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Abstract

Globally, it is estimated that waves enclosure more than 3 TW of power [9], causing it to be an
extremely interesting field of research. Since the first wave energy conversion device was developed, in
1799, many technologies have been presented, especially in the last 50 years, where the Wells turbine
and the Self-Rectifying Impulse turbine have changed this market [3]. The novel Tetra-Radial turbine
equipped with self-rectifying valves, presented in this document, arises as an iteration of the first
Tetra-Radial turbine, proposed under the WETFEET project back in 2016 [7]. This variant was totally
developed at Instituto Superior Técnico , from the design to the testing stage of a 28 kW model. The
turbine has two separate zones, one working with air flowing from the chamber to the atmosphere and
another zone that works with the inverse flow [6]. Both rotors are connected to the same shaft, and
there is only one generator unit. For this device, there is the need two have two separate valves, one
for each zone, that will work independently. This model was designed and planned to be tested both at
IST laboratory, whose installation has a power of 55kW, and at Wave Energy Plant in Mutriku, Spain.
First testing round was performed and all the structure was prepared to the second round of testing in
Mutriku. The construction process of this model assured the possibility of diminishing the production
cost and complexity, of the first version of the turbine. Specifically, it was possible to create a much
more compact structure, which is easier to assemble and transport. However, the assembling process
was both time consuming and complex, due to the vast number of components and its volumetry.
During and until the end of it, several problems came up, due to production errors, totally out of IST
control. These mistakes were crucial to the underperformance of the model, during the tests at IST.
This implies that, in a near future, several verification and repair tasks have to be performed in the
model.
Keywords: Wave Energy, Tetra-Radial turbine, Model construction, Model testing, Self-Rectifying
valves

1. Introduction

The waves are generated by variations in the
atmospheric pressure and hold enormous amounts
of energy, which has encouraged the scientific
community to study this subject, aiming to create
technologies and methodologies, that allow the
extraction and usage of this energy. One of the
major conclusions of these studies is that, due to
the high variability of sea/wave conditions over
time, only 10% to 25% of the total energy can be
harvested.

From 1799, when Girard filled in the first patent
related to wave energy, to today, many have devoted
their efforts to create new solutions that can turn
this niche area to a worldwide resource, that is
able to provide energy to millions of families. The
most notable achievements in this area are held
by A.A.Wells, the inventor of Wells Turbine, and

I.A.Babintsev, impulse turbine’s creator. These are
by far the most common technologies, installed in
operative wave energy production sites [4].

Wells Turbine was developed back in 1976 and
its key feature is the insensibility to the flow’s
direction, due to the rotor blades’ symmetry, which
allows this device to dispense the use of rectifying
valves. Nevertheless, these turbines have very low
efficiencies when working with high flow coefficients
(Φ), because of the boundary-layer’s separation in
the blades’ upper surface. From the many sites
where Wells turbines have been installed, one can
highlight Mutriku Wave Plant in Spain, where 296
kW are installed.

In terms of globally installed power,
I.A.Babintsev’s impulse turbine is Wells turbine
biggest competitor. This device was patented
in 1975 and, while it solves Well’s problem of
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efficiency loss for high flow coefficients, it is also
insensible to the flow’s direction, which makes
it a very interesting solution. Although it has a
higher efficiency for a wider spectrum of Φ, the
impulse turbine also has losses due to the flow’s
behavior inside the machine. In this case, the
problem is located in the outlet stator, which is
a characteristic of this turbine (Wells only has
an inlet stator). When entering the turbine and
passing through the inlet, the flow is deflected a
certain angle (α) which matches the rotor blades
position, but when the flow leaves the rotor, the
same doesn’t happen in the interaction between
the flow and the outlet stator, since it is impossible
to guarantee both angles are perfect, without using
movable stators.

In the attempt to solve these problems, many
studies have been conducted, some of them with
interesting results. In 2010, IST [5] introduced
the Bi-Radial turbine, whose characteristics allowed
to solve many of the issues presented before in
the various existing devices. This innovative
solution was developed under the European project
OPERAH2020 and both its model and prototype
were tested at IST lab and Mutriku Wave Plant,
with excellent results as proven by figure 1.

