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Oscillating Water Column (OWC) based devices are arising as one of the most promising technologies for wave energy harnessing.
However, the most widely used turbine comprising its power take-off (PTO) module, the Wells turbine, presents some drawbacks
that require special attention. Notwithstanding different control strategies are being followed to overcome these issues; the use of
other self-rectifying turbines could directly achieve this goal at the expense of some extra construction, maintenance, and operation
costs. However, these newly developed turbines in turn show diverse behaviours that should be compared for each case. This paper
aims to analyse this comparison for the Mutriku wave energy power plant.

1. Introduction

L1 Energy Problem. An increase in the energy consumers'
environmental awareness seems to be driving a decrease on
the fossil fuels and nuclear fission consumption, currently
the most used energy resources [1-3]. This realization is
pressuring into pushing renewable energy technology and its
sources beating out other nonrenewables [4-6], as the 2020
climate and energy package reflects [7]. Renewable energy
evolves around the natural resources that provide practically
inexhaustible amounts of energy [8], either through the
massive latent energy or through regenerative capabilities
within the human time-scale. The most studied renewable
energies today are solar, wind, wave, hydraulic, biomass,
geothermic, and tidal [9].

Delucchi and Jacobson state that the total energy require-
ments could be fulfilled from solar, wind, and wave energy
[10-12]. However, wave energy has lagged behind, even
though the power density analysis stands up for the opposite
[4]. According to this concept, when solar radiation heats
air masses to different temperatures, it forces them to move
and thus creates wind. Therefore, wind pools solar energy

and increases the power density. In turn, the ocean allows
transferring energy from the wind to mechanical energy
within the waves. Through this principle, at about 15-degree
latitude, where the sun radiation is of 0.17 kW/m2, the wind
power density rises to 0.58 kW/m2 and the wave power
density climbs up to 8.42 kW/m2 [4].

Additionally, the power density increment of the waves
means that a sudden sun radiation stop would not suppose
a wave activity decrease until many hours later. Besides, the
sun could have easily come back by then, generating new
powerful waves. This makes wave energy a precious and
available resource. An analysis of the wave energy available
to be harnessed estimates an annual total production around
100,000 kWh, compared to the 16,000 kWh annual consump-
tion [13].

Consequently, hundreds of patents have been developed
all around the globe to harness wave energy [14, 15]. Their
classification divides them into on-shore or off-shore devices
[16]. On-shore machines are easily manufactured and main-
tained, but harness less energy and there are fewer locations
for installation. Oscillating vanes [17], tapering canals [18],
and oscillating wave column (OWC) [19] are the most
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FIGURE 1: The OWC power plant of Mutriku.

widely used types. Off-shore devices quite often require to be
affixed to the seabed and are not as developed as on-shore
ones. Mighty Whale [20], Wave Dragon [21], Wave Plane
[22], Pelamis [23], Archimedes [24], Wave Star [25], and
Power Buoy [26] technologies are examples of such type of
technology. Oscillating wave column technology is nowadays
deemed as the most promising candidate, due to it having the
largest development rate compared to the rest [27-29].

1.2. Background. An OWC-technology-based device con-
verts wave energy into an oscillating air flow, which in
turn makes a turbine rotate. With the turbine attached to a
power induction generator, energy is harnessed [19]. It can be
understood as two main subassemblies: the capture chamber
and the power take-off (PTO) system.

The capture chamber [30] consists of a hollow structure
with an aperture placed in such a way that it stays below
the sea water level (SWL) regardless of the tide. This con-
figuration allows the water in and out of the cavity, which
compresses and decompresses the air inside the cavity as the
waves enter and leave. The air pressure variation forces an
upwards and downwards air stream.

This air stream acts upon the PTO system composed of a
turbine and a power induction generator [31]. It flows through
the turbine, forcing it to spin and generating a pressure drop
as a result. The spin creates a torque that turns the generator.
The oscillating airflow would make a common turbine spin
in a different direction each time. To optimize the turbine
for unidirectional movement, a valve-based rectifying system
could be used [19] or, in a more straightforward way, self-
rectifying turbines.

