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1.

Abstract

A Wave Energy Converter (WEC) is a device
designed to harness the ocean wave energy in order
to further use it, for example to generate electricity.
The proposed device consists in a plurality of
floating or submerged interconnected air chambers
which pump air into a central turbine. It uses the
Oscillating Water Column (OWC) as operating
principle and converts the oscillating airflow into a
unidirectional airflow with the use of check valves.
Its design achieves safety for the marine life, easy
handling, economic competitiveness, and rapid
tune-up. Theoretical and lab tests were made to
proof the working principle. Preliminary numerical
work of the proposed device has been carried out as
well as trials of a scaled prototype at the ocean. A
few problems rose during the ocean tests which
prevented the fully operation of the device and
record of data. Thought, it was possible to observe
valuable lessons learned for the next round, and
already generate some electricity.

2.

3.
4.
5.

Ocean waves, as a form of energy, provide a full
range of possibilities to create a great variety of WECs.
Among all of them, Oscillating Water Column devices
are undoubtedly the most mature WEC technology
having existing plants in Portugal, Scotland, Norway,
Japan, India, Ireland, Australia, and Spain [1-3] and
performance records in some cases for more than 10
years in a row.
An Oscillating Water Column (OWC) devices use an
air chamber placed at the surface of the ocean having
typically two openings: one placed at the bottom part
and making contact with the ocean surface and the
second typically at the top part where an air turbine is
placed. The elevation and falling of the water level at
the bottom of the chamber creates an oscillating
airflow, which turns a special turbine that accepts and
oscillating flow to further generate electricity [2,4,5].
This kind of devices can be either near shore such as
the plants Limpet in UK or the Azores in Portugal, or
offshore such as Mighty Whale in Japan or Energetech
in Australia [3]. Although OWC devices are among the
most promising approaches to harvest efficiently the
ocean wave energy, they have also to overcome some
difficulties
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1.

WECs are huge devices which sizes create
direct complications on manufacturing,
manipulation, installation and operation
matters.
Impact to marine life, landscapes and
navigability of vessels need to be minimized
in order to get acceptance and comply the
governments’ regulations.
Poor performance due to rapid variation on
incoming wave heights and wave periods.
Survivability during storms, which elevate the
cost.
Cost is probably the most important of all of
these difficulties.

Introduction

A Wave Energy Converter (WEC) is a device
designed to harness the ocean wave energy to generate
electricity.
Despite wave energy is a large resource, and the fact
that enormous efforts have been made to bring WECs
into a commercial stage, still is a relatively young
technology which needs to evolve. In general, the
current difficulties associated with WECs are the
following:
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This paper introduces The UFCAP (Unidirectional
Flow Collective Air Pumps) which is a kind of an OWC
WEC which enables the unidirectional flow, and
interconnects several air chambers [6]. Simplicity is the
key feature of the proposed design, which has the
objective of reducing the manufacturing and production
costs, and circumventing current issues associated to
WECs, such as installation complexity, rapid tune-up
for different wave heights and directions, impact on
marine life, and survivability.

Hence, the six air-chambers (1) feed the supply
manifold (5) through conduits (3), and receive air from
the return manifold (9) through the conduits (10).
Accordingly, they all contribute to create an airflow in
the direction of the arrow in Figure 2.2 that passes
through the turbine (7).
An air chamber is a container completely static with
an opening in the bottom part. Then, the only movable
parts in all the system are the check-valves and the
central turbine.

1.1 Device Conceptual Definition
UFCAP (Unidirectional Flow Collective Air Pumps)
consists in a plurality of interconnected submerged or
floating air chambers. These air chambers are
interconnected to a central air turbine with conduits.
The array might have any number of air chambers,
depending on the capacity required and the local
weather. An array of 6 air chambers is depicted in
Figures XX. The system uses the pressure difference
between separate locations on the ocean to move air
from one air-chamber at higher pressure to another airchamber at a lower pressure. Whenever the air
chambers are submerged, there is no air exchange
between the system and the exterior then, it is a closed
system. Whenever the air-chambers are on the surface,
it is possible to partially have air exchange with the
exterior or in other words, to have an open system.
Inside the air chambers, the operating principle is the
same observed at the Oscillating Water Column
devices to create an airflow. The water interphase act as
a piston going up and down, and pumping air in and out
of the air chamber. Then, a pumping is achieved
without moving-parts which reduce stresses and wear.
Even though the air is pumped in and out of the airchambers in an oscillating manner, a unidirectional
flow is accomplished by having two independent
conduits per air-chamber, one to conduct the supply
flow, and one to conduct the return flow. Check valves
placed on the conduits control the flow direction,
allowing the air to flow only in the desired direction.