Figure 1: η = f(Φ) graph for several Wave Energy
Conversion (WEC) technologies [8]

After this landmark, IST dug even deeper and,
under the WETFEET project [7], the Tetra-Radial
turbine was developed. This invent was also tested
at IST and its results, as shown in figure 1, are
ever better than Bi-Radial ones. This is so, since
this newer solution uses two simple unidirectional
rotors, which work alternately. In this device, when
the chamber pressure (pchamber) is higher than the
atmospheric pressure (patm) only rotor A works
and then, when the inverse situation happens,
only rotor B works. Therefore, one can see this
device as two separate and symmetric turbines that

are positioned together and may or may not be
connected to the same generator.

This device also fitted a novel diffuser, which
also increased the overall efficiency and allowed this
solution to have the higher efficiency, of all the
technologies previously mentioned. Nevertheless,
this diffuser increased significantly not only the
production and further maintenance cost of the
turbine, but also its construction complexity. Thus,
it was clear that changes had to be made to this
device, in order to maintain its performance, but
reduce as much as possible its associated costs and
complexity.

From the need stated above, the novel Tetra-
Radial turbine came up [6], with a much simpler
design and lower costs, due to the usage of a simple
fan diffuser and an easily accessible valves.

A 30kW model of the newer version of the Tetra-
Radial was built and this model was tested in
IST lab and prepared to a second round of tests
at Mutriku Wave Plant. This model was totally
planed, designed, assembled and tested at IST, in
a project that took approximately 2 years. This
model fits an automated valve system, which is
programmed to allow remote control and access to
the turbine. This feature is of extreme importance
since it will allow to operate the turbine from
anywhere in the globe and it’s especially important,
since it’s the first system of this kind developed at
IST.

2. Aerodynamic Study
As in any other project of this kind, in order to
design and build the model, Computational Fluid
Dynamics (CFD) analysis have to be carefully
performed to define the components’ geometries
and ensure a good performance of the model. Since
these analyses are complex and time consuming,
some of them had already been performed prior
to the start of the work currently presented in
this document. These studies regard the rotor and
stator blade, as well as the inlet duct and they were
performed under master thesis programs [1, 10]

Both these studies, which were carried out
through CFD softwares ANSYS-FLUENT and
NUMECA, are detailed in the master thesis’ full
document. Since none of these analyses was in the
scope of this work, no details will be discussed in
this document.

From all the components that needed to be
tested numerically, the only one missing from
previous studies was the outlet duct, whose CFD
analysis was performed during the work here
presented. This study also recurred to CFD
software NUMECA and was developed with the
help of J.C.C. Henriques, one of the project’s
supervisors.

The inlet duct is designed to accelerate the flow
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and deflect it from the radial to the axial direction,
whereas the outlet duct performs the inverse tasks.
Thus, it is easily understandable that, inverting the
flow path in the inlet duct (switching the outlet
of the duct to inlet and vice-versa), one will end
up wind a preliminary outlet duct. Since the
flow will be decreasing its velocity and recovering
pressure, the pressure gradient will be adverse,
which enables flow separation if the duct’s curvature
is very high [2]. Keeping this in mind, inverting
the inlet duct to obtain an outlet duct will be
a good preliminary shape, but it will certainly
cause the flow’s separation, because of the duct’s
curvature. This effect does not happen in the inlet
duct because the gradient is favorable, avoiding the
flow to separate.

From this preliminary shape, the final outlet duct
was developed with the help of geometric methods,
that ensured a proper design and allowed to save
some time along the process. Figure 2 shows both
ducts.

(a) (b)

Figure 2: (a) Inlet Duct (b) Outlet Duct

3. Model Construction

The design and consequent construction of the
model was only possible after the conclusion of all
aerodynamic studies, which defined the ducts and
stator/rotor blades geometry. To start the design
stage, it was necessary to clearly state which were
the structure requirements, in terms of dimensions,
structure characteristics and operation conditions.