Based on this technology, the Basque Energy Board
(EVE) has built a ground-breaking power plant known as
NEREIDA MOWC ([32] in the Basque town of Mutriku
(Figure 1), which consists of 16 turbo-generator modules
rated at 18.5 kWh each with self-rectifying turbines coupled
to a DFIG generator. This power plant makes use of 5-blade
Wells turbines from the series NACA00XX [33-35]. The
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Wells turbine, invented by Alan A. Wells in 1976, is regarded
as the first of its kind [33, 34, 36-38]. Its rotor is made up
of a number of blades symmetric in the direction normal
to the airflow, allowing the tangential force to keep constant
regardless of the airflow direction, making them spin always
in the same direction [39]. However, this symmetry presents
an inherit drawback, the stalling effect, which makes the
turbine stall when the airflow through the turbine goes over
a certain value. This sharply drops he efficiency of the turbine
(40, 41].

There are many methods oriented towards the solution of
this issue [42-45]:

(i) relief valves
(ii) air valve control

(iii) rotational speed control

Relief valves permit some airflow to be bypassed to reduce the
incoming air stream into the turbine [5, 46].

Air valve control allows for the regulation of the airflow
input to the turbine so that it never reaches the airflow limit
value, thus avoiding the stall effect. Several control methods
have been developed for this model, such as artificial-neural-
networks-based controllers [47] or robust sliding-mode con-
trollers [48], but PID type controller is still considered the
most efficient one [49].

The turbine can also be prevented from stalling by
controlling its rotational speed which involves accelerating
the turbine to a sufficient speed (Figure 2). In this case, the
slip of the DFIG generator is set to vary so that higher speeds
can be reached [47, 50]. This approach tends to calculate
the maximum pressure drop throughout the turbine without
stalling to determine the slip of the DFIG and modify the
turbine rotational speed [49] (Figure 3).

As it can be observed, solving the stalling effect requires
sufficient control mechanisms. However, it could be avoided
directly by using a turbine without this issue. This substitution
would additionally allow the focus of the control only on
increasing the torque output of the system. There are many
turbines that have been developed since Wells was created
which could yield promising results. Pitch-controlled Wells,
impulse, and radial with pitch-controlled guide vanes and
biradial turbines are compared to the Wells turbine installed
in Mutriku throughout this paper.

2. Materials and Methods

2.1. Turbines Description. Pitch-controlled Wells turbines
(Figure 4) consist of endowing the Wells turbine with the
capability of modifying the pitch angel between two extreme
angles, +y, to convert the incoming airflow more efficiently
into rotational motion [51]. This increase in efficiency stems
from the ability to diminish the hysteresis of a vane due to the
influence of the vanes in close proximity [52]. This turbine
also enhances the performance when starting up or at low
speeds [53], allowing reaching higher speeds in a shorter
amount of time, a desirable feature in OWC-based devices
[54].
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Impulse turbines (Figure 5) solve the stalling problem, are
capable of starting in a short period of time and of working at
low speeds [55]. Setoguchi et al. [56-63] developed a variation
of this turbine adding two rows of guide vanes, one upstream
and other downstream, whose pitch is controlled to increase
its efficiency. These guide vanes are mechanically coupled so
that the one in the outcoming path does not obstruct the
airflow when controlling the ingoing vane to optimize the
energy conversion [64].

Radial turbines with pitch-controlled guide vanes (Fig-
ure 6) are similar to impulse turbines with the difference that
the airflow enters the turbine radially and not axially [65-71].
They also include two rows of guide vanes, one upstream and
other downstream, whose pitch is controlled between two
extreme angles [70]. These turbines reduce the mechanical
requirements of the impulse turbines but maintain all their
benefits, such as the removal of the stall effect [72]. However,

the trade-off requires an extra system forcing the air in the
radial direction.

Biradial turbines (Figure 7) are a new kind of a radially
attacking turbine [73]. This turbine is also equipped with two
rows of mechanically coupled guide vanes, which are axially
displaced to guide the input airflow without obstructing
the outgoing airflow. Obstructing the airflow would make
the vanes stall [74]. Since these turbines use impulse-type
vanes, all the drawbacks from the Wells turbines are solved.
Additionally, their mechanical design allows them to convert
wave energy more efficiently [73].

