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Abstract: The hydrodynamic characteristics of free variable-pitch vertical axis tidal turbine are investigated by combining experime- 
ntal and numerical simulations. The variations of hydrodynamics are obtained based on testing the kinematics and the dynamics of
the turbine under different flow and structural conditions. Through analyzing the movement of the turbine and the characteristics of 
the flow field by numerical simulations, it is shown how the turbine’s performance is improved. 
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Introduction�

Due to the global climate change and the energy 
crisis, the clean renewable tidal current energy with 
high energy density and good predictability has attra- 
cted an increasing attention. The vertical axis tidal tur- 
bine is one of the core components of the tidal current 
energy generation system due to its simple structure, 
the easiness to realize, and the indifference to the flow 
direction. The hydrodynamics of the turbine would 
directly influence the energy utilization capability, the 
manufacture cost, and the service life. 

The vertical axis turbine can be classified into the 
fixed-pitch turbine and the variable-pitch turbine 
according to the motion style of its blades. The fixed- 
pitch turbine has a simple structure and performs well 
in low solidity. Extensive researches[1-9] were carried 
out of its hydrodynamic characteristics under different 
speed ratios, solidities, pitch angles, and other factors. 
However, the tidal flow speed is too low generally for 
a fixed-pitch turbine to self-start, so the flow speed 
limitation is an issue. Thus the free variable-pitch tur- 
bine attracts more and more attention for its excellent 
self-starting capacity and simple construction. The 
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free variable-pitch turbine is characterized by the free 
swing of its blades within the limit angle and without 
a special control mechanism. The blades start rotating 
due to the hydrodynamic and inertia forces. The 
hydrodynamics of the turbine, however, have not yet 
been paid enough research attention due to the com- 
plex motion of the blades and the interaction of the 
flow between the blades and the turbine structure, 
which would generate complex vortex shedding. 
Hwang et al.[10] and Sun et al.[11] applied commercial 
software to analyze the hydrodynamics of the cycloid 
variable-pitch turbine and the spring variable-pitch 
turbine, respectively, Salvatore et al.[12,13] and Coiro et 
al.[14] applied the vortex method and the double 
multiple streamtube method, respectively, to study the 
hydrodynamics of the free variable-pitch turbine, and 
the effects of the limit angle and the speed ratio on its 
performance, but without any discussion on the me- 
chanism. 

Above all, in order to optimize the design of the 
free variable-pitch tidal turbine to achieve a maximum 
efficiency and to avoid system failure caused by fati- 
gue or overloading, its hydrodynamics should be fur- 
ther studied. This paper makes the investigation by 
combining experimental and numerical simulation 
methods. On the one hand, the hydrodynamics and 
loads related with the free variable-pitch vertical axis 
tidal turbine are realized by adjusting the turbine stru- 
cture parameters and the parameters of the flow field 
experimentally, and the experimental results can also 
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be used to verify the numerical simulation. On the 
other hand, the intrinsic mechanisms to improve the 
turbine’s performance can be revealed according to 
the monitored flow details, where the numerical simu- 
lation may play an important role. All the results 
would provide technical support for the design of the 
turbine. 

Fig.1 Schematic diagram of free variable-pitch tidal turbine 

1. Kinematic and dynamic characteristics of free 
variable-pitch tidal turbine 

The hydrodynamic analysis of a free variable- 
pitch vertical axis turbine involves issues of multi- 
body fluid-solid coupling. On the one hand, every 
blade is in both rotation and revolution states, which 
causes a coupled motion between blades. On the other 
hand, the blade structural motion is coupled with its 
hydrodynamic behavior. Figure 1 illustrates a schema- 
tic diagram of the operation of a straight blade free 
variable-pitch tidal turbine (consisting of spindle, 
spoke and blades). 

For simplicity, it can be treated as a two-dimen- 
sional problem in the analysis, and the following 
forces or torques act on the unit length of blades. The 
blades drive the turbine to rotate around the center 
with angular velocity 

O
�  and radius  under the 

tangential force 
R

F� and the normal force  comes 
from the flow rate V , and 

nF
� is the azimuth of a 

blade relative to center . Meanwhile, every blade 
also rotates around its own axis under the hydro- 
dynamic and inertial forces. 

O
1O

� is the pitch angle 
which is between the chord of the blade and the tan- 
gent of the track circle of the turbine. The pitch angle 
plays a significant role in the hydrodynamic performa- 
nce of the turbine. 

