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Abstract

This study investigates the effects of parameters such as a blade profile (changing the digit of the 4-digit NACA00xx airfoil), the Rey-
nolds number, and the solidity on the performance characteristics of a straight bladed vertical axis wind turbine (VAWT). A numerical
analysis, adopting the multiple stream tube (MST) method, is carried out to evaluate the performance depending on the parameters. The
numerical result shows that the variation of a blade profile directly influences the power production, i.e., the high-digit NACA00xx airfoil
provides higher power in a low speed zone (BSR < 3; BSR: blade speed ratio (QR/Uj), Q: angular velocity of blade, R: radius of a
straight Darrieus wind turbine, Uy: free stream velocity) than the low-digit NACA0Oxx profile. On the contrary, the low-digit NACA00xx
airfoil produces higher power in a high speed range (BSR > 5) than the high-digit NACAO00xx profile. An enhancement of the power
production is observed with increasing the Reynolds number on the whole tested blade speed ratio range (1 < BSR < 12). In particular,
the rate of the enhancement of the power is rapidly decreased with the increases of the Reynolds number (Re = pU,c/u, p: air density, U,
mean resultant velocity acting on a blade with variable rotating speeds in a uniform free stream velocity (U)), c: blade chord length, x: air
viscosity). For the effect of the solidity on the power production, a marked reduction of the range of the blade speed ratio that can provide
the power is observed with increasing the solidity. A pattern of very steep variation of the power around the peak in the low speed zone
(BSR < 3) is found in a high solidity range (¢ > 0.3; o: solidity (Nc/R), N: number of blade, c¢: chord length of an airfoil), and this ten-
dency is conspicuously different from that of the eggbeater-type Darrieus VAWT, which is interpreted as a gradual variation of the power

around the peak.
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1. Introduction

In general, wind turbines are categorized into two major
types: horizontal axis type (HAWT) and vertical axis type
(VAWT) machines [1-3]. Particularly, the VAWT is divided
into three basic types: Savonius type, Darrieus eggbeater type,
and Darrieus straight type [2]. Fig. 1 shows the schematics of
the HAWT and the VAWT.

In the past couple of decades, remarkable researches have
been carried out to understand the physics of the HAWT;
however, comparatively less attention has been given to the
VAWT [1, 3]. Recently, because the VAWT has advantages
over the HAWT, in spite of the disadvantages as shown in
Table 1, considerable researches on the VAWT are being
undertaken [1-7]. Also, since the Savonius type has less effi-
ciency than the two Darrieus types, and the Darrieus straight

*Corresponding author. Tel.: +82 63 270 2469, Fax.: +82 63 270 2472
E-mail address: ksh@jbnu.ac.kr

fRecommended by Associate Editor Donghyun You

© KSME & Springer 2013

type is much easier to fabricate and install than the Darrieus
eggbeater type [2], recent researches on the VAWT are con-
centrated on the straight-type Darrieus wind turbine.

Deglaire et al. [6], who did a numerical study to evaluate the
forces on a rotating blade of the straight type VAWT, men-
tioned that a blade profile is one of the key factors to affect the
performance of a wind turbine. Howell et al. [1] investigated
the performance of a small straight-type Darrieus wind turbine
by using a wind tunnel. The results of their study illustrate that
the performance of a turbine is enhanced with increasing the
wind speed (increasing the Reynolds number) and decreasing
the number of blades of a turbine (decreasing the solidity).
Therefore, the Reynolds number and the solidity directly affect
the performance of a wind turbine. Also, concerning a method
to overcome the starting load of a turbine, Refs. [1, 7], men-
tioned that high solidity provides a high torque in low BSR and
consequently improves the so called ‘self-starting’ of a turbine.
Thus, the blade profile, Reynolds number, and solidity are
important parameters to characterize the performance of the
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Table 1. Advantages and disadvantages of VAWT over HAWT (from
Refs. [1, 3, 7, 8]).

Advantages

» Low dependency on the local wind direction (need not yaw mechanism).
« Ease of the blade fabrication and the overall installation and operation.

* Durability in wind gust.

» Lower manufacturing cost.

» Lower noise.

Disadvantages

* Self-starting in a load.
* Less maximum power efficiency C, (~0.4 (VAWT) <~0.49 (HAWT)).
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Fig. 1. Configurations of the HAWT and the VAWT: (a) HAWT; (b)
savonius type VAWT; (c) eggbeater type VAWT; (d) straight type
VAWT.

straight-type Darrieus wind turbine. Therefore, it is required to
assess the effects of these parameters on the performance of the
straight-type Darrieus turbine in a synthetic way.

In the present study, we investigate the power behavior of a
straight type VAWT, with respect to a blade profile (changing
the digit of the 4-digit NACAOOxx airfoil), the Reynolds

number, and the solidity in detail, through a numerical method.

Numerical methods for analyzing the performance of the
VAWT have been classified into mainly two kinds: the com-
putational fluid dynamics (CFD) methodology that analyzes
directly the flow around the blade of a wind turbine [1, 9, 10,
11]; and the semi-empirical method of the blade element mo-
mentum (BEM) theory that adopts the lift and drag coeffi-
cients of two-dimensional airfoils obtained by a wind tunnel
test [2, 12]. Present study employs the multiple stream tube
method of Strickerland [13], which is one of the BEM meth-
odologies, possessing features of being fast and correct in the
numerical calculation.

The results confirm that the blade profile directly affects the
performance of the straight-type Darrieus VAWT, i.e., the
high-digit NACA00xx airfoil provides higher power than the
low-digit NACAO0Oxx airfoil in a low speed region (BSR < 3),
while the low-digit NACA0Oxx airfoil provides higher power
than the high-digit NACAOOxx airfoil in a high speed region
(BSR > 5). Moreover, the power production is enhanced in the
whole tested BSR range (1 < BSR < 12) with increasing the
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Fig. 2. Schematics for the geometric configuration of the rotating blade
and its stream tube: () top view; (b) side view.

Reynolds number, and the rate of the enhancement is rapidly
reduced with further increasing the Reynolds number. When
the solidity is increased over a certain value, the power varia-
tion of the straight-type Darrieus VAWT in low BSR range is
quite different from that of the eggbeater-type Darricus
VAWT, i.e., for the straight type VAWT, the pattern of the
power variation around the peak is noticed to be very steep,
which is contrasted to that of the eggbeater-type Darrieus
wind turbine that possesses a gradual variation of the power
around the peak.

2. Numerical method

Performance characteristics of a straight-type Darrieus wind
turbine are evaluated through a numerical analysis using the
MST method of Strickland [13]. The numerical procedure of
the MST method is summarized as three steps: first, to find
the force acting on a blade section at an arbitrary azimuth
angle within a single stream tube (Fig. 2) using the blade ele-
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ment theory and the momentum theory (blade ele-
ment/momentum theory or BEMT); second, to find the torque
and the power from the calculated forces, and finally to de-
termine the total power of the turbine at an arbitrary BSR by
summing up the powers of the stream tubes.

2.1 Applying the momentum theory

The streamwise average force acting on the blade section
can be obtained from applying the momentum theory on the
stream tube shown in Fig. 2(a) as the following equations.

F.=pAUWU, ~U,) (1)

F.=(p-p)4, ()

where p is the air density, P is the air pressure in the near up-
stream of the airfoil, P’ is the air pressure in the near down-
stream of the airfoil, U is the estimated average air velocity
passing through the airfoil, and the subscripts f'and w indicate
the free stream and the wake, respectively, and A, is the cross-
sectional area of the stream tube which is defined as

A, = Rd0sin 0dz ©)

where R is the turbine radius, d@ is the projection angle of the
stream tube at an arbitrary azimuth angle, and dz is the span-
wise sectional length of the blade as shown in Fig. 2(b).

Applying Bernoulli’s equation, between the far free stream
and the near upstream of the airfoil and between the near
downstream of the airfoil and the far wake as shown in Fig.
2(a), gives the following equations, respectively.