The data obtained by different sensors placed in the
Mutriku wave power plant is used to compare these turbines,
along with the Wells variant. From the data, inputs for
the different turbine models can be created and therefore
compute their outputs when subjected to the same inputs.
This way, the most adequate turbine can be determined.
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2.2. Sensors Description and Data Treatment. The data used
to simulate the environment and the control of the turbines
comes from three different sources:

(i) Basque Energy Board (EVE)
(ii) AZTI-Tecnalia
(iii) State harbours (website)

The following variables are provided by the EVE, from
January 1st 2014 to May 15th 2014, with half second resolution:

(i) Pressure (Pa)
(ii) Air valve angle (degree)
(iii) Rotational speed (rpm)
(iv) System extracted power (kW)
From the aforementioned data, rotational speed and valve

angle depend on the control strategy, whose parameters vary
from one turbine to another. Therefore, these values depend
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FIGURE 8: Pressure sensors in Mutriku. (a) Capture chamber static pressure sensor. (b) Pressure drop along the PTO sensor.
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FIGURE 9: (a) Wave spectrum record. (b) RDI 600kHz.

on each turbine and the ones provided by the EVE are related
to the Wells turbine use case.

The pressure and the extracted torque outputs are exten-
sively used to compare against the outputs from the other
turbines' models and hence determine the turbine whose
response would best fit in Mutriku.

There are two types of pressure sensors in the power plant
of Mutriku: one to measure the static pressure of the capture
chamber and the other for the pressure drop along the turbo-
generator module. The pressure of the capture chamber is
measured by means of a PTX 7355 type Druck sensor installed
at the base of the power plant (Figure 8(a)). However, in order
to obtain the pressure drop through the turbo-generator, two
CMR controls P-sensors for low air pressure are employed,
one at the inlet of the turbine and the second at the top of the
turbo-generator module (Figure 8(b)) [75].

AZTI-Tecnalia provided the average height and period of
the wave trains that took place during a period of 20 mins
every 2 hours on May 12th 2014. From the wave fundamental
parameters, two half-a-second resolutions vectors are gener-
ated, one for the amplitude and another for the period. Those
vectors are used as inputs for all the models of the different
turbines to objectively compare their response for the exact
same conditions.

The sensor used to acquire this information is the Tele-
dyne RDI 600kHz, an Acoustic Doppler Current Profiler
(Figure 9).

This sensor measures water depth ranging from 0.7m to
90m. Laying in the seabed next to Mutriku, where the water
depth is around 5m, this sensor allows measuring all the
different wave heights. In order to harness the data, this can
be done well via a serial/ DC/computer cable well storing it in
an internal memory card and then recovering it in the PC.

2.3. Turbine Models Development. The expression obtained in
[76] to work out the pressure drop through the Wells turbine
installed in Mutriku is a function of a parameter depending
on the turbine itself, the power coeflicient (C,),

blin 1
dp = C“pTl —~ (v + ), 1

1

The definition of this parameter may however vary from one
turbine to another, making the expression of the pressure
drop through the turbine change. Therefore, to make use of
the previous unaltered expression, it is necessary to obtain an
equation that relates the power coeflicient in (1) to the power
coeflicient definition for each turbine.
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Additionally, to benchmark the different turbines a com-
parison of the corresponding output torque directly linked
to the output power is needed. According to [76], the output
torque of the Wells turbine is defined as

_clp-Ct'r-a1

T
! C

()

a

Integrating (1) into (2), the output torque can also be defined
as

pblin
2

T, = C, r (vtz + wtzrz) (3)
This equation also depends on a coeflicient of the turbine
in use, the torque coefficient (C,). Hence, as expected, this
expression may differ from one turbine to another. Conse-
quently, it is necessary to find and expression relating the
torque coeflicient in (3) and the torque coeflicient for each
turbine to compare.

Both previous parameters, power and torque coefficient,
depend in turn on the flow coefficient, defined as

Ve
®=—t (@)
w,r
This definition may differ for some turbines, too. An expres-
sion relating this expression to the one defined for each
turbine may thus also be necessary in those situations.

The relationships between flow coefficient and power
coefficient and flow coeflicient and torque coeflicient rela-
tionships for the case of the Wells turbine are described in
Figure 10.

In this sense, adapting the Wells turbine model for the
case of Mutriku [76] to the different definitions of the
torque coeflicients, the pressure drop and output torque can
be obtained for all the turbines and, therefore, determine
which turbine would be the most appropriate for the case at
Mutriku.

