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Abstract: Lateral force fluctuation on the shaft of fixed and passive variable pitch vertical-axis ocean
current turbine in unidirectional and perpendicular with the fluid flow (Fx and Fy) have been studied.
A vertical-axis turbine system consisting of shaft and three straight foils as a producer of force which
obtained through the CFD simulation using rotation data test results from towing tank. Variations of
incoming fluid velocity and the corresponding rotation velocity were used to identify the pattern of
lateral force fluctuation. Investigation of Fx and Fy fluctuations showed periodic pattern and increases
with U. Shifting patterns of Fx and Fy on a foil produced with the use of passive variable pitch
following the angle of freedom 100 given. Changes in pattern of force occurred in the area of azimuth
rotation of 200<θ<400, and contributes to avoiding the occurrence of stall, as well as improve the
ability to self-start on the vertical-axis turbine. The resulted fluctuating direction of F-res vector as
a resultant of Fx and Fy in the use of fixed pitch turbine in quadrant system is -150<β<200, while the
F-res vector on passive variable pitch produces a fluctuating direction of -50<β<200. According to the
pitch angle of freedom, comparison of angle F-res vector area of passive variable pitch to pitch fixed
type showed a reduction of β of ±100. Periodization of Fx and Fy fluctuation pattern in a vertical-axis
turbine correlated to the distance between the foil and the n-foil used, and not influenced by variations
of the pitch type used.
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INTRODUCTION

The main difference between the energy conversion devices of ocean currents and wind energy mainly lies
in the comparative values   of water with air fluid density which is reaches 830 times amount. With the same
dimensions of the turbine and the flow velocity, the energy gained by the ocean current turbines worth more
than the wind turbine. Generally, turbine design developed for ocean current energy plants adopt model that
has been developed in wind energy generation, ie the horizontal axis and vertical-axis (Khan, 2009; Rourke,
2010). Model calculations used to predict the theoretical turbine output power has also carried out by several
methods such as streamtube analysis (Camporeale, 2000; Gorban Alexander, 2001) and vortex method (Li,
2010). These models are some of the same methods in the development of wind turbine energy generation
(Ponta, 2001; Islam, 2006).

Darrieus turbine is one of the vertical-axis turbine models that have been developed for power generation
applications of ocean currents which utilizes the lift force to rotate (Pawsey, 2002). When the turbine rotates,
the angle of attack (α) always changes with the azimuth position rotation (θ). These circumstances influence
the flow pattern and cause changes in force fluctuations during the turbine rotation. Studies and research related
to the flow formed by this type of turbine include the investigation of the stall phenomenon on the foil and
turbines (Larsen, 2007; Ferreira, 2007), as well as studies the wake formed in the downstream region
(Strickland, 1980; Paraschivoiu, 1988).

Hydrodynamic load produced by vertical-axis turbine ocean currents relies on the main shaft, therefore this
component will receive a total dynamic loads during turbine rotation (Karin, 2008). In addition, the turbine
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components to be vulnerable in the presence of vibration due to wake generated by the sweep of foil at the
upstream side which has the potential effect to change the orientation of flow direction on the foil at
downstream region (Paraschivoiu, 2002; Kirke, 2010). 

Fig. 1: Illustration of Darrieus concept.

Lift type turbines, such as the Darrieus turbine, employ aerofoil-section blades to generate lift. Such
turbines are able to convert this lift into positive torque when the blades are traveling sufficiently fast relative
to the free-stream flow. Consider the two-dimensional case of a blade moving in a circular path, as shown in
Fig. 1. As the blade rotates, it experiences a changing relative flow, which is the vector sum of the local flow
speed and the blade’s own speed. Both the angle of incidence of this relative flow and the magnitude of its
velocity vary with the orbital position of the blade, called the azimuth. In general, the relative flow always
comes from the upstream side of the blade: that is the outer side of the blade on the upstream pass and the
inner side on the downstream pass. Thus, the angle of attack swings through positive and negative values each
revolution. At small non-zero angles of attack the lift force generated by the blade has a tangential component
in the direction of rotation. Provided that drag is small, the blade then contributes positive torque to the rotor
on which it is mounted. This torque is used to drive a load, thus extracting energy from ocean-current. In the
absence of a free stream, the angle of attack is at all times zero and no lift is produced.

2. Research Methodology:
Experiments which include the manufacturing and testing of the work piece to obtain turbine rotational

speed (rpm) were performed at the towing tank facility Hydrodynamics Laboratory Faculty of Marine
Technology of ITS (Fig. 2), with the following specifications:

Model has the following geometric parameters:
- number of blades tested : 3
- blade chord : 0.1 m
- blade airfoil : NACA 0018
- blade span : 1 m
- Aspect Ratio : 10
- radius : 0.5 m
- number of radial arm : 6
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Fig. 2: Towing tank facility.

