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a b s t r a c t

A counter-rotating wind turbine having two rotors rotating in opposite directions on the same axis is
proposed to improve the aerodynamic performance of a wind turbine. In order to predict the aero-
dynamic performance of the counter-rotating wind turbine, the inflow interference in its rear rotor by
the wake of the front rotor needs to be considered because the rear rotor operates inside the wake of the
front rotor. In the previous research, the rear rotor was assumed to operate inside the fully developed
stream tube of the front rotor to define the inflow condition on the rear rotor. In this study, to consider
simultaneously the aerodynamic interaction between the two rotors of the counter-rotating wind
turbine without any assumption on the inflow velocity of the rear rotor, an aerodynamic analysis of the
counter-rotating wind turbine was carried out by using a free-wake vortex lattice method. The power
coefficient and the wake geometry of the counter-rotating wind turbine were compared with those of
a single rotor wind turbine, and the induction factors on the rear rotor were compared with that from the
BEMT, assuming that the rear rotor operated inside the fully developed stream tube of the front rotor.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The horizontal axis wind turbine, which has a single rotor and
three blades, has beenwidely used as the conventional type of wind
turbines. However, various other types of wind turbines have been
proposed for improvement of power efficiency and suitability for
low wind speeds [1].

A counter-rotating wind turbine has been proposed as a new
design for improvementofpowerefficiency. Its configuration consists
of two rotors rotating in opposite directions on the same axis.
According to the momentum theory by Newman [2], the ideal
maximumpower coefficient of awind turbine having a single rotor is
about 59%, but that of awind turbine having two rotors is about 64%,
which is about 5% improvement. Based on this result, several exper-
imental studies on the counter-rotating wind turbine have been
carried out to ultimately extract more power from the wind [3e7].

In order to minimize the rising costs arising from the additional
rotor of the counter-rotating wind turbine and at the same time to
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maximize the energyefficiency, an aerodynamicdesignof a counter-
rotating wind turbine having the same solidity as a wind turbine
having a single rotor was required. For the aerodynamic design, an
efficient and reliable method to predict the aerodynamic perfor-
mance for the counter-rotatingwind turbinewasneeded. Especially,
the prediction method would need to consider the interaction
between the two rotors of the counter-rotatingwind turbine, which
would not have been considered for a wind turbine having a single
rotor.However,most of theprevious studies for the counter-rotating
wind turbine have been limited experiments, leaving only few
numerical studies on the counter-rotating wind turbine.

The blade element momentum theory (BEMT), which has been
widely used for the aerodynamic design of the conventional wind
turbine, cannot be directly applied in the prediction of the counter-
rotating wind turbine. Therefore, some assumptions for the inter-
action between the two rotors of the counter-rotating wind turbine
are needed. In the previous research [8] by using the BEMT, it was
assumed that the rear rotor operates inside the fully developed
stream tube of the front rotor in the calculation of the induced
velocity on the rear rotor of the counter-rotating wind turbine. This
assumption, however, has some limitations: the inflow velocity on
the rear rotor is excessively reducedand thewake fromthe rear rotor
does not affect the inflow on the front rotor. Therefore, in order to
predict a more accurate performance of the counter-rotating wind
turbine, the interaction between the front and the rear rotor of the
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Nomenclature

a Axial induction factor
ai,j Influence coefficient
BEMT Blade element momentum theory
Cp Power coefficient
CT Axial force coefficient
CRWT Counter-rotating wind turbine
d Distance between two rotors
L Lift force
n Normal vector
Nf Number of vortex filaments
R Rotor radius
r Radial distance
UN Wind velocity

v Induced velocity
Vx Axial velocity
x Axial distance
F*, FN Total velocity potential and free stream potential,

respectively
qfront, qrear Pitch angles of the front and rear rotor, respectively
G Circulation
g Vorticity
l Tip speed ratio
r Air density
J Blade azimuth angle

Subscript
w Wake
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counter-rotatingwind turbine should be considered simultaneously
without any assumption about the inflow velocity on the rear rotor.