1 1
Py +—PU_/2 =p +—,0U2 (4)
2 2
S 1,
+—pU " =p +—pU " 5
PP Pt AU, (%)

With an assumption that the far oncoming free stream pres-
sure Py is equal to the wake stream pressure P,, combining
Egs. (4) and (5) provides the following equation.

1
p-p :EP(U_/ UM, (6)

Inserting Eq. (6) into Egs. (1) and (2) gives

U—U’ +U, R
-—
If an interference factor ‘a’ is newly defined as
u,-U
P @®)
U U
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Fig. 3. Schematics of the rotating blade at an arbitrary azimuth angle 6
with velocities approaching to the blade and forces acting on the blade.

and the interference factor is inserted into Eq. (7), the wake
velocity U,, can be written as

U,=(0-2a)U,. )

Substituting the wake velocity U, into Eq. (1), the stream-
wise average force can be written as a function of the interfer-
ence factor and the free stream velocity as

F, =2pA(1-a)aU *. (10)

2.2 Applying the blade element method

As shown in Fig. 3, the force acting on a rotating blade sec-
tion at an arbitrary azimuth angle 0 is divided into the tangen-
tial (F;) and the normal (F,) forces as

F =2 pCoAU; (1)

F, == pC,oAU; (12)

where d4 is the plan area of a blade section (04 = cdz; c: the
chord length, dz: the spanwise sectional length of the blade),
C, is the tangential force coefficient, C, is the normal force
coefficient, and U, is the resultant velocity approaching to the
blade section. The streamwise force F,, acting on the blade
section, at the azimuth angle 6 is given by the tangential and
normal forces (F, and F)) as

F, =—(F,sin@ — F,cos#b). (13)
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If the turbine has N blades, i.c., the turbine is a multi-bladed
VAWT system, the average streamwise force acting on the
blade section in a single stream tube for one revolution can be
obtained as

F. =NF,==~. (14)
’ t 2z

Because the average streamwise force acting on the blade
section obtained from the blade element theory must be equal
to that of the momentum theory, the following equation is
obtained from Egs. (1), (7), and (14) as

NF\_2;—6=2pASU(U, -U). (15)
- _

Rearranging Eq. (15) with the interference factor defined in
Eq. (8) gives the following equation as

LN U U 16
2mpRdzsinOU ,~ U, U,

Combining Egs. (11)-(13) and (16) provides the following
equation.

NF,
=4 +——
2mpRdzsinOU
:az—%(ﬂsmﬁ—ﬁcosa)
2mpRdzsin OU ,
2 p a7
—a+ D Yol -, 9
4zR\ U, siné
. 2
—at S| (€, - 6,220
47R \ sina sin@

where the tangential force and the normal force coefficients
(C, and C,) can be written by the lift and the drag coefficients
(C,and C,) and the angle of attack as

C, =C;sina-C,cosx (18)
C,=C,cosa+C,;sina 19)

where the lift and drag coefficients (C; and C,) at an arbitrary
angle of attack are obtained from the experimental data of Ref.
[14].

Also, the relation between the resultant velocity U, and the
free stream velocity Uy can be written as a function of the in-
terference factor @ , the azimuth angle 6, and the angle of
attack a as
U U U sind

7

=——-I(1-a)
U, UU, sina (20)

(. U, sina =Usin®).
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Fig. 4. Calculating procedure for the interference factor a, angle of
attack a, and the force coefficients C, and C, at an arbitrary azimuth
angle 6.

As shown in Fig. 2, the angle of attack « at a specified azi-
muth angle 8 with an arbitrary angular speed Q is calculated as:

a=tan”| —SM9___| (21)
cos@+QR/U

To determine the resultant velocity U,, the angle of attack a,
the interference factor a , and the tangential and normal forces
coefficients (C, and C,) at an arbitrary azimuth angle 0, an
iterative procedure using Egs. (18)-(20) and (21) is to be re-
quired as shown in Fig. 4.