The main dimension of the turbine is its rotor
diameter, from which all other dimensions will be
defined. In the specific case of this model, the rotor
diameter was defined based on the power (P ) and
rotational speed (Ω) desired. Accounting for a 28
kW model with a nominal rotational speed of 3000
rpm, a diameter of 0.5m was defined. Since this
is the only value known a priori to the Computer
Assisted Design (CAD) modelling phase, it was
possible to easily adapt the turbine’s structure to
other constraints like the lab size or the transport
of the turbine to and from the lab.

For the CAD design stage, three main concerns
were taken into account. The top priority

was, without any doubt, the production and
maintenance costs, which had to be reduced as
much as possible, when compared with the previous
version of this turbine. After that, it was considered
to be extremely important to assure that the
turbine’s structure was stiff and robust, with
minimal distortions during operation and lastly, it
was also accounted the visual aspect of the turbine,
which may be important in a future commercial
stage.

During this process, softwares SolidWorks and
CES were used to perform the CAD modelling and
help with the selection of materials, respectively.

All the project is based on the turbine’s
patent [6], where one can find several suggested
configurations to the turbine’s structure. As visible
through figure 3, there were configurations using
two generators (one shaft for each rotor, connected
to one generator each) or one generator (two shafts,
one for each rotor, but both connected to the same
generator). Nevertheless, taking into account that
production cost must be reduced, any configuration
with one single shaft (not available in the patent)
would be preferable, since the shaft is one of the
most expensive elements in the whole structure,
because of its complexity. Thus, the configuration
presented in figure 4 was chosen as the one to build
on.

(a)

(b)

Figure 3: Several configurations of the turbine,
presented in the patent [6]
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Figure 4: Final configuration of the turbine

Another element that needed to be defined right
from the start was the outlet diffusor. This was,
as stated before, one of the main reasons to develop
this model, since its ancestor’s high production cost
were due to the complexity of its diffusor. To lower
the cost as much as possible and ensure a good
performance, regular fan diffusors were chosen as
geometry to be implemented in this model.

Besides these two questions and since this model
will be fitted with self-rectifying valves, it is of
extreme importance to define the positioning of
these systems. Their easy accessibility is a key
factor to ensure low maintenance costs. The
position chosen, in the extremes of the system as
visible both in figure 4 and 5, guarantees that,
in no occasion, one will need to disassemble the
turbine’s structure, while maintaining or replacing
any component of the valves’ system.

3.1. Support Structure
The model weighs approximately 1.3 tons
and, while operating, the turbine can induce
considerable levels of vibration in the structure.
Therefore, it was extremely important to design a
support structure that guarantees, not only small
deformations, but also levels of vibration as low as
possible. Through figure 5, one can see the support
structure, which is composed by two separate
“meshes” (upper and lower).

To design this structure numerical structural
analysis were performed, using SolidWorks tool,
where a safety factor of 50% was considered. This
high factor is due to the uncertainty of the project
(first ever project of this kind at IST) added to the
weight and vibrations caused in it.

3.2. Structure Configuration
The turbine’s inner structure is composed by
superimposed steel plates, that form a sandwich
structure. This makes the structure incredibly
stiff and rigid, which is good for the deformations

but nefarious to the vibrations level. It’s
also a very compact structure, which facilitates
assembling, maintenance and transport of the
turbine. Nevertheless, it highly depends on eight
bars that go across the structure and guarantee
the correct centering of the structure. If these
bars are not properly set, the structure will be
misaligned, and the turbine will underperform, due
to the erratic flow of the air along the turbine.

The whole structure is based on carbon steel
plates, that go under a zinc coating process,
polyurethane resin parts, that are used in
zones where metal processing would exponentially
increase the production cost and Nylon, used in
valves due to its low friction coefficient on steel.

Table 1 presents generic values and dimensions of
the structure.