Figure 1: Water level inside air chamber while crest is above
(centre); trough is above (right side).

The main advantage of the proposed design can be
summarized in its simplicity that would ultimately
allow the device to overcome the aforementioned
difficulties. More specifically it can be said about its
advantages that the UFCAP:
 has no-moving parts in contact with the water,
which makes it safer for the marine life,
 is made of small parts, which facilitates its
overall handling during manufacturing and
installation,
 is placed underwater, which decreases the
susceptibility to storms and eliminates the
visual impact to landscapes,
 uses a single unidirectional turbine, which
decreases the complexity and increases the
efficiency,
 is not susceptible to differences on incoming
wave heights, wave periods and wave
direction, which eliminates the need of rapid
tuning-up,
 is a simple system with most of its
components being passive, which decreases
the maintenance and the overall cost per kWhr at a competitive level.
1.1 Stage of Development
The concept
was initially proved both
experimentally and numerically. A two air chamber
model was designed, built and tested at the laboratory.
Having no wave tank available, it was tested in a two
tanks device with the ability of modifying the water
level on each tank creating the height difference needed
for the pumping. The model was incorporated with
check valves and a flow meter which can measure the

Figure 1: Explosion showing main components. 1)air
chamber, 2)mooring support, 3)supply conduit, 4)supply
check valve, 5)supply manifold, 6)central conduit, 7)turbine,
8)floating valves, 9)return manifold, 10)return conduit,
11)return check valve.
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generated airflow. Two-phase numerical simulations
were also carried out including a single air chamber.
Afterwards, An Analytical Model and a parametric
analysis were developed and carried out as part of a
master thesis [6]. It receives the wave information as an
input (wave height, and Period), the device size (airchamber volume, conduit diameter, number of air
chambers), and computes the airflow pumped and the
airflow power for a given device in a given weather.
The model assumes laminar flow, regular waves, losses
due to friction negligible, steady flow, flat velocity
profile across conduits, constant given pressure drop on
check valves and turbine.
Additionally a specialized check-valve was devised
and patented for its use on OWC devises. The crackpressure required to open our check-valve is about 110
times better than the commercial check-valve available
for such flow regime.

2.

such as compressor and tools in general, crew, etc. All
that must be readily available when necessary, team
well trained, etc.

Figure 2: Scaled UFCAP Prototype

Experts recommend to minimize all activities or
handling at the water, and try to make as most as
possible activities on land. Keeping this in mind, the
design of the prototype was fine-tuned, and modified
where necessary to minimize and simplify activities at
the ocean. Heavy equipment such as large boats with
lifters resulted extremely expensive. An installation
strategy utilizing small boats was designed for
Prototype I. About 1000kg was the total mooring
weight. In order to be able to handle it without any fork
or lift, a “split mooring” concept was adopted. The
mooring of every one of the four air chambers was split
into 12 elements. This way we would be able to lift
with one or two people the weights.

Prototype

The first step was to select the site, since this would
impact the whole concept and size of the prototype.
Due to a plurality of factors such as local support from
CFE (Electricity Federal Commission in Mexico), cost,
facilities, etc., it was aimed to test the prototype at
Manzanillo, Mexico. A general review from the
specific locations was made in order to select initially
three sites to be studied in a deeper detail. Based on a
criteria such as wave height, wave length, depth,
accessibility, permissions, the final location was
selected.
“Ventanas Beach” was selected as test specific
location mainly due to the advantage of accessibility
(about 5 minutes from car access, 10 min from boat
harbor and from a small storage location available for
equipment).

Figure 2: Split mooring concept
Table 2: Beta Design Prototype I Specifications

Table 1: Local measurements next to Beach “Ventanas”
Concept
Wave height
Wave leght
Water depth (air-chamber 4)
Water depth (air- chamber 1)
Distance to shore

Concept
Overall length:
Max height:
Minimum height
Number
of
chambers:
Pipe diameter:
Total pipe length

Value
0.2 -0.6 m
80-130 m
17 m
4m
100 m

The length of the prototype has to be similar to a
wavelength. The site was chosen close to the shore, in
order to make this number as small as possible.
The prototype concept was initially conceived as
showed in Fig 2. The site information, the analytical
model and numerical simulations were used to define
its specific size and number.
After some calculus, handling and manufacturing
considerations, a configuration with 4 air-chambers
was chosen with the ability to operate with either two
or four air chambers as required.