By summing up the torques obtained from each of the
stream tubes, the average total torque acting on a rotational
axis of the turbine at an arbitrary BSR can be calculated as

_ | 2
T=—/{ [ =pReNCU dzd0 (22)
279 2

where H is the length of blade of the turbine and N is the
number of blades of the turbine.

The power of the turbine at an arbitrary angular velocity €
is determined from multiplying the average total toque, de-
rived from Eq. (22), by the angular velocity Q. Then, the
power coefficient C, is obtained from dividing the calculated
power by the total air flowing power passing through the
cross-sectional area of the total stream tubes as

C, = IL 23)
EpAU‘f

where 4 is the blade swept area (4 = 2RH; R: the turbine ra-
dius, H: the length of a blade). In general, to represent the
torque characteristics of a turbine, torque coefficient (Cp) is
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defined as dividing the power coefficient (C,) by the blade
speed ratio (BSR) [15] as follows:

C,= S, (24)
¢ BSR
2.3 Code validation

A code that can analyze the performance of the Darrieus
type wind turbine is programmed through the above men-
tioned numerical scheme of the MST method of Strickland
[13]. An experimental result of Blackwell et al. [16], which
was carried out to evaluate the performance of the Darrieus
wind turbine that had a modified troposkien-type shape, was
used to validate the code.

Fig. 5 shows the comparison between the numerical results
using the code and the experimental data [16] at the same
conditions of Re = 360,000, ¢ = 0.18, and the same kind of
blade profile (NACAO0012). As shown in Fig. 5, the calcula-
tion results using the code are appeared to be comparatively
well matched together with the experimental data [16]. How-
ever, some deviations are noticed between the calculation
results and the experimental data, such as higher calculation
results than the experimental results in the high speed range of
BSR > 4. For reducing the deviations in the range of BSR > 4,
it is considerable to note that the turbulence intensity reduces
the power of a turbine in high speed range [17]. However, our
intent is to observe relative comparisons of the performance of
the VAWT from the variations of a blade profile, the Rey-
nolds number, and the solidity without implementing the ef-
fects of the turbulence in the MST calculation.

3. Results and discussion

3.1 Blade profile effects

To find the effects of the blade profile on the performance
of a straight-type Darrieus VAWT, the four-digit symmetrical
NACA airfoil profiles were selected, and the performance of
the turbine was evaluated for changing the digit of the sym-

D4y

[US 3

=

* NACAM |2, Re=500000, 5~0 08!
x NACAONS, Re S60000, ~ 00

Power coellicient, C,
=
iv

Blade speed raiio (RS

Fig. 6. Power coefficient variation with changing the blade profile.

metrical NACA profile at a given condition of Re = 360,000
and 6 = 0.08333.

Fig. 6 shows the variation of the power production accord-
ing to the variation of the digit of the symmetrical NACA
airfoil profile, which indicates that a blade profile directly
affects the performance of the straight-type Darrieus VAWT.
In particular, as noticed in the figure, there is an inflected zone
of speed, where the dependency of the blade profile on the
power production is inversely changed: the high-digit sym-
metrical NACA profile provides higher power than the low-
digit symmetrical NACA profile at a low blade speed of BSR
< 3; however, at a high blade speed of BSR > 5, the low-digit
symmetrical NACA profile produces higher power than the
high-digit symmetrical NACA profile. From this result, for the
power enhancement due to the change of the blade profile, it is
concluded that the high-digit symmetrical NACA airfoil is
favorable in the low blade speed range of BSR < 3, while, the
low-digit symmetrical NACA profile is favorable in the high
blade speed range of BSR > 5.