A convergence of the expressions for the different tur-
bines is developed in the following way. The flow coefficients
of the turbines to be compared are written as a function
of the flow coefficient of the Wells turbine. The power and
torque coefficients are in turn expressed reversely, writing the

7
S S W S
02 04 06 038 1 12 14 16 18 2
Flow coefficient

TABLE 1: Parameters of the pitch-controlled Wells turbine.
Blade profile NACA0021
Blade number 20
Cord length 75 mm
Solidity 0.75
Hub to tip ratio 0.7
Aspect ratio 0.6
Diameter 750 mm
Gap between rotor and casing 1 mm
Angle range 0-12°

coeflicients for the Wells as a function of the coefficients of the
new turbines.

This stems from the fact that the new turbines' expressions
are integrated within a model devoted to the Wells. So to
obtain the power or torque coeflicients, the flow coefficient
is used as an input. Therefore, once the flow coefficient
(4) is calculated by the model for the different turbines,
this serves as the input for the graph relating the flow
coeflicient to the other two (Figure 10 for the Wells turbine
in Mutriku). Once the power and torque coefficients are
obtained from the graphs, both are rewritten into the same
form as the coeflicients defined for the Wells turbine and then
implemented in the model.

Pitch-Controlled Wells. The pitch-controlled Wells turbine
analysed in this section is an adaptation to the duct diameter
in Mutriku of the turbine defined in [54]. The main features
of this turbine can be summarised in Table 1.

Regarding the turbine parameters, they are defined as

Cp = Py Q )
M (pblyven (v + wr?)) /2]
C, . = T (6)
v (pblrn (v + w,2r2)) 2]
v
D, = ——
W )
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TABLE 2: Parameters of the biradial turbine.
Rotor
Diameter 244 mm
Input/output width 53.7 mm
Blade number 3
Width 3.7 mm
Input/output angle 40°
Gap between rotor and casing 1 mm
Guide vanes
Vane number 23
Geometry Aerofoil
Rotor axis -vane distance 274 mm
Rotor end-vane distance 30 mm
Duct
Diameter 750 mm

After a few modifications, it can be obtained that, for this
turbine,

blin 1
dppw = Cu—p Zlna_ (v,z + wtzrz) , (8)
1
bl
T, = Ct¥r (vtz + wtzrz) 9)

Hence, the power and torque coeflicient defined for this
turbine can be directly used within the model developed for
the Wells turbine [76] without further modifications.

Biradial. The biradial turbine analysed in this section is an
adaptation to the duct diameter in Mutriku of the turbine
described in [74]. The main features of this turbine can be
summarised in Table 2.

Regarding the turbine parameters, they are defined as

— de —_ de (10)
ag pthDZ 4pwt2r2 ’
T
b= T (D)
pw,~D
_Q
B — thz (12)

It can be observed how all parameters vary with respect to the
ones defined for the Wells turbine used in Mutriku. In this
scenario, an expression to convert them into the type used in
the Wells turbine model [76] must be worked out.

Complexity

In the case of the power coefficient, (1) and (10) have been
compared and, since the expression is equivalent,

dp = dpg, (13)
blin 1
Cap 21 a—l (vt2 + wtzrz) =4C,, 'pwtzrz,
(14)
4C,, - pwtzr2 2a,
¢ pblin (v + wr?)
8a
Co=Co i (15)

bl (02 +1)

In this way, once the power coeflicient has been worked out
via the graphs in [76], it is adequately transformed into the
power coeflicient defined for the Wells turbine by means of
(15) so that it can be used in the pressure drop calculation.

Regarding the torque coefficient, since the torque output
must be equal regardless of the equation used, (3) and (11)
have to be compared and equal.

T, =T, (16)

CPbll”l(2+ 22)_C 25 _ 350 2.5

t5 r\Ve T 1 ) =0y py = t,PWr T
17
32Cthwt2r5'2 a7

L pblyar (v + w,2r?)
64r*

C,=C o (18)

B bl (D2 + 1)

Analogous to the power coeflicient, once the torque coeffi-
cient is determined, it is rewritten in an expression compat-
ible with (3), which is then implemented in the model to
obtain the output torque.