Volume
of
contained air

Value
90 m
15 m
5m
air

max

Total weight
Nominal Wave height:
Nominal Wave period:
Max flow per chck
valve:
Nominal Power
Expected
induced
voltage
Turbine
Operation Modes

2.1 Mooring and Installation Concept
Installing a prototype in the ocean is a complex
activity which involves boats, lifts, divers, equipment
3

4
2 in
200 m
1,200lt
=
800lt
chambers + 400 lt
conduits
1,200 kg (mooring
included)
0.9 m
10s
18 lt/s
3W
4-5V
5 Blades
2 or 4 air chambers
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reach it and elevates it (during high waves) preventing
water intrusion to the conduits. It is supposed to be
down (opened) at all times while operating with normal
waves. There are two of these valves on each air
chamber.

LEDs
8
Pressure Sensors
6
DAQ*
1
Computer
1
Software Code
LabView
Air speed at turbine :
32m/s
Max power:
78W
Generator:
DC Motor 9 V
* Data Adquisition Card

3.

Ocean Tests

Three rounds of deployments at the ocean with a
scaled 1:4.5 prototype have been currently conducted.
They provided very valuable experience to be used for
design, construction and deployment of a larger 1:2
10kW prototype to be built and tested during the next
year. The objective of this 1:4.5 proto was to come up
with a design of a prototype which is representative of
the full size device, and at the same time easy to be
handled so it can be installed at the ocean. The scaled
prototype had to incorporate at least 3 air chambers, in
order to observe the flow interaction occurred when
more than 2 air chambers are in play. It was a final
objective of this prototype to serve as final proof of
concept, therefore, and important feature was to be able
to generate enough electricity to light a few LEDs. All
the former had to be achieved with short budget.

Figure 3: Throwing Air chamber (up left); Connecting sensor
hoses (up right); Under water handling for mooring air
chamber 1 (centre left); Diver getting ready (centre right);
Floating Control Board (electronics, turbine, generator
sensors, computer, LEDs) (bottom left) ; Installed UFCAP
WEC (bottom right).

3.1 Deployment I
The prototype was first installed during August
2010. Even though all installation runs smoothly, the
desired results (lighting the LEDs) did not take place
during this first deployment. Being the first try, it was
not a surprise that something did not work properly.
Conversely, the deployment gave many lessons learned
and insights to the technology mode of operation and
modes of failure which were very valuable to correct
the prototype for the next trials.
Even though it was possible to observe some aspect
of the device performance, such as mooring, fittings
and connections, handling, turbine, control board, airchambers, conduits, it was not possible to observe the
overall performance since the system did not generate
the expected energy. The reasons were not obvious, and
then could not be solved on time in order to be re-tested
during the same “Deployment I”. During the test it was
observed that air-chamber 1 was full of air while the
rest of the air chambers were empty. The air was
supposed to communicate from air-chamber 1 to the
rests. No pumping activity was observed. A few other
difficulties and leanings were observed which will be
address in the future. Nevertheless, the deployment as a
whole provided a huge know-how on several areas of
the project, including not only the prototype but also
installation and logistic.
The cause for the system to not pump air as expected
was that the floating valves remained closed at all
times. The floating valves included a floating element
(ball) which elevates (closed position) when water level

During the installation procedure, the air-chambers
are filled up with pressurized air. When the air was
injected into the “air-chamber 1”, the pressure gradient
exerted a force on the ball floating-valve (upward)
larger than its weight (downward) keeping the floating
valves closed from then. Instead being the 4 airchambers communicated, they were totally isolated
from each other. The impact was very high. The whole
system could not operate properly at all.
Some additional issues such as sensors not working,
broken conduits due to large stresses, rust and
corrosion on some elements, flood and salt impact on
generator, etc.
3.2 Modifications for Deployment II
Deployment II was held about a Month later (Sept
2010). The test run during 3 Days. During Day 1, the
mooring were installed. Day 2 was used for a first trial
run, however the ocean was completely calmed and no
waves were available for the tests. The whole prototype
(except mooring) was removed by the end of the day
for safety. An additional installation was made on Day
3 in order to re-test with a little bit better waves. They
were still not good enough, but at least allowed us to
observe some effects when larger waves came in.
During this second round, the floating valves were
removed, along with the following changes:
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1.

Nevertheless, Deployment I and Deployment II,
provided very important experience and information on
how the device must be built and managed. Trial in the
ocean gave us the opportunity to observe and learn
from variables such as weather, salinity, marine life,
visibility, and in general, all complications faced in real
conditions which are not possible to observe in the
laboratory.

Six additional check valves were added on the
manifolds to prevent back flow. This measure
was taken due to the numerical simulations
which indicated backflow presence. Calculated
air speed at turbine with back flow was about
4m/s while without was above 20m/s.

The weather turned from very aggressive and high
waves, on the preparative day, toward completely calm
with small waves during the tests days. