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ABSTRACT

This paper presents a theoretical investigation of the predicted performance of a straight bladed
Darrieus wind turbine with high chord radius ratio and blade pitching. For a high chord radius ratio
turbine the flow on the turbine blade airfoil appears lo be curvilinear in nature. An extension of the

multiple sireamtube theory is made by introducing the effect of the curved nature of flow occurring
on the turbine blade.

INTRODUCTION

In order to predict the performance of a Darrieus wind turbine, the instantaneous local relative
fiow velocity and the local angle of attack are chosen as the values seen at infinity for an observer
located at an arbitrary position on the blade. The velocity at infinity is assumed to be the vector sum
of the free stream velocity and the tangential velocity at the blade supporting point. This assumption
is vatid only for a small chord radius ratio Darrieus turbine. For a high chord radius ratio turbine, the
local angle of attack varies along the chord of turbine blade making the flow curvilinear in nature, as
a result the angle of incidence is not constant along the chordwise direction, In the present analysis,
a correction angle is introduced to take into account the curvitinear nature of flow. The local angle of
altack obtained at the blade supporting point with the conventional method is modified by adding the
correction angle. Lift drag characteristics are chosen corresponding to the modified angle of attack.

The calculated values incorporating the flow curvature effect are compared with those without
flow curvature. Blade pitching is incorporated into the analysis. Due to the lack of experimental data
with blade pitching the calculated results could not be correlated, However, itisexpected that it would
give a reasonable correlation.

The effect of the zero-lift-drag coefficient of a turbine is taken into account in the calculation
[1]. Aspect ratio effect on the lift drag characteristics is also incorporated into the calculation [2].
Airfoil characteristics for NACA 0012 and NACA 0015 are considered in accordance with references
[3),041.,[5] and [6].

DEVELOPMENT OF AERODYNAMIC THEORY

For a high chord radius ratio Darrieus turbine, the direction of relative flow velocity is varied
along the chord as shown inFig. 1, whichresultsin the variation of local angle of attack along the chord
and the flow becoming curvilinear in nature.

Flow curvature effect, which is presented in reference [1],isadded withthe multiple streamtube
model [7] including real lift drag characteristics, and the effect of blade pitching is incorporated into
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Fig. 1. Typical variation of relative flow velecity direction for a high chord radius ratio Darrieus tarbine,

the model.
Since for the multiple streamtube model the induced velocity V, =V, =V__, it follows that the

relative {low velocity for no flow curvature effect W, =W, =W andtheangle = B = B, W,
and B, may be expressed as,

Rw V
%\[ﬁ% [(—/V—a) + ¢os6]” + sin 6 (1)
1 :
B, = tan [R_Slviﬁ_4 @
(\703/ V“)+cose

Lift coefficicnt C, is obtained from [1],
C,=2r k sin o 3

Corresponding to the angle of attack o, the lift coefficient C, is taken from the airfoil data and
the parameter k is calculated. The parameter k is included to consider the real lift characteristics. For
aninviscid and incompressible fluid, the equivalent force on the blade airfoil in the upstream side may
be written in the form (Fig. 2),

= —3 -
Fuc,,;1 = PH V\frueq X Fuﬂq (4)
Where the equivalent relative flow velocity in the upstream side is,

_y

Wiy = Waw + AW, NG
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Fig. 2. Velocity diagram on the blade airfoil with pitching in an equivalent ffow condition due to flow curvature.

AW, is the velacity which makes a relationship between W, and W, being one of the members
in the vector triangle for the upstream side (Fig. 2). Introducing the value ofWucqin the Eq. (4), one
may obtain, .

:F’ueq: pH\xfou X f“ucq+ pH A\?\/u x T (6

'Ll.eq

Since in the analysis if is assumed thatW“cq::Wm, (ref, [1]) and the incidence correction angle
o, is very small, as a result AW, is negligible in comparison to W__ . So, in the above Eq. (6}, the
second term containing AW, can be assumed (0 be negligible in comparison to the first term
containing W__ , hence one finds,

P o= PH Wou x Ty, M
Similarly, the equivalent force on the downstream blade airfoil is found as,
F = PH Woa % Ty, @®)
Referring to Fig. 2, the relative flow velocities in the upstream and downstream sides are found
as,
W, =Raosin 01 +(V,+Ro cos8) ] (9)
W= —Rosin® 1 +(Vo+ Rocosd) J (10)

The circulation due to flow curvature effect on the upstream blade airfoil can be expressed as,