2. Experimental analysis of free variable-pitch tidal 
turbine

A series of experiments for the free variable- 
pitch vertical axis tidal turbine were carried out on the 
model test platform for the vertical axis turbine in the 

water circulating tunnel of Harbin Engineering 
University in order to study the hydrodynamic chara- 
cteristics of the turbine systemically, and also to verify 
the numerical simulation. The work section is 8 m× 
1.7 m×1.5 m in dimenssions, with 0.2 m/s to 1.5 m/s 
in velocity. The main parameters of the turbine are 
shown in Table 1, and the model is also used in the 
numerical simulation. The arrangement of the model 
test platform is shown in Fig.2 and on the platform 
from right to left are the transmission shaft, the gear, 
the sensors, the generator and the brake motor. The 
velocity is measured by the ADCP Nortek 
AquadoppTM, the torque and the angular velocity are 
measured by the torque-speed sensor JN338, the azi- 
muth of the turbine is measured by the photoelectric 
sensor E3F-DS10C4, and the generator output voltage 
and current are measured by the Hall sensors CHV- 
50p and CHB–25. 

Compared with the fixed-pitch turbine, the free 
variable-pitch turbine enjoys an obvious advantage 
with respect to the self-starting performance. Figure 3 
shows the variation of the angular velocity in the sta- 
rting process of the free variable-pitch turbine. When 
the incoming flow rate increases to the starting speed 
of the turbine (131 s-135 s), the turbine is in the cri- 
tical starting condition. The turbine angular velocity is 
fluctuating with a high frequency when the hydro- 
dynamic torque is close to the variable starting dam- 
ping torque. With the flow rate increasing and tending 
to a more stable state (135 s-137 s), the angular velo- 
city increases quickly since the hydrodynamic torque 
becomes larger than the damping torque. During this 
period, the angular velocity fluctuates greatly because 
the torque of blades is varying with the azimuth. 
When the flow rate reaches the stable value finally 
(after 138 s), the angular velocity become gradually 
stable at the runaway speed, which is an average 
speed because the hydrodynamic torque and the dam- 
ping torque are in a dynamic balance. 

Another advantage of the free variable-pitch tidal 
turbine is that the hydrodynamic performance in a low 
speed ratio condition can be improved by changing 
the range of the limit angle, thus the power perfor- 
mance and the structural performance of the turbine 
can be improved. Figure 4 shows the experimental re- 
sults of the energy utilization capability vs. the speed 
ratio in three different limit angles. It can be seen that 
the energy utilization capability can be improved sig- 
nificantly by adjusting the limit angle. Figure 5 shows 
the experimental results of the turbine shaft thrust 
against the azimuth in the same speed ratio but with 
different limit angles. It can be seen that the instanta- 
neous value and the average value are different when 
the limit angles are different, thus the vibration can be 
attenuated, and the structural performance of the tur- 
bine can be improved if the range of limit angles is 
selected reasonably. 
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Table 1 Main parameters of the turbine 
Number Diameter Chord Length Limit angle Foil 

3 blades 0.833 m 0.08 m 1.0 m ±20o NACA0018

Fig.2 Vertical axis turbine model test platform 

Fig.3 Self-starting process of the free variable-pitch tidal tur- 
bine

Fig.4 Energy utilization capability vs. speed ratio 

3. Numerical simulation of free variable-pitch tidal 
turbine

As a supplement to the experiment, numerical 
simulations were carried out. For such multi-body 
fluid-solid coupling, the fluid dynamics equations and 
the structural dynamics equations have to be solved 
jointly. 

Fig.5 Shaft thrust vs. the azimuth 

3.1 Governing equations

3.1.1 Fluid dynamics equation 
Because the turbine angular velocity and the flow 

field velocity are relatively small, the compressibility 
effect is not considered. For viscous incompressible 
fluid, the continuity equation and the momentum 
equation can be used to describe the conservation law 
of the fluid:  

= 0i

i

u
x

�
�

                                   (1) 

21+ = +i i
j i

j i
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t x x

�
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 �
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           (2)

where  is the speed in  direction, iu i P  is the field 
pressure, if  is the unit mass force, �  is the fluid 
viscosity coefficient. As the attack angle of blades 
varies in a large range during the operation process, 
the SST turbulence model is suitable for such a sepa- 
ration flow, the high precision QUICK format is used 
for the discretization, and the SIMPLE algorithm is 
used for the pressure velocity coupling. The steady 
state is calculated firstly, and then the results are used 
as the initialization conditions for the unsteady solver. 

3.1.2 Structural dynamics equations 
For simplicity, the effects of spoke are neglected. 

Since the elastic deformation is small and the turbine 
stiffness is large, the elastic force is ignored, and the 
friction is also ignored for a good bearing lubrication. 
Equation (3) is the torque balance equation of the tur- 
bine relative to point  (see Fig.1). There are two 
states of the blades in the operation of the free varia- 

O
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ble-pitch vertical axis tidal turbine. On the one hand, 
when the blades reach a limit angle, they stop rotating 
relative to point  (see Fig.1), so the blade motion 
equations are not needed. On the other hand, the 
blades would rotate by inertia and hydrodynamic 
forces when the blades would not reach the bounds. 
Based on the D’Alembert principle, Eq.(4) is the 
torque balance equation of the turbine relative to point 

.  