Figure 5: Final configuration of the turbine,
isometric view

Table 1: Global model’s characteristics
Weight 1315 kg
Volume 2,5 m3

Inertia (2 rotors
+shaft )

2,02 gm2

Length (Válvula a
Válvula)

1,15 m

Wide 1,425 m
Height 1,5 m

Stator Blades 52 -
Rotor Blades 41 -
No. of parts 275 -

4. Turbine Control
As stated above, sea states and their energy are
highly variable over time, which implies that after
an energy peak, one can observe an exponential
decrease in available energy. This emphasizes the
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need to have a control system that adapts itself to
this variability and ensures the maximization of the
energy’s quantity and quality. This system is so
important to the turbine’s performance as it is the
structure itself.

Control routines work based on the turbine’s
torque (T ) or Ω. In order to understand the first
strategy, one must analyze the momentum balance
equation presented below.

Taero − Tmec − Tfriction = I
dΩ(t)

dt
, (1)

where Taero means the aeodynamic torque, Tmec the
mechanical torque and Tfriction the friction one.

From this equation and considering that Ω
variation over time,(Tfriction) is very small and that
the electric efficiency is 100%, one can conclude
that:

Taero = Tmec, (2)

Pgen = TmecΩ(t) = TaeroΩ(t) = Paero, (3)

Which implies:

π =
Paero

ρΩ(t)D5
→ Pgen = πρD5Ω3, (4)

Pgen = aΩb. (5)

The a and b coefficients have to be determined by
the analysis of the η = f(Φ) curves, obtained from
the first tests of the turbine. As these tests use
a control based on Ω variable, this is the control
strategy implemented in a primary stage of the
model testing.

4.1. Peak Shaving

Peak shaving control is a strategy that aims to
maximize the turbine’s and generator’s efficiency,
by forcing it to work, for the vast majority of time,
near the nominal point.

If the turbine’s designers do not implement
any kind of peak shaving control routine, the
turbine and more specifically its generator, will
be dimensioned for the energy available at energy
peaks, otherwise the system loses immense amounts
of energy. When the sea state is not very energetic,
these systems will underperform, since they’re
operating far from the nominal point.

Peak shaving control avoids energy peaks by
closing the flow when very energetic sea states
occur, which allows turbine’s designers to choose
generators, whose nominal working point is around
the average available energy, in that location.
Therefore, the turbine is oblivious to the energy
peaks and runs smoothly around a pre-fixed point
with enhanced performance and efficiency.

4.2. Model control

With the control strategy and its characteristics
already defined, it’s important to define how will the
control be performed in the turbine, meaning which
device will ensure the turbine’s control routine. In
this case, as in other situations before, the control
will be done by a system of two High Speed Safety
Valves (HSSV).

For the defined design, the best position for the
valves, that allows the minimization of maintenance
costs, is in outlet of zone A and inlet of zone B. As
the turbine’s zones work separately, one valve will
be placed on each zone, specifically one in the outlet
of zone A and another one at the inlet of zone B.
This particularity is of extreme importance for the
next steps of programming the system and choosing
its components, since the fact of having a valve on
an outlet and another one at the inlet influences, not
only the distance that each valve travels, as well as
the forces that act on each valve.

The presented valve system consists in a synergy
between two individual systems. The main
system, that supervises the valves’ operation and
communicates with the actuators is composed
by actuator controllers and a Programable Logic
Controller (PLC), while the data acquisition and
processing system recurs to a Data Acquisition
board (DAQ). The latter is totally designed and
produced at IST, but the automated system was
developed at IST and produced by an external
company.

The need to have a PLC based system arises
from the intent to remotely operate and control the
turbine. As PC based systems are not reliable, due
to a high chance of system crashes, the PLC has to
be installed. These systems are much more reliable,
since they are always running and looking for new
inputs to process. To ensure that, at no moment,
the PC system crashes or the valves get stuck on
their ducts, during the operation of the turbine,
the PLC system has several emergency signals, to
immediately stop the flow, if any fault is detected.

5. Model Assembling

The previous chapters reflect all the planning
and design stages, that lead to the production
and assembling of the structure. With all the
components and systems defined, it was possible to
start the production of the components and perform
the assembling of all the parts at the IST lab, where
the model was tested.