CW, X B (i

L'lr_q

-3
I‘ucq =nk

\lcq
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Now, introducing the value of Wun, from the Eq. (5) and neglecting the term associated with
AW,

u
Ly, =1k, CW,, X 3, (12)
Stmilarly, the equivalent circulation on the downstream blade airfoil can be expressed as,
- —3 —
Fdeq: T kd"lC Woa X Cod (13)
The unit vectors €, and é,ymay be expressed as (referring to Fig. 2),
Bou = $indpy | + €08y | (14)
o= —sindpg i +cosdyy ] (15)

Now, the expressions of the equivalent force on the upstream blade airfoil are found from the Egs,
(7), (9), (12) and (14) while the expressions of the equivalent force on the downstream blade airfoil
are obtained from the Eqgs. (8), (10), (13) and (15). The terms associated with the unit vector iin
each of the expressions of equivalent forces for upstream and downstream sides are the streamwise
forces. Adding streamwise forces on the upstream and downstream blade airfoils and replacing C by
NC 80/2r for an assumption of an infinite number of blades distribution, the expression of the net
equivalent streamwise clemental force becomes,

SFDeqzl/szCHR wsin 8 [k, (V,sin ¢pu— Rsin 7v,,)
+kq, (Vesin q)pd-i-Rc)sinypd)]ﬁe (16)

The elemental force along the streamwise direction due to the rate of change of momentum may
be obtained in the form,

8Fp=2pRHV, sin (V.. - V,)58 (17
Now, balancing the net equivalent elemental streamwise forces from the Eq. (16) with the

elemental streamwise force due to the rate of change of momentum from the Eq. (17), one may obtain
the expression of the induced velocity as,

Va_ . ;, NC Ro _ Rw/V. . . Ro/V. .
V—“_ I—A- ? "\}j[kueq(SI“q’pu“ V.V Sl“'ypu) + kdeq(slnq)Pd"' V.V, Sln’YP.d)} (18)
The equivalent factors l-cu"I and kdeqmay be found from,
C
e (19)
* 2x®sin L
C
1, 20)

dy
“t 2msin Oq,,
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where Qy,, and o, are obtained from, in accordance with reference[1],

Cly

tq anu + acu

Oy = Oog — Qed

eq
Incidence correction angle o, is obtained from reference [1],

'1[1 ~ 08 ([312)]

0, = tan -
sin B/2)
where B= (00
a,, and o  may be found from
Oon = (Bo - 'Ypu)

Olog = (ﬁo + Ypd)
The equivalent torque including flow curvature effect for blade length of H,
ch = (Flu + Ftdaq)R + (Mugq"' Mdcq)
g
The overall equivalent torque coefficient including flow curvature is defined as,

O
th—l 2
/2p AV.R

Equivalent tangential forces and equivalent blade pitching moments may be expressed as,

2
Flueq = 1/2 Ctu,qp WuchH
: 2
Fy, = Y3 Cia, p Wy, CH
2 2
M, = ¥Cau,, P Wy, C H
) 2 2
My, = Y Crua, P Wo, C 1
From the Egs. (27) to (32), one may obtain the expression of Cngas,

r 2
it nC ) Wo c
Cou= 3 R J_ g7 et Ca) ¥ ot Cona, 10

The values of Cmcq and Cld:q may be respectively found from,
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Ctueq =C1ueq sin Bueq - CdumCO 3 Bugq (34)
Ciq,, = Cldeqsin Bd;q“‘ Caq,,CO8 Bd“ (35)
where Bu,=Bot0icu 36)
and Ba,,= Bo— 0teq (37

The equivalent turbine power coefficient is obtained from,

Cp=q= CQ“l A (3%

Equation (33) may be applied for no blade pitching by insertin g %¥,=0. The same equation may
also be used for no flow curvature effect by considerin g the incidence correction angle equal to zero.
These will be followed to obtain comparative results.

Effect of zero-lift-drag coefficient is introduced in the calculation. It has a strong influence on
performance characteristics. It depends on chord-radius-ratio as mentioned in the reference {8]. Zero-
lift-drag coefficient corrected for chord-radins ratio is expressed according to reference [1] as,

Cdo,= Cgo + BICR — (CR), ] (39)

where (C/R) is any chord radius ratio, (C/R), indicates (C/R) value up to which correction of C Lvalue
due to chord radius ratio is not necessary, b is constant, C 4+, ay be obtained from reference [9],

Cio = Cyo,(Ro/R¢r)" (40)