In this study, a free-wake vortex lattice method for the counter-
rotating wind turbine is developed to consider simultaneously the
interaction between the two rotors of the counter-rotating wind
turbine without any assumption about the inflow velocity on the
rear rotor. This method is validated by comparing its results with
the experimental results [9] on the performance and the axial
velocity of the wind turbine and is then applied to analyze the
characteristics of the counter-rotating wind turbine. The power
coefficient and the wake geometry of the counter-rotating wind
turbine are compared with those of a wind turbine having a single
rotor, and the induction factors on the rear rotor are compared with
those from the BEMT based on the assumption that the rear rotor
operates inside the fully developed stream tube of the front rotor.
Fig. 1. Free-wake vortex lattice model for a counter-rotating wind turbine.
2. Numerical method

For the aerodynamic analysis of the counter-rotating wind
turbine, the free-wake vortex lattice method is used as shown in
Fig. 1. In the case of a moderate tip Mach number, the continuity
equation for the flow field around rotor blades is reduced to the
Laplace’s equation in terms of the total velocity potential:

F* ¼ 1=4p
Z

blade & wake

gn$gradð1=rÞdSþ FN (1)

Applying the small disturbance assumption, rotor blades are
replaced with flat plates, and then those are represented by vortex
sheets that are the general solutions of the Laplace’s equation [10].
The Neumann boundary condition, which is the non-penetration
condition on the rigid blade surface, is applied to each sub-
divided panel on the sheets, and then the vortex strength on each
panel is calculated by solving the following linear algebraic
equation:

ai;jGj þ nj
�
UN þ vw; j

� ¼ 0 (2)

where the sum of the normal velocity induced by the circulations of
all the panels and the normal components of the wind velocity and
thewake-induced velocity on each sub-divided panel becomes zero
to satisfy the non-penetration condition on the rigid blade surface.

After the solutions on the vortex strength are obtained from the
Equation (2), the force generated by each vortex sheet is computed
by using the KuttaeJoukowski theorem [10].
Lj ¼ rvjGj (3)
For computational efficiency of the free-wake calculation, the
constant vorticity contour model [11] was used to represent the
wakes released from the blades. The wake filaments having the
same strength are distributed by the circulation distribution of the
trailing edge and release points, which are the points of the wake
filaments distributed at the trailing edge to be released into the
wake, are changed with the azimuthal change of the circulation
distribution. The computation cost for the free wake calculation is
reduced by using the constant vorticity contour model because it
generally needs only half the filaments used in the general vortex
lattice wake model, in which the span-wise and azimuthal varia-
tions of the circulation distribution are represented by the trailed
components and the shed components, respectively. The strength
of the wake filaments in the constant vorticity contour model is
determined as follows:

Gw ¼ 1:5 max
h
Gwðr;jÞ

��
Nf =2

�i
(4)

where Gw(r,J) is the bound circulation distribution and Nf is the
number of wake filaments to be trailed from blades. Furthermore,
the factor of 1.5 is used to leave a margin to consider that the
maximum circulation can grow in the free-wake calculation.



Fig. 2. Axial force coefficient as a function of tip speed ratio.
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In order to compute the release point, radial locations where the
bound circulation reaches the levels that bound the half-integral
multiples of the strength of the wake filaments are determined
and then linear interpolation is used to define the release point
inside the interval as follows:

rn ¼ ra þ ½ðnþ 0:5ÞG� GwðraÞ�ðrb � raÞ=ðGwðrbÞ � GwðraÞÞ (5)

Moreover, in order to predict efficiently the induced velocities
by wakes from the wind turbine, curved vortex elements were
used. Because the wakes generated from the wind turbine have
helical shapes, the induced velocity calculated by using the curved
vortex elements is more accurate and efficient than that calculated
by using straight-line elements for the same number of points
representing the wake geometry. For the curved vortex elements,
the approximate BioteSavart integration for a parabolic arc fila-
ment shape is applied to the free-wake calculation [12].

The time-marching free-wake method was applied to the wake
convection, and the wake position was updated by using the
induced velocity calculated by the second-order backward differ-
ence at every time step.

xnþ1 ¼ xn þ 0:5Dtð3vn � vn�1Þ (6)

By using the free-wake vortex lattice method for the counter-
rotating wind turbine, the induced velocity in the flow field of
the counter-rotating wind turbine is directly calculated and the
interaction between the two rotors was considered simultaneously
without any assumption about the inflow velocity on the rear rotor.
Fig. 3. Power coefficient as a function of tip speed ratio.
3. Results and discussion

For a validation of the free-wake vortex lattice method used
here, predicted results were compared with the experimental
results [9,13] in EU project MEXICO (Model Rotor Experiments in
Controlled Conditions). An experiment was carried out under
controlled conditions to provide an extensive experimental data-
base for a wind turbine in the Large Low-speed Facility (LLF) of
German Dutch Wind Tunnel DNW in 2006. The experimental wind
turbine for the wind tunnel test was a three-bladed wind turbine of
4.5 m diameter. Its design tip speed ratio was 6.5 and a tapered and
twisted blade was used. DU 91-W2-250, RISØ A1-21 and NACA
64e418 were used for the airfoils at the root, mid-span and outer
part of the blade, respectively. The operation condition for the
comparison was the axisymmetric condition in which the rotor
speed was 424.5 rpm, tip speed was 100 m/s, and the pitch angle
was �2.3�.