The model’s structure is mostly composed by
several steel plates that are processed through
jet and laser cutting. Since IST does not have
the machines to perform these tasks, all the steel
components were produced externally and then
transported to IST, to be mounted on the structure.
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A similar situation happens with the valves, that
are made of Nylon, a material that can’t also be
processed internally at IST.

The supporting structure was totally produced
at IST, as also occurred for the polyurethane resin
parts. The latter were implemented to reduce
production costs, since a steel or aluminum duct,
resulting from a CNC processed block, would cost
more than 12k e, against the 500 e spent to
produce the same duct with the resin. The process
to obtain these parts is further discussed.

5.1. Sub-Assemblies
The structure of the model is divided in several
sub-assemblies, such as the rotor, stator, inlet and
outlet, among others. This division facilitates the
final assembling process, since it allows to mount
separately each sub-assembly and only then mount
these ones on the supporting structure.

From all the sub-assemblies, stator, rotor and
center block are the most complex ones. The first
comprises the inlet duct and the stator blades,
which are enclosed by two steel plates that have
the blades profile cut into the steel to allow the
mounting. This assembly is complex because it as
many parts and its mounting has to respect the
CFD studies performed to the inlet of the turbine.
Figure 6 shows this assembly.

Figure 6: Stator of the model, already assembled

The rotor is more complex than the stator,
since it has more parts and its mounting requires
much more precision and time. This block is
composed by the rotor blades, the rotor flywheel
and blade blockers, the duct where the rotor runs
and its support structure, that ensures the correct
centering of this assembly.

Excluding the production of the blades,
all components were produced externally.
Nevertheless, the blades have to be individually
inspected and repaired, in order to be mounted in
the flywheel, which is a time-consuming process.
After mounting the blades, the whole assembly
has to be soldered to the support plates and the
ducts have also to be repaired. This verification
and repairing processes performed to the resin
parts, is due to the imperfections on the surface
of these parts. Besides this, when combining
several resin parts as in the ducts, the interface
between the parts has to be repaired and filled
with polyurethane foam, as explained further on.
Figure 7 shows this assembly.

(a)
(b)

Figure 7: (a) Rotor (b) Duct and support structure

The central block assembly is composed by a
thick steel plate, where part of the outlet duct, the
bearings and the shaft are mounted. Therefore, this
plate must be totally centered with the rest of the
structure, in order to guarantee that the shaft is
correctly positioned.

The steel plate that is included in this assembly
is a structural plate, since it not only supports the
center block assembly, but also both diffusors. All
these components supported by the plate account
for 40% of the total weight of the model. Thus,
while designing the model, a thickness of 10 mm
was required for this plate.

The mounted bearings allow rotational velocities
of 6000 rpm and are self-lubricating, which means
that they do not need any maintenance, unless some
problem is detected.

This assembly is complex, and its crucial factor is
the assurance of the correct centering. To help with
this task, there are 8 holes in the plate that need to
be aligned with the holes on the other plates. If all
the holes are aligned the structure is also correctly
positioned.

Figure 8 show this assembly.

Figure 8: Center block of the model

5.2. Polyurethane resin parts
As briefly explained before, some components of the
model have very complex geometries that, in order
to be produced in steel or even aluminum, would
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require a great amount of processing, increasing the
price of such parts. The only process that can shape
metal to acquire both the rotor or stator blades’
geometry is the five axle CNC, whose hourly cost
is extremely high. Therefore, one blade or a duct
from this model would cost around 300e and 12ke,
respectively.

As there is not enough budget to this kind of
parts, it was chosen to produce all these parts with
polyurethane resin and silicon molds. This process
as an approximate cost of 15eper blade, which is
20 times cheaper than the previous solution.

To produce these parts several steps must be
taken into account. First of all, in order to produce
each model, one needs to have a master part. In this
case, the masters were one stator blade, one rotor
blade and 1/8 of all the ducts to be produced. With
these parts the molds are produced, and the resin
parts processing can start. The ducts were divided
to decrease each parts volumetry, since the smaller
the volumetry the easier it is to produce the parts.
In the end, 8 parts are combined to obtain the final
duct.