1O

+kM

=

1O

=1

n

i
�



+ + =i l gM M M 0

0

                (3)

+ +wF L M M                    (4)

where
=1

n

i
i

M�  is the total hydrodynamic torque on the 

turbine ( n  is the blade number, iM  is the torque on 
blade  relative to point ), Ml is the load torque, i O

kM  is the control torque, gM  is the turbine inertia 
torque.  and F M  are the inertia force and the 
torque on the blades, L is the distance from the blade 
mass center to the blade shaft. wM  is the hydrodyna- 
mic torque relative to point . The equation setup 
process and the parameter solution can be found in 
Ref.[15].

1O

Fig.6 Blade tangential force vs. the azimuth 

3.2 Numerical method and validation
In order to simplify the multi-body coupling pro- 

blem and improve the computational efficiency, this 
paper adopts the multi-region sliding mesh method[11]

and the explicit decoupling formulation. First of all, 
based on the blade hydrodynamics at time , Eq.(3) 
is solved, to get the turbine revolution parameter at 
time , and then based on the turbine hydro- 
dynamics at time , the blade rotation parameter at 

 is obtained by solving Eq.(4). As the elastic 
deformation is small, the weak coupling method is 
adopted for the above fluid-structure problem, namely, 
the fluid dynamic equations are solved first, and then 

the structure dynamics equation is solved, alternati- 
vely in each time step. 

t

+t �

t

t
t

+t �

Figure 6 shows the comparison of the blade tan- 
gential force coefficient C�  against the azimuth in 
the rotation coordinate between the experiment results 
and the numerical simulation results. = /C F� �

b, where  is the chord length, and 
is the span length. Good agreement indicates that the 
numerical method in this paper is valid. 

2(0.5 )V Cb	 C

3.3 Results and discussions 
In order to reveal how the free variable-pitch ver- 

tical axis tidal turbine improves the performance, a 
series of numerical simulations were carried out. 

Fig.7 Flow field velocity contours near blade 

Figure 7 shows the velocity contours of one 
blade in the vertical axis tidal turbine in different azi- 
muths. It can be seen that the flow field changes signi- 
ficantly in the blade rotation process, and the attack 
angle changes with it, especially when the blade is in 
the third quadrant, the attack angle of blade is larger 
and the flow separation easily happens. From this ob- 
servation, the turbine performance will be improved if 
the attack angle can be adjusted in the rotation process. 
The attack angle should be enough high and avoid a 
serious stall. 

Fig.8 Blade attack angle vs. the azimuth 

Figure 8 shows the attack angle of one blade in 
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the free variable-pitch vertical axis tidal turbine agai- 
nst the azimuth in the same speed ratio but with di- 
fferent limit angles. It can be seen that with different 
limit angles, the variations of the rotation and the stay 
positions of the blade are different, and the attack 
angle changes. So the tangential force on the blades 
(Fig.9) and the performance of the turbine can be im- 
proved if the limit angle is selected reasonably. 

Fig.9 Blade tangential force vs. the azimuth 

Fig.10 Blade wake of the turbine 

The turbine performance is also related to the in- 
terference generated by the blade crossing trailing 
vortex. Figure 10 shows the interference between the 
blades and the trailing vortex in a certain speed ratio. 
The interference becomes severe when the blades 
move to the downstream disk and its effect can be 
seen in two lights. On the one hand, the interference 
results in the fluctuation of the hydrodynamic force on 
the blade which aggravates the fatigue and decreases 
the structural strength of the blades; on the other hand, 
the flow rate induced by the trailing vortex is in the 
opposite direction to the incoming flow rate, thus the 
power performance of the turbine is reduced. Both the 
separate position and the spread velocity of the trai- 
ling vortex are different for the free variable-pitch 
tidal turbine with different limit angles.  

Figure 11 shows the wake flow field for the free 
variable-pitch vertical axis tidal turbine induced by the 
upstream blades against the azimuth in the same speed 
ratio but different limit angles. It can be seen that the 
velocity field changes significantly for the down- 
stream blades. So if the limit angle can decrease the 

interference, the wake flow field effect can be im- 
proved, so as to improve the performance of the tur- 
bine.  

Fig.11 Comparison of velocity magnitude of wake flow field 
between different limit angles 

4. Conclusions 
The hydrodynamic characteristics of the free 

variable-pitch tidal turbine are investigated by combi- 
ning experiments and numerical simulations, and the 
following results are obtained. 

(1) The free variable-pitch tidal turbine has a 
good self-starting capacity. 

(2) The power performance and the structural 
performance of the free variable-pitch tidal turbine 
can be improved by adjusting the range of the limit 
angle.

(3) The optimization of the attack angle of the 
rotating blades and the decrease of the interference 
between the blades and the vortex are the main factors 
in the improvement of the performance of the free 
variable-pitch tidal turbine. 
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