In Fig. 2, the axial force coefficients as a function of the tip speed
ratio are compared with the measurements. In the experiment, the
axial force coefficients were measured in two ways, by using the
balance at the tower with a correction for the tower drag and by
integration of the pressure distribution along the blade. While the
axial force coefficient is slightly over-predicted at some high tip
speed ratios, predictions agreewell with themeasurements overall.

The power coefficients as a function of the tip speed ratio are
compared with the measurements in Fig. 3. Although the power
coefficient is slightly over-predicted, the maximum power coeffi-
cient is obtained at the design tip speed ratio, and the overall shape
of the curve of the power coefficients follows that of the curve of
the measurements.

For the analysis of the counter-rotating wind turbine, the axial
velocity decay behind the rotor plane should be predicted accu-
rately because the rear rotor operates inside the wake from the
front rotor of the counter-rotating wind turbine. In Fig. 4, the axial
velocity decay at r/R ¼ 0.82 is compared with the measurements.
The rotor is located at the axial position zero and positive axial
position means a position downstream from the rotor plane in the
figure. The axial velocities at the rotor plane and at a position
downstream agree well with the measurements.

After the numerical method was validated with respect to its
predictions on aerodynamic performance and downstreamvelocity
field, it was extended to the analysis of the counter-rotating wind
turbine. The MEXICO rotor that was used for the validation was
applied to both front and rear rotors, and the same rotating speed
was applied to both rotors.

In Figs. 5 and 6, the axial velocity contour and the vorticity
contour of the counter-rotating rotors were comparedwith those of
the single rotor. The rear rotor was located at half the radius of the
counter-rotating rotor behind the front rotor and the tip speed ratio
was 6.5. The axial velocity of the flow that passed the front rotor
was reduced again by the rear rotor. The axial velocity in the far



Fig. 4. Axial velocity decay at r/R ¼ 0.82.

Fig. 5. Axial velocity contour (l ¼ 6.5): (a) single

Fig. 6. Vorticity contour (l ¼ 6.5): (a) single ro
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downstream of the counter-rotating rotor was much lower than
that of the single rotor. The tip vortices generated by each of the
counter-rotating rotors are shown in Fig. 6. Due to the axial velocity
reduction by the rear rotor, tip vortex trajectory of the front rotor is
more radially expanded than that of the single rotor.

In order to compare the tip vortex trajectories of each rotor, the
tip vortex locations were obtained from the vorticity contours, as
shown in Fig. 7. In this figure, the tip vortex trajectories for the axial
distance from each rotor plane are compared. The tip vortex
trajectories of both the front and rear rotor are more expanded
radially than those of the single rotor due to the axial velocity
reduction of the counter-rotating rotor. As the tip vortex goes
downstream, the convection velocity of the tip vortex from the
front rotor becomes higher than that of the single rotor due to the
additional velocity induced by the tip vortices of the rear rotor. On
the contrary, because the velocity induced by the tip vortices of the
front rotor acts in the opposite direction to the tip vortex from the
rear rotor, the convection velocity of the tip vortex from the rear
rotor is much lower than that of the single rotor.

In Fig. 8, the power coefficient according to the pitch combi-
nation of the counter-rotating rotor is compared. The maximum
power coefficient is obtained at a lower tip speed ratio than that of
the single rotor because the rotor’s solidity increased in the case of
the counter-rotating rotor. The maximum power coefficients vary
rotor, (b) counter-rotating rotor (d/R ¼ 0.50).

tor, (b) counter-rotating rotor (d/R ¼ 0.50).



Fig. 7. Tip vortex trajectory (l ¼ 6.5, d/R ¼ 0.50). Fig. 9. Power coefficient variation according to the distance between the two rotors of
the counter-rotating wind turbine (qfront ¼ qrear ¼ 0.0�).
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according to the pitch combination of the counter-rotating rotor,
and the maximum is obtained when both pitch angles are zero in
the case of the rotor used in this study. In this case, the maximum
power coefficient of the counter-rotating rotor is about 0.47, which
is an increase of 12% from that of the single rotor whose maximum
power coefficient is 0.42.