(a) (b)

Figure 9: (a) Mold processing (b) Final part

5.3. Final assembly

The final assembly started after all the sub-
assemblies were ready and this process took
approximately 8 weeks. The assembly was
sequential, from the left to the right of figure 5.

During this process, several errors in the steel
plates and other externally produced parts were
detected. Many of these mistakes were corrected
at IST, which delayed the process and forced to
rectify dimensions and holes in the plates. These
modifications may solve the immediate problem but
put at risk the final centering of the structure, since
all clearances between the parts were changed.

Figure 9 shows the assembly process, after which
it was possible to conclude that, in fact, the
centering was not correct, with the rotor misaligned
regarding the rest of the structure. This means that
the rotor is not positioned where it should, which
will certainly affect the model’s performance.

Figure 10: Assembly process

6. Results

6.1. IST lab and instrumentation

As mentioned above, the model will be tested both
at IST lab and Mutriku Wave Plant, with the first
set of tests to be performed at IST. The lab where
the model was tested has a 55 kW power, provided
by a Compton generator, a fan that produces the
flow, two plenum chambers that connect to the
model and fan and a duct that connects these
chambers and allows the volumetric flow to be
measured. Figure 11 schematically shows IST lab’s
installation.

The instrumentation available at the lab includes
all the pressure sensors, torque meter, DAQ system
and also the valves system, that is ready but not
yet implemented. The latter is composed by 6
FESTO EPCO-25 actuators divided by the two
valves, 6 actuator controllers FESTO CMMO and
one OMRON CP1E PLC, that is responsible for the
supervision of the whole system.

The pressure sensors are mounted on a box
that protects them from the external environment.
Since the pressure sensors do not give the pressure
values directly but emit a certain voltage instead,
all of them have to be calibrated before the test
round starts, in order to allow the user to know
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Figure 11: Stator of the model, already assembled

the pressure measured. To calibrate some of the
sensors, a Betz micromanometer was used, but to
perform this task in the ones that have a higher
reading interval, a bigger manometer had to be built
at IST. Besides these regular sensors, an Arduino
circuit fitted with a BMP280 sensor was done, in
order to allow the atmospheric pressure values to
be directly processed by MATLAB.

To measure temperature, humidity a TESTO
175H1 sensor was used during the tests.
Nevertheless, to prepare the model for the
remote testing, another Arduino circuit was built,
this one fitted with a DS 18B20 sensor, that
measures ambient temperature and sends the
values directly to MATLAB.

In order to measure the torque, a 400Nm torque-
meter was installed between the turbine and the
generator. This torque-meter is oversized, which
further on will reveal itself to be a problem, but
no other sensors of this kind were available. The
torque-meter had also to be calibrated, with the
help of an IST apparatus that allows to put weight
at a certain distance of the sensor producing torque.
As the user knows this distance, it is possible to
obtain the torque and relate it with the output
voltage of the sensor.

All these sensors can be seen in figure 12.

6.2. Model tests
The first stage of model’s test aims to acquire data
enough to understand the device’s performance,
in terms of efficiency, flow rates, torque produced
or flow pressures. To achieve this objective, as
mentioned before, the turbine control was based on
the Ω value and four types of tests were performed.

To understand what kind of friction forces exist
on the turbine, friction binary test and decay test
were performed. The first one is based on the
acquisition of produced torque data, measured for
a certain value of Ω, meaning that, for a specific
value of Ω the data regarding the turbine’s torque

(a) (b)

(c)

Figure 12: (a) Valve control system (b)Pressure and
temperature sensors (c) Torque-meter

is acquired and then processed to obtain a graph,
like the one shown in figure 13. The second test is
complementary to the first one and its procedure
regards the acquisition of binary data when the
model is deaccelerating, after a sudden cut of
energy. With these results, one can obtain the
graph present in figure 14, from which the values
of the first test are confirmed.