The blade chord is set at 0.1 m, giving an aspect ratio of 10, with 0.5 m arm to the main shaft. The
turbine is designed with three blades. Initial analysis of 4 symmetrical NACA 4-digit foils (Variable Pitch,
2006) suggested that NACA 0018 had the best characteristics for vertical-axis tidal current turbine. The NACA
0018 profile was chosen as the blade section with data from Sheldahl and Klimas (1981). This foil is
commonly used for Darrieus turbines because it has relatively high thickness to chord ratio hence gives it good
strength in bending. The radial arms of the turbine were made from high-tensile strength aluminium. Turbine
shaft uses cantilever type with one end fixed by the bearing and the other end free (overhanging) as shown
in Fig.3.

Fig. 3: Three straight blade vertical-axis turbine.

2.1 Obtaining Passive Variable- Pitch: 
The inability to start rotating due to stalling of the blades at low and intermediate tip speed ratios occurs

when the angle of attack becomes too large. If the angle of attack can be reduced properly, the flow over the
blade may remain attached. This reduction in angle of attack requires that the foil orientation be changed to
point closer to the apparent flow direction. Reduction of stall is the principal mechanism by which variable-
pitch increases torque at intermediate TSRs, but the concept may also produce significant improvements at start
up and low TSRs. Below TSR 1, it is not practical for a blade to pitch sufficiently quickly to prevent stall.

The basis for the passive variable-pitch concept is that a blade that is free to pitch along a spanwise
(longitudinal) axis near leading edge will seek to point into the apparent flow. Mechanism to obtain the foil
angle of freedom is based on the stall angle for NACA 0018 series (Sheldahl, 1981). Numerical validation at
Re 8x104 has been carried out (Hantoro, 2009) and provides the first stall at AoA of 100, and the next is at
AoA of 450 as shown in Fig. 4a. At AoA higher than this the aerofoil undergoes stall: the flow separate from
the upper surface of the foil causing a loss of lift and an increase in drag (Bruce, 2002). 

Kirke and Lazauskas (2010) provides the shifting of AoA due to increasing of Re (Fig. 4b). The Re
increment as a function of upstream velocity gives greater AoA to stall. 

According to the first stall at AoA of 100 the Restrictions of pitch freedom in this experimental study was
taken at 100 of AoA, this is due to the close AoA before the first stall occurred and facilitate in blade setting
during test. The position of passive variable-pitch gives the freedom to move within the interval -100 to 100,
as shown in Fig. 5.
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(a)Numerical validation at Re 8x104 (Hantoro, 2009)  (b)Shifting of AoA due to increasing of Re (Bruce, 2002)

Fig. 4: Simulation validation result of NACA 0018 and efek of Re to stall angle.

Fig. 5: Fixed-pitch and passive variable-pitch position at foil.

Test performed by varying the speed of 0.8 – 1 m/s to obtain sufficient amount of data as shown in Table
1.

Table 1: Rpm turbine at a speed of  0.6 m/s – 1 m/s
U m/s Rpm

-------------------------------------------------------------------------------------------
Fixed pitch Passive Var. Pitch

0.6 0 28
0.7 0 31
0.8 37 37
0.9 39 41
1 42 45

Vertical-axis turbine geometry model used in CFD simulation is shown in Fig. 6a. Box-boundary
dimensions are 4x3x1.4 m. Two domains with the same fluid coupled with boundary-interface. Domain for
turbine is cylinder shaped with a diameter of 2 m. The distance between turbine rotational trajectory to side
wall is 1-d (1xdiameter) as in Fig. 6b.

The fluid simulation is water at a temperature of 250, turbulence model used is the k-ω-SST with
turbulence intensity of 5%. Simulation was carried out at steady-state data flow velocity (U) with rotational
speed (rpm) according to the towing tank testing. Inlet wall boundary is subsonic flow velocity, side walls
(right, left) and back wall is defined as 'opening' to represent the state of free re-circulation. The top and
bottom side of boundary wall is defined as a free-slip, while turbine is defined as the rotating and no-slip wall,
and using convergence criteria RMS-error of 1x10-4.

RESULTS AND DISCUSSION

Start of rotating capabilities of fixed-pitch turbine occurs at speed of 0.8 m/s (Table 1), at this speed
turbine to rotate at 37 rpm. On the other hand, passive variable-pitch turbine rotates at speed of 0.6 m/s with
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Fig. 6: Vertical-axis turbine geometry model used in CFD simulation.

the same rpm on a fixed-pitch, which is 37 rpm. Increased of rotation at the same flow rate using passive
variable-pitch have a larger trend when compared with the fixed-pitch. This is consistent with many researchers
finding that start of rotating capabilities is one disadvantages of vertical-axis turbine types (Kirke, 2010; Salter,
2005). 