Finally, prior to the power and torque coefficient, the flow
coeflicient defined for the Wells turbine (implemented in the
model) must be rewritten as a function of the type defined for
the biradial (input of the graph). Therefore,

D= Q  va _vtnrz_ VT TV,
B™ w,D " 8wr® 8w, 8wr 8 wr 19)
8

Now, all the necessary modifications have been obtained for
the model to work properly for the Biradial, which is now
ready for implementation.

Impulse. The impulse turbine analysed in this section is
adapted to the duct diameter in Mutriku for the turbine
defined in [64]. The main features of this turbine can be
summarised in Table 3.
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TABLE 3: Parameters of the impulse turbine.

TABLE 4: Parameters of the radial turbine.

Rotor Rotor
Circular arc (r = 30.2 mm) Geometry Circular arc (r = 30.2 mm) and ellipse
Geometry L
and ellipse Cord length 54 mm
Cord length 54 mm Edge radius 0.5 mm
Edge radius 0.5 mm Blade number 83
Gap between rotor Radius 375 mm
. 1 mm N
and casing Angle 60
Blade number 38 Solidity 2.02
Radius 375 mm Guide vanes
Hub radius 210 mm Vane number 26
Angle 60° Geometry Straight line and circular arc (r = 24.8 mm)
Blade height 16.1 mm Cord length 50 mm
Guide vanes Outer vane solidity 2.31
Vane number %6 Inner vanle solidity 2.2°9
G ¢ Straight line and circular Input angle 15
cometry arc (r = 32 mm)
Cord length 70 mm Regarding the turbine parameters, they are defined as
Angle 15 . dpy o5
“(p(rPrwrr) 2
- T
Regarding the turbine parameters, they are defined as G = (payr (vi2 + w,2r2)) /2" (26)
Vi
Qp=— (27)
19 p,Q (20) “r
o (pblyvn (v + w2r2)) 2] It can be seen directly how the first two parameters, power
and torque coeflicient, vary with respect to the ones defined
C = Ttr 1) for the Wells turbine used in Mutriku. In this scenario, an
T (pblyrn (v + w2r2)) [2° expression to convert the previous two into the type used in
Y the Wells turbine model [76] has to be worked out.
D, = w_tr (22) As in the biradial case, both output pressure and torque
t

After a few modifications, it can be obtained that, for this
turbine,

blin 1
dp; =C,, p 21”_ (vtz + wtzrz) , (23)
9
bl
T, = Ctr¥r (vt2 + wtzrz) , (24)

and, hence, that the power and torque coefficient defined for
this turbine can be directly used within the model developed
for the Wells turbine [76] without further modifications.

Radial with Pitch-Controlled Guide Vanes. The radial with
pitch-controlled guide vanes turbine analysed in this section
is adapted to the duct diameter in Mutriku for the turbine
defined in [71]. The main features of this turbine can be
summarised in Table 4.

have to be the same regardless of the equation used to work it
out. Equalling (1) and (25),

dp = dpp, (28)
blin 1
Cap 21 o (vt2 + wtzrz) =Cyy, g (vt2 + wtzrz), (29)
a

T T blin

Equalling (3) and (26), the expression to modify the torque
coeflicient is obtained.

T, =T, (D)
bl
GBS (v i) =Gy R (v rolr), 0D
a
c,=C, -—L
TR bln (33)

Now, all the necessary modifications have been obtained
for the model to work properly with the radial with pitch-
controlled guide vanes turbine and the model is ready to be
implemented.
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FIGURE 11: Model pressure drop output for the different turbines.

3. Results

3.1. Models Modifications. In [76], a mathematical model was
developed for the complete capture chamber of an OWC sys-
tem including the turbine by determining both the pressure
drop and the output torque of the turbine from the input wave
parameters. For that, a Wells turbine was modelled and was
validated with data from the Mutriku facility where a Wells
turbine is installed. Then, [75] integrated this partial model
into a complete wave-to-grid model. This complete model
allowed modifying the control strategy obtaining the pressure
drop and output torque for each control case study and thus
implementing a control strategy to make the most of each
turbine. Comparing the output torque of each turbine, the
most adequate one can be chosen.

Taking that into account, the part of the model regarding
the capture chamber along with the expressions obtained in
the previous section, the turbine equation can be rewritten
to suit the different definitions of flow, power, and torque
coefficients whenever these modifications are needed, as in
the case of the biradial and the radial with pitch-controlled
guide vanes.