To understand why the power production depends on a
blade profile as of Fig. 6, the angle of attack at an arbitrary
azimuth angle, resulting from the blade rotation and approach-
ing free stream velocity at the azimuth angle, is delineated for
the variation of a blade profile as shown in Fig. 7, and the lift
force acting on the blade is represented with the variation of
the blade profile and the angle of attack as shown in Fig. 8
[14]. In addition, in Fig. 7 the angle of attack varies consid-
erably with the blade speed ratio (BSR) of the turbine, but
almost not with the variation of the blade profile, i.e., at BSR
=3, the angle of attack ranges from 0° to about 20° according
to the azimuth angle, while, at BSR = 6, the angle of attack
ranges from 0° to about 9°. In Fig. 8, the lift coefficient is ob-
served to be high as decreasing the digit of the symmetrical
NACA airfoil profile when the range of the angle of attack is
between 0° and 9°. But, when the angle of attack is increased
over 9°, the lift force coefficient increases with increasing the
digit of the symmetrical NACA airfoil profile. Therefore, the
inverse pattern of the performance of the turbine according to
the changing the blade profile, observed in the speed range of
3 <BSR <5 as shown in Fig. 6, is reasonably understood.
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3.2 Reynolds number effect

For the effects of the Reynolds number on the performance
of a straight-type Darrieus VAWT, which uses the
NACAO01S5 airfoil as a blade profile, the power according to
the variation of the blade speed ratio (BSR) was calculated
with the variation of the Reynolds number (8.0 x 10*< Re <
7.0 x 10°) at a fixed solidity (o = 0.08333).

Fig. 9 shows that the power production of the turbine is en-
hanced with increasing the Reynolds number in the overall
blade speed range (1 < BSR < 12). The figure confirms that
the Reynolds number directly affects the enhancement of the
power of the straight-type Darrieus VAWT. Also, the rate of
the power enhancement with the increases of the Reynolds
number is reduced with approaching to a high Reynolds num-
ber. In relation to this phenomenon, Armstrong et al. [5] men-
tioned that the power production of a turbine will be inde-
pendent of Reynolds number at an arbitrary high Reynolds
number. Especially, in the low speed range of BSR < 3, a
relatively high sensitivity of the power variation with chang-
ing the Reynolds number is noticed. The result accords closely
with the expression of Kirke and Lazauskas [7] that high Rey-
nolds number in a low operational speed range improves the
‘self-starting” performance.

To comprehend the reason that the Reynolds number di-
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number (data from Ref. [14]).

rectly affects the power production as shown in Fig. 9, the
angle of attack at an arbitrary azimuth angle is represented
with the variation of the Reynolds number as shown in Fig. 10,
and the lift coefficient variation according to the angle of at-
tack is provided with varying the Reynolds number in Fig. 11
[14]. As shown in Fig. 10, the variation of the angle of attack
according to the variation of the azimuth angle appears to be
slightly dependent on the Reynolds number, but to be highly
dependent on the blade speed ratio (BSR), i.e., in the low
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blade speed of BSR = 3, the variation of the angle of attack
according to the variation of the azimuth angle ranges from 0°
to about 20°, while, in the high blade speed of BSR = 6, the
angle of attack is from 0° to about 9°. As noticed in Fig. 11,
when the angle of attack is about between 0° and 20°, the lift
coefficient is directly proportional to the magnitude of the
Reynolds number.

Therefore, it is reasonable that the augments of the power
with increasing the Reynolds number at the blade speeds of
BSR =3 and BSR = 6 as shown in Fig. 9 are directly related
to the high lift force due to the increases of the Reynolds
number.

3.3 Solidity effect

For evaluating the solidity effect on the performance of a
straight-type VAWT which adopts the NACAO0015 airfoil as a
rotating blade, the power production with the variation of the
solidity (0.08333 < ¢ < 0.5) is calculated at Re = 360,000 as
shown in Fig. 12.

A prominent power dependency on the solidity is observed
as in Fig. 12. The peak power appears to be augmented with
increasing the solidity till 6 = 0.25; then, the peak seems to be
decreased with further increasing the solidity from ¢ = 0.25 to
o = 0.5. Moreover, the blade speed range, in which the power
can be generated, is considerably reduced with increasing the
solidity. The power dependency on the solidity, shown in Fig.
12, is almost similar to that of the eggbeater-type Darrieus
VAWT [13]. However, in the high solidity range (¢ > 0.333),
there is a considerable difference in the power variation
around the peak between the straight-type and the eggbeater-
type Darrieus VAWTs, i.e., the power around the peak varies
in a rapid way for the straight-type Darrieus VAWT, while
varying in a gradual way for the eggbeater-type Darrieus
VAWT [13]. The reason for the difference in the power be-
havior around the peak between the two types of Darrieus
VAWTs is inferred from the fact that the angle of attack along
the blade span for the straight-type Darrieus VAWT is consid-
ered to be constant (see Fig. 1(d)); on the contrary, for the
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Fig. 13. Torque coefficient variation with changing the solidity.

eggbeater-type Darrieus VAWT in which the blade is curved
along the blade span (see Fig. 1(c)), the angle of attack is con-
sidered to be variant along the blade span.

