-speed ratios.
However, at these tip-speed ratios, the large increase in the
blade drag associated with the dynamic stall tends to stop the
rotor and can cause a large increase in blade torsional loads
and vibrational levels. The Boeing-Vertol dynamic-stall model
was incorporated into the CARDAAX computer code and a
better approximation was obtained for modeling the local
aerodynamic forces and performance for a straight-bladed
Darrieus rotor.

The aerodynamic analysis has also included the drag of the
cross-arms, the effect of operation at low Reynolds number,
and the effect of induced drag. The span wise variation of cir-
culation for curved-blade rotors is quite gradual and the in-
duced drag effects can be ignored. However, for straight-
bladed machines the effect of tip losses on the power is signifi-
cant and corresponds in a power reduction of about 10%.

The double-multiple-streamtube model, as previously
developed, does not account for the interaction of shed vor-
ticity with the boundary vorticity on the blade. This effect is
usually greatest near the blade tip, and at the very tip the flow
is completely span wise. The tips are less effective than the rest
of the blade and the penalty paid is a reduced maximum-
power coefficient and a large reduction in rotational speed
which can increase the gearbox cost if the turbine is required
to drive a generator. The wind tunnel tests were used to deter-

mine the instantaneous aerodynamic forces in the dynamic-
stall conditions, and the results were compared with
theoretical predictions. However, the aerodynamic loads
model requires an exact dynamic-stall formulation based on
the interaction between the unsteady pressure distribution and
the turbulent boundary layer on the airfoil sections of the Dar-
rieus rotor. Additional tests are necessary for a greater
understanding of the dynamic effects on the Darrieus turbine.
For this reason, the authors are currently working on an ex-
perimental study of dynamic stall by flow visualizations and
laser-Doppler velocimetry measurements on a straight-bladed
Darrieus rotor in the Institut de Mecanique Statistique de la
Turbulence water tunnel.

The resulting design of a straight-bladed Darrieus turbine as
analyzed in this paper can be simple, robust, and capable of
operating with high efficiency at high wind velocities. This
parametric study can be used for an aerodynamic optimization
for a small-scale rotor design in the 1-10-kW size range for use
in rural applications.
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