For pitch-controlled Wells and impulse turbines, each of
them has proven that no expression modifications are needed.
Therefore, only power and torque coefficients curves for each
turbine have to be modified.

3.2. Models Outputs. Once the models are ready, the data
in Section 2.1 is used to run the models and determine the
pressure drop and output torque for the five studied turbines.
Besides, the parameters of the turbines, such as radius and
cord length are obtained from the turbines' data presented in
Section 2.2.
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FIGURE 12: Model torque output for the different turbines.

This way, every turbine is tested within the exact same
test environment (same wave parameters and same capture
chamber geometry) but with its own attributes (turbine
geometry and optimized control parameters). This allows for
a comparison the response of the turbines in an unbiased way;,
thus extracting the most accurate conclusions when it comes
to determining the most appropriate turbine for the case of
Mutriku.

The pressure drop and output torque for the different
turbines are as shown in Figures 11 and 12.

As it can be outlined from the previous figures, according
to the pressure drop the radial turbine with pitch-controlled
guide vanes seems to be the most appropriate for the case
of Mutriku, for its pressure values exceed all others. Impulse
turbines are the ones with the lowest pressure drop and
therefore it seems not to be a well suited turbine for Mutriku.

However, this way to choose the most suitable turbine is
regarding the output power that the turbine can provide, a
feature related to the output torque that the turbine applies
on the generator over time. Therefore, analysing the output
torque of each turbine allows for the election of the one
that provides the highest torque for the case of Mutriku
disregarding the cost of manufacture, maintenance, and
operation. Besides, even though the biradial turbine seems
to provide the largest output torque, some uncertainty exists
because the radial turbine presents the greatest peak value.
Therefore, a more thorough analysis may be necessary, to
work out the mean output torque, since this variable is one
decisive feature to determine the best turbine for this case
study (Table 5).

From the results above, the biradial turbine is deemed
the most suitable option for the Mutriku wave power plant
installation when considering only the output torque. It
generates the largest pressure drop and mean output torque,
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TABLE 5: Output torque mean values.
Wells 4.9428
Wells with pitch control 8.1732
Impulse 4.1148
Radial with pitch controlled guide vanes 7.0273
Biradial 9.7282

a 136% above the one that provides the lowest torque and
a 19% above the second one, the Wells turbine with pitch
control. This leaves the radial turbine with pitch-controlled
guide vanes in the third place. Finally, Wells turbine and
impulse turbine lag behind with results close to the others.

4. Conclusions

The results obtained throughout the present paper show how
new self-rectifying turbines invented along the recent past
years since the Wells invention have suffered an enormous
enhancement. This upgrade has provided not only OWC
technology-based power plants with a larger energy harness-
ing capability, but also additional benefits such as a slighter
computational load since the stall effect control is avoided.
This former fact allows for the development of more complex
control algorithms that result in an increase of the amount of
energy harnessed from the waves.

This way, it is evinced how, even if the current trends
are prone to relate all the upcoming upgrades of OWC
technology-based devices to software advancement, research
on mechanical components shows how mechanical parts,
such as self-rectifying turbines, also play an important role in
it. This fact stands up for making progress on both research
branches in parallel, one feeding the other, to achieve a faster,
more advantageous, and more successful evolution of OWC
technology-based devices.

Besides, this article is proof of how the model-based
methodology is a good choice when carrying out analytic
studies both of controllers and mechanical components and
so. Following this approach, adapting the turbine model
and adjusting the control for the particularities for each
turbine, a systematic comparative analysis procedure has
been performed for the different turbines in a reliable and
low-cost effective manner.

Nomenclature

Wave amplitude
: Capture chamber area
Blade’s height
Wave propagation speed
: Power coeflicient
Torque coefficient
: Pressure drop
Diameter of the duct
Length of the capture chamber
Length of blade’s chord
Number of blades
Air flow
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r: Turbine’s mean diameter
t: Time variable
T: Wave period
T,: Output torque
v,: Airflow linear speed
w: Wave angular frequency
w;: Turbine rotation speed
x: Space variable
y: Wave instantaneous height
A: Wavelength
p: Air density
¢: Flow coefhicient
Superscripts

B:  Biradial turbine

I:  Impulse turbine

R:  Radial turbine with pitch-controlled guide vanes
pW: Pitch-controlled Wells turbine.
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