Average rotation increases with respect to flow velocity of 0.1 m/s, incremental value a test of fixed-pitch
is 2.5 rpm/0.1 m/s. Whereas testing of passive variable-pitch is 4.25 rpm/0.1 m/s. The trend shows a linear
pattern in the interval of 0.6 m/s to 1 m/s. According to rotation produced in Table 1, the working area of
turbine in the study has an intermediate value of TSR between 2.2 - 2.4. 

Foils inclined to the flow, such as those on passive variable-pitch turbines have shown improvement in
self-starting behavior, because inclined foils experience smaller excursions of angle of attack and therefore are
stalled over a smaller range of azimuth angles rather than similar foils oriented parallel to the axis of rotation.

Numerical prediction of the lateral force fluctuations (Fx, Fy) on a blade at previous study was given by
Hantoro, et al (2009). Comparison of changes of the force fluctuations on a fixed-pitch and passive variable-
pitch for stand-alone blade is given in Fig. 7.

Fig. 7: Force fluctuations comparison on an individual blade at U = 0.8 m / s,  (a) the direction-x and (b)
y-direction.

The use of a passive variable pitch provides shifting of 100 in phase of Drag and Lift generated with
respect to azimuth. Shifting of drag by +100 occurred at azimuth of 100-1800 and decreased by -100 at azimuth
of 1900-3500. Whereas the phase changes of Lift force increase by +100 at 100-2200 azimuth and decreased by
-100 at azimuth of 2300-3500. Implementation of passive variable pitch provides increasing of Lift at the
majority of azimuth between 100-3500 and to become one of the factors which contribute to the phenomenon
of better self-starting.
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The resulted force fluctuations of turbine with the use of fixed pitch for all variations which are acting
on the shaft at x and y direction provides periodic pattern as shown in Fig. 8, whereas for passive variable
pitch in Fig. 9.

Fig. 8: Fluctuation pattern of fixed pitch turbine force at all variation.

Fig. 9: Fluctuation pattern of passive variable pitch turbine force at all variation.

The Use of both pitch variation types (fixed and passive variable pitch) resulting same periodic pattern
in Fx and Fy fluctuation. During a full rotation of the turbine, there are three periods of the harmonic
fluctuations which is occur in the position of θ with the interval of 1200. The numbers of foils used in this
study were three foils and give the distances between them of 1200. Therefore, it indicates that the periodicity
of fluctuation pattern in a vertical-axis turbine is correlated to the distance between the foils used in the
vertical-axis turbine, and is not affected by the type of pitch is used.

Fx and Fy acting on the turbine in fact were taken place in the same time, therefore the total load on
turbine shaft is the resultant of these two forces. Estimation result of resultant vector on turbine with the use
of fixed pitch and passive variable pitch type to azimuth position θ are shown in Fig. 10 and Fig. 11.

Force resultant vector acting on the turbine shaft with fixed pitch produces fluctuating direction in the
region of 2550 <β <2900 or in the quadrant diagram system is at -150 <β <200, whereas with the use of passive
variable pitch fluctuate in the region 2650 <β <2900, or in a quadrant diagram system is at -50 <β <200.
Comparison of force resultant vector angle in the use of two types of pitch indicates the reduction of β in fixed
pitch type of ± 100. Fluctuations pattern of F-res for both types of pitch showing similarity to the Fx pattern,
while the pattern of the resultant force angle (β) in accordance with the pattern of Fy. 

4. Conclusions:
Fx and Fy in a NACA 0018 foil in vertical-axis turbine with variation of pitch types have uniform pattern

with variation of U (m/s) and fluctuate periodically to the azimuth angle of rotation (θ). Changes in fluctuation
of a foil in the turbine system will occur at the position θ>1800 due to fluid flow disturbed by the sweep of
the foil at upstream region. Frequency of fluctuations which appear at θ>1800 show suitability to n-foil used
in vertical-axis turbine.
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Fig. 10: Fluctuations of resultant vector on turbine shaft with fixed pitch type.

Fig. 11: Fluctuations of resultant vector on turbine shaft with passive variable pitch type.

Shifting of Fx and Fy patterns generated in a passive variable pitch to fixed pitch type of foil following
the freedom angle of 100 and contributes to avoiding the occurrence of stall, as well as improve the ability
to self-start on the vertical-axis turbine.

Periodization of Fx and Fy fluctuation pattern in a vertical-axis turbine correlated to the distance between
the foil and the n-foil used, and not influenced by variations in the use of pitch type. The pattern formed by
the fluctuation of F-res is similar to the pattern of, while the pattern of the resultant direction angle (β) has
similarities with the pattern of Fy. Force resultant vector angle in the use of two types of pitch indicates the
reduction of β in fixed pitch type of ± 100.
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