Value of exponent n may be obtained from reference [1]. Comparison of recent two dimensional
experimental results of C 4 [rom Eppler {10}, Reuter, Jr. [11] and Willmer [S] with the calculated values
of C, in Fig. 3, proves the validity of the expression of zero-lift-drag coefficient.
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Fig. 3. Comparisons of experimental and analytical zerolift-drag coefficients for
the airfoils NACA 0012 and NACA 0015,
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RESULTS AND DISCUSSIONS

Figure 4 shows the comparisons of the calculated values by simple multiple streamtube theory,
maultiple streamtube theory with curvature effect (present), multiple streamtube theory with Migliore's
flow curvature model, multiple streamtube theory with Muraca's curvature model and the
experimental data. These experimental data are presented by Migliore et al. [8] for the outdoor test
model of West Virginia University. Blade pitching is not incorporated into this turbine. Experimental
data have not been available with blade pitching up until now. It is observed from this figure that the
correlation is reasonable with the calculated vatues by multiple streamtube model including flow
curvature effect and it occurs at the higher tip speed ratio side only, Appreciable differences are
observed between the values calculated using Migliore's model and the experimental data, The
calculated values compared to those obtained by using Migliore's method even give deteriorating
power compared 1o those obtained by using the simple multiple streamtube model. Applying
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Fig. 4. Comparisons of experimental and calculated overall power coefficients.
——  cale. (simple multiple streamtube)
—.— cale, (multiple streamtube with flow curvature, present)
o expt. (3m - WVU[13])
o calc. {multiple streamtube with curvature, Migliore[8])
—..— calc. (muhiple streamtube with curvature, Muraca[12])

Migliore's model, the power increases in the upstream side and decreases in the downstream side and
the net effect reduces the total power, Using the present flow curvature model, power increases in the
upstream side and decreases in the downstream side and the net power becomes positive. Muraca's
model shows very negligible variations in the power coefficients in comparison to those with the
simple multiple streamtube model. Using Muraca's model, the power rises in the upstream side and
decreases in the downstream side but the net effect becomes nearly zero thereby making negligible
variations in the power coefficient values. In (he lower tip speed ratio side the correlation is bad.
According to Cardona [14], this discrepancy is due to dynamic stall effect and he has therefore
proposed a modified dynamic stall model to overcome this.

Comparisons of the calculated values of overall power and torque coefficients obtained by using
simple multiple sireamtube model and multiple streamtube model with flow curvature effect at various
fixed pitchings (positive) are shown in Figs. 5 and 6 respectively. In the analysis, pitching is said o
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be positive for the blade nose rotating in the outward direction from the blade flight path, The results
in these figures are shown employing pitching of blade for the West Virginia University outdoor test
model {13]. It is observed from these figures that by including flow curvature effect in the calculation,
the performance characteristics arc in general higher. It is also observed from these figures that with
the application of fixed pitching, the rotor power always decreases. The higher is the pitching, the
lower is the power coefficient, as Fig. 5 reveals.

In corporating fixed blade pitching, the angle of attack decreases in the upstream side and
increases in the downstream side. So the blade airfoil lift coefficient drops in the upstream side and
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Fig. 5. Variations of overall power coefficients with tip speed ratios at different fixed blade pilchings.
Calculated; Simple multiple streamtube theory Multiple streamtube with curvatare
Symbol: 0 A * o —_ ——— eea —_—
Pitch (deg.): 0 2 5 7 0 2 5 7
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Fig. 6. Variations of overall torque coefficients with lip speed ratios at different fixed blade pitchings.
Calculated: Simple multiple streanmitube theory Multiple streamtube with curvature
Symbol; 0] A ¥ 0 — e e e
Bitch (deg.): 0 2 5 7 0 2 5 7.
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rises in the downstream side which is the outcome of the lower tangential force coefficients in the
upstream side and higher tangential force coefficients in the downstream side in general. But, the
increased angles of attack in the downstream side sometimes go beyond stalling angle in afew stations
which again are the causes of reduced tangential force coefficients. However, the net effect always
reduces the power cocfficients.