The binary friction equation is given by:

Tfriction = c+ b ∗ Ω2(t), (6)

where c is the bearings friction and b the
aerodynamic friction. From the graphs in figures
13 and 14, this equation becomes:

Tfriction = 1, 0354 + 2e− 6Ω2(t). (7)

Figure 13: Friction binary test results
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Figure 14: Decay test results

In real conditions and considering that the flow
rate of the turbine suddenly grows, the rotor
will start rotating until it achieves a certain Ω,
which depends on the flow rate of the turbine.
Therefore, to determine this value, the generator
was discontented from the inverter and the fan was
turned on, producing a certain flow rate. After a
certain time interval, the model’s rotation speed
stagnated around a certain value. When this
happens and recurring to the DAQ board, the value
of speed, torque and flow rate are registered.

The values obtained are then processed to obtain
flow (Φ) and power (Π) coefficients and relate them
with the speed achieved by the machine. This
relation is presented in table 2.

Table 2: Results of no load speed tests
Ω [rpm] 70 98 108 113

Φ [-] 0.1346 0.1211 0.1173 0.1149
Ψ [-] 0.1168 0.0953 0.0908 0.0876

The last but most important tests are the
efficiency tests, that allow to observe how the
turbine performs. After these tests it is possible
to establish the working curves of the turbine,
composed by three graphs. These three graphs
represent the variation of efficiency with the flow
coefficient (η = f(Φ)), power coefficient with the
flow coefficient (Π = f(Φ)) and pressure coefficient
with the flow coefficient (Ψ = f(Φ)).

To obtain these curves it was necessary to define
the values of Ω for each test and then acquire
the values of pressure, torque, temperature and
humidity. With these values processed one can
obtain the curves presented in figures 15,16 and 17..

These curves show results obtained for a group of
rotational velocities, which maximum is 1050 rpm.
According to chapter 3, the nominal velocity of the
model would be 3000 rpm, more than twice the
velocity reached during the tests. This discrepancy
is due to the errors in the assembly stage.

This kind of structure, where all the components
are aligned by bars or other elements that go
across the whole structure, have a very high risk of
misalignment associated. If the first two elements
have a clearance of 1mm each, the third one will
have a 2mm clearance and so on. Therefore,
the clearances are always growing, and one may
end with a huge clearance in the tenth element.
This was the case in this assembly, since the
production errors produced considerable clearances
in the vast majority of elements, which caused the
misalignments in the model.

The structured is not properly centered and that
influences the shaft/rotor, that are also misaligned.
The rotor touches the duct on one of the sides,
which produces high friction forces, heats the whole
structure and preludes the turbine to rotate at
higher velocities. Besides this, since the rotor
only touches one side of the duct, the turbine is
no more an axisymmetric structure, producing a
considerable leakage flow where the rotor in farther
from the duct. Through figure 18 it is possible to
see the effects of this friction in the duct and blades.

The leakage flow is responsible for such low values
of efficiency, that never reach 60%.

Figure 15: η = f(Φ)

Figure 16: Π = f(Φ)
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Figure 17: Ψ = f(Φ)

(a)

(b)

(c)

Figure 18: Friction marks in the duct (a) and blades
(b). (c) Blades touching the duct

7. Conclusions
A 28 kW model of the novel Tetra-Radial turbine
was designed, produced and tested at the IST lab.
The structure was also prepared to be transported
and tested to Mutriku Wave Energy Plant in Spain.
This model is an iteration of the previous Tetra-
Radial design, developed under the WETFEET
project, which was also tested at IST. The new
model key features are the lower production and
maintenance costs as well as a simple design with
two impulse axial rotors.

The model was produced externally and
assembled at IST. During this assembly several
problems came up, specially problems related with
dimensions and hole positioning that were not in

agreement with the technical drawings made at
IST. These problems led to several modifications
and repair tasks and consequently to a serious
delay in the project.

After the assembling stage it was concluded that
the model was not correctly aligned and that, in
the future, in order to perform further tests to
the model, these problems have to be solved with
the replacement of several existing parts. Only
with these modifications it will be possible to
achieve higher rotational velocity values and higher
efficiencies.
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