Fig. 13 shows the variation of torque coefficient with
changing the solidity in the same conditions as of Fig. 12. As
noticed in Fig. 13, for the favor of overcoming the so called
‘self-starting’ problem, a salient enhancement of the torque
with increasing the solidity appears in the low blade speed
range (BSR < 2). As mentioned by Kirke and Lazauskas [7],
since a straight-type Darrieus VAWT should overcome the
starting load in the initial operation, a high torque achievement
in the low blade speed range is important. Therefore, as shown
in Fig. 13, the enhancement of the torque with increasing the
solidity in the low speed range (BSR < 2) could be recom-
mended as a method to overcome the ‘self-starting” problem
of a straight-type Darrieus VAWT, which adopts the symmet-
rical NACA airfoil as a blade profile. Also, it is particularly
noticed in the figure that the peak of the torque is decreased
with increasing the solidity (¢ > 0.333), which coincides with
the expression of Ref. [7] as “high solidity reduces both peak
efficiency and tip speed ratio”.

4. Concluding remarks

A numerical study, adopting the multiple stream tube
(MST) method, was carried out to investigate the effects of a
blade profile, the Reynolds number, and the solidity on the
performance of a straight bladed Darrieus VAWT.

The results confirm that the blade profile directly affects the
performance of the straight-type Darrieus VAWT, i.e., the
high-digit symmetrical NACA profile provides higher power
in the low blade speed range (BSR < 3) than the low-digit
symmetrical NACA profile; in contrast, in the high speed
range (BSR > 5), the low-digit symmetrical NACA profile
provides higher power than the high-digit symmetrical NACA
profile.

The Reynolds number appears to be an effective key factor for
increasing the power production on almost the whole test speed
range (1 < BSR < 12); however, a tendency of independency of
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the Reynolds number on the power production is observed as the
Reynolds number increases further. When the solidity is increas-
ing over a certain value, the power behavior of the straight-type
Darrieus VAWT is considerably different from that of the egg-
beater-type Darrieus VAWT, i.e., a pattern of steepened behavior
of the power variation around the peak appears in the straight-
type Darrieus VAWT, which is conspicuously contrasted with
that of the eggbeater-type Darrieus VAWT that shows a gradual
variation of the power around the peak.
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Nomenclature

a : Interference factor

BSR  : Blade speed ratio (QR/U))

c : Chord length

A : Plan area of a blade

Ay : Cross-sectional area of stream tube
Cy : Drag coefficient

: Lift coefficient

: Normal force coefficient

: Tangential force coefficient

: Power coefficient

: Torque coefficient

: Normal force acting on a blade section

: Tangential force acting on a blade section

: Streamwise force in a stream tube

: Length of a blade

: Number of blades in a vertical axis wind turbine

: Pressure in near upstream of a blade section

: Pressure in near downstream of a blade section

: Pressure in far upstream of a blade section

: Pressure in far downstream of a blade section

: Reynolds number (pU,c/i)

: Torque acting on a turbine axis

: Average velocity passing through a blade

: Free stream velocity far upstream of a blade

: Wake velocity far downstream of a blade

: Resultant velocity acting on a blade

: Mean resultant velocity acting on a blade with vari-
able rotating speeds

=

SESSENFIITIEIRANIONO0N0

Greek letters

o : Angle of attack
p : Air density

0 : Azimuth angle
o : Solidity (Nc/R)

u : Air viscosity
Q : Angular velocity of a vertical axis wind turbine
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