Figures 7 and 8 present the comparisons of the induced velocities and local angles of attack by
using the simple multiple streamtube model and the multiple streamtube model with flow curvature
effect. The results are obtained for the West Virginia University test model [13] incorporating fixed
blade pitching of 5 degrees and at a constant tip speed ratio of 4.5. One may observe from Fig. 7 that
there appear remarkable differences of induced velocities in some range of azimuth angles whileitmay
be seen from Fig. 8 that there occur appreciable variations of local angles of attack calculated by using

T T T
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Fig. 7. Comparisons of induced velocity ratics.
@ Calc. (simple multiple streamtube theory)
O Cale. (multiple streamiube theory with curvature effect)
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d, (deg
L
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Fig. 8. Comparisons of Yocal angles of attack,

@ Calc. (simple multiple streamtube theory)
O Calc. (multipie streamtube theory wilh curvatuse effect)
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asimple multiple streamtube model and multiple streamtube model with curvature effect, According
to the present multiple streamfube model including flow curvature effect, local angle of attack
increasesin the upstream side and decreases in the downstream side. This can be seen clearly from Fig,
8 showing local angles of aftack distribution with azimuth angle by two models,

In Figs. 9 and 10, local, non-dimensional tangential and normal forces at fixed blade pitching of
5 degrees and at constant tip speed ratio of 4.5 calculated by using asimple multiple streamtube model
are compared with those calculated by using a multiple streamtube model including flow curvature
effect, Incorporating flow curvature effect into the multiple streamtube model, the local angle of attack
increases in the upstream side and decreases in the downstream side which is the outcome of higher
langential forces in the upstream side and lower tangential forces in the downstream side, However,
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Fig. 9. Comparisons of local non-dimensional tangential forces with azimuth,
© Calc, (simple multiple streamtube theory)
O Cale. (multiple streamtube theory with curvature effect)
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Fig. 10. Comparisons of local non-dimensional nomnal forces with azimuth,
® Cale. (simple multiple streamtube thcory)
O Cale. (multiple streamtube theory with curvature effect)
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with regard to the increasing local angle of attack value: if stalling appears the lift coefficient drops,
resulting in lower tangential forces which may be observed from Fig. 9 around an azimuth angle of
250 degrees.

In the higher tip speed ratio range the calculated induced velocity ratios go below the theoretical
limit 6f 0.5 for a few stations. For the station where there is such a problem, convergence is started with
the first assumed value of induced velocity ratio 0.5 and the first itcrated value is chosen as the required
induced velocity ratio. Since this sort of problem appears only in few stations it is assumed that it has
negligible influence on the calculated values.

CONCLUSIONS

In order to predict the performance of a vertical-axis Darrieus wind turbine, consideration of
the flow curvature effect is very important for a large chord-radius ratio Darrieus wind turbine.

Consideration of flow curvature effect gives improved performance prediction even for a wind
turbine having small chord-radius ratio.

To obtain the local forces on the turbine blade, calculation, including flow carvature effect, is
necessary for a high as well as low chord-radius ratio Darrieus turbine.

Using the values of zero-lift-drag coefficient from the given analytical expressions and applying
the prescnt model of flow curvature with Wilson's multiple streamtube theory using real lift drag
characteristics, it is possible to predict the performance with reasonable accuracy for a large chord-
radius ratio Darrieus turbine,

The advantage of using the present method of flow curvature effectis thatlifi-drag characteristics
of a symmetrical airfoil can be applied.

0

NOMENCLATURE
A projected frontal area of turbine
AR aspect ratio = H/C
C blade chord
C, blade drag coefficient

o zero-lift-drag coefficient
Co, C,, value corrected for chord radius ratio
Cio, reference zero-lift drag coefficient
C, blade lift coefficient
C, blade pitching moment coclficient
C, normal force coefficient
o turbine overall power coefficient
Co turbine overall torque coefficient
C, tangential force coefficient
2. unit vector along chordal direction
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force on blade airfoil

turbine drag in streamwise direction
non-dimensional normal force = C_ (W/V_)?
tangential force

non-dimensional tangential force = C, (W/V_)*
height of turbine

unit veciors, one normal to the other

factor to include real lift value

blade pitching moment

number of blades

overall torque

turbine radius

local Reynolds number = WC/u

reference Reynolds number corresponding {o Cdo,
turbine speed Reynolds number = RWC/v

wind speed Reynolds number = V_ Cfu

induced velocity

wind velocity

relative flow velocity

relative flow velocity appearing in rectilinear flow
angle of attack

incidence correction angle doe to flow curvature
angle of attack appearing in rectilinear flow

(o, - o)

angle between relative flow velocity (W) dircction and
tangent to biade flight path at blade fixing point
blade pitch angle

circulation per unit length

azimuth angle

tip speed ratio =\l;_co
kinematic viscosityoc

flnid density

solidity = NC/R

angle between chordal and free stream velocity directions
angular velocity
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Subscripts

d downstream side

e trailing edge point

eq equivalent conditions due to flow curvature

i leading edge point

u upstream side
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