The power coefficient variation according to the distance
between the two rotors of the counter-rotating wind turbine is
shown in Fig. 9. Both the pitch angles of the two rotors were set to
zero at which the maximum power coefficient was obtained, and
the non-dimensional distances between the two rotors, d/R, were
0.25, 0.5, 0.75 and 1.0. Although the distance between the two
rotors varies considerably, the power coefficient is little changed.

In order to investigate how much effect distance change has on
the power coefficient, the power coefficient of each rotor according
Fig. 8. Power coefficient variation according to the pitch combination of the counter-
rotating wind turbine (d/R ¼ 0.25).
to the distance between the two rotors is shown in Fig. 10. As the
distance increases, the power coefficient of the front rotor increases
but that of the rear rotor decreases. In this case, the velocity
interference on the rear rotor is reduced and the velocity on the
front rotor is recovered, so the power coefficient of the front rotor
increases. However, as the distance increases, velocity decay
behind the front rotor increases and the velocity on the rear rotor is
reduced, so the power coefficient of the rear rotor decreases.
Because the increase and decrease of the power coefficient of the
two rotors cancel each other out, the total power coefficient, which
is the sum of the power coefficients of the two rotors, is little
changed.

In Fig. 11, the axial induction factors at r/R ¼ 0.82 according to
the distance between the two rotors of the counter-rotating wind
turbine are compared. Regardless of the distance between the two
Fig. 10. Power coefficient variation of the front and rear rotor according to the distance
between the two rotors of the counter-rotating wind turbine.



Fig. 11. Axial induction factor at r/R ¼ 0.82 according to the distance between the two
rotors of the counter-rotating wind turbine (qfront ¼ qrear ¼ 0.0�).

Table 1
Axial induction factor on each rotor plane and its ratio.

Free-wake vortex lattice method BEMT

Axial induction factor Ratio Ratio
(arear ¼ 0.20)

Ratio
(arear ¼ 0.33)

Front rotor Rear rotor

d/R ¼ 0.25 0.35 0.49 1.41 2.18 2.30
d/R ¼ 0.50 0.32 0.55 1.73 2.23 2.38
d/R ¼ 0.75 0.29 0.57 1.95 2.29 2.48
d/R ¼ 1.00 0.28 0.59 2.10 2.31 2.52
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rotors, all of the counter-rotating rotors have similar axial force
coefficients of about 0.95 in these cases. For this reason, the axial
induction factors at far downstream become similar, although the
axial induction factors around the rotor planes are different.
Moreover, the axial induction factor on the front rotor decreases
but that on the rear rotor increases as the distance between the
rotors increases.

The axial induction factors on each rotor plane are shown in
Table 1. In order to estimate the effect of the distance between the
rotors on the axial induction factor of the rear rotor, the ratio of the
axial induction factor of the rear rotor to that of the front rotor was
used. As the distance increases, the ratio increases because the
interference of the rear rotor on the front rotor decreases but the
velocity decay on the rear rotor increases. The ratios obtained by the
BEMT, based on the assumption that the rear rotor operates inside
the fully developed stream tube of the front rotor, are also compared
with the ratio from the free-wake vortex lattice method. As the
distance decreases, the discrepancy between the ratios of the BEMT
and the free-wake vortex lattice method grows, so the fully devel-
oped stream tube assumption BEMTcan be applied in limited cases.

4. Conclusion

In this study, a free-wake vortex lattice method for the counter-
rotating wind turbine was developed to consider simultaneously
the interaction between the two rotors without any assumption
about the inflow velocity on the rear rotor.

This method was validated by comparing its results with the
experimental results in EU project MEXICO with respect to the
performance and the axial velocity of the wind turbine, and was
applied to analyze the characteristics of the counter-rotating wind
turbine.

The wake geometry and the power coefficient of the counter-
rotating wind turbine were compared with those of wind turbine
having a single rotor. The tip vortex trajectories of both the front
and rear rotors were more expanded radially than those of the
single rotor. Moreover, the convection velocity of the tip vortex
from the front rotor became higher than that of the single rotor but
that of the tip vortex from the rear rotor was much lower than that
of the single rotor. The maximum power coefficient of the counter-
rotating rotor was increased by 12% from that of the single rotor.
Because the increase and decrease of the power coefficient of the
two rotors canceled each other out, the total power coefficient was
little changed with distance between the two rotors. The induction
factors on the rear rotor were compared with those from the BEMT,
which was based on the assumption that the rear rotor operates
inside the fully developed stream tube of the front rotor, and it was
found that this assumption can be applied in very limited cases
when the distance between the two rotors of the counter-rotating
wind turbine decreases.
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