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Introduction

ENEWED interest in the wind as an alternative energy

[N\ source has resulted in a number of investigations of
unconventional wind-powered machines. South and Rangi'
have developed a vertical axis turbine of a type earlier
proposed by Darrieus.? This device is illustrated in Figure la.
The aerodynamics of Darrieus-type rotors has been examined
both analytically3- and experimentally. 67

This Note compares published experimental data on the
Darrieus Rotor with the flow model of Wilson and Lissaman.

Theory

To analyze a Darrieus-type crosswind-axis device we adopt
the standard approach of wing theory, which is to express the
forces on the system by a momentum analysis of the wake as
well as by an airfoil theory at the lifting surface itself. The ex-
pression for these forces contains unknown induced flows. By
equating the wake and wing forces one obtains sufficient
equations to determine the induced flows.

For the device considered, we assume that each spanwise
station (parallel to the axis of rotation) behaves independently
in the sense that the forces on the device at each station may
be equated to the wake forces. In general, these devices can
experience a windwise as well as a cross-wind force, so that
the wake can be deflected to the side.

Using the same assumption as in vortex theory of
propellers, we will assume the induced flows at the device are
one half their value in the wake. Thus, we obtain that if the
wake windwise perturbation is AV = —2a4V,, then at the
device itself the incoming flow has velocity V, =V, (1-a),
giving the flow system illustrated in Figure 1b.

We can equate the force on the airfoil to the change in
momentum in the streamtube which the airfoil occupies. Let
the streamtube be of width dx when the airfoil goes from
angular position 4 to position 6 + df. The width dx is related to
dé by

dx=Rd# Ising| )

The process will repeat itself every revolution so the time in-
terval of our analysis shall be one period which is 27/Q. Of
this time period, the airfoil will spend a time increment of
d#/Q in the front portion of the streamtube and another time
increment of d¢/Q in the rear portion of the wake. Since the
streamwise force contribution is assumed to be symmetrical
with respect to the angles +6 we may write the blade force
equation for the time period 27 /Q as '

(- (dE/d2) Ypaae = —1/20W.Ne C, V, sind (2d0/Q)  (2)
where Nis the number of blades and

W2=V2 (1-sin’fsin’y) + V742V, V,cosb 3)
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Fig. 1 Darrieus wind turbine and flow system.
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Fig. 2 Comparison of analytical and experimental power coef-
ficients for a Darrieus rotor. X =Ry,Q/V . ,0=Nc/2R,,.

and
V,=RQ, C; =C, (a),tana =V, sinfcosy/(V,cos0 + V,)

Now the momentum equation yields the force in the stream-
tube as

(./ (dﬁ/dZ) )momcmum = _dee Isind| .
(1-a) Vo2V, a(27/Q) (4)

Equating the forces determined from momentum analysis
with the blade generated forces one obtains

Ne RQ _ W. . .
a(]-a)=4—7rcﬁ V—wcl ‘—/: smH/lsmBl (5)

which can be solved for a by iteration. After solving the
preceding equation, the local velocities are known so that the
local blade forces may be calculated and resolved into torque,
streamwise, and side force components. Aerodynamic drag
can be determined from local flow conditions and subtracted
from the lift-produced torque.

Comparison with Experiment

Studies of Ref. 6 and 7 give experimental results for
Darrieus rotors with diameters of 12 to 14 ft with one, two, or
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Fig. 3 Comparison of analytical and experimental thrust coef-
ficients for a Darrieus rotor.

three blades. The blades used in these studies were NACA
0012 sections having about a 6-in. chord. The resulting
Reynolds numbers for the blades were of the order of 3 - 103,
References 6 and 7 were used to check the analytical for-
mulations of Templin, Muraca, and Wilson and Lissaman.
The later analytical formulation was found to give the best
results when compared to the data. Figures 2 and 3 present a
performance comparison between analytical and ex-
perimental results. There still exist notable differences be-
tween theory and experiment.

Conclusions
Several conclusions concerning the analysis are to be made.
1) For perfect blade alignment (3=0), the average side
force is zero. If the angle (8 is not zero, a net force per-
pendicular to the wind will be developed.
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2) The reduced frequency (Qc/2V ..,) has the same value
for all test data used. The value is about 0.04, small enough
that the aerodynamics should be quasisteady unless static stall
is approached by the blades. Incorporation of the effects of
unsteady lift into the analysis will result in two effects. First,
the magnitude of the lift developed will be reduced. This will
result in lower predicted performance. Second, the lift will lag
the angle of attack. The principle effect of the phase lag is that
the rotor will experience a net side force.

3) Available test data covers power and overall force
measurements only. A wake velocity survey has not been
made by any of the investigators (Muraca’ made one tra-
verse). Since any aerodynamic theory for the Darrieus rotor
requires explicit knowledge of the induced velocity, a fun-
damental piece of information has yet to be obtained.

4) Wind tunnel tests to date have been made at low blade
chord Reynolds numbers. A larger Darrieus rotor (diameter
of the order of 100 ft) is expected to have chord Reynolds
numbers on the order of 10¢. This increase in Reyonlds num-
ber is expected to yield lower sectional drag coefficients and
higher sectional lift coefficients. Both of these effects will in-
crease the performance of the Darrieus rotor by a significant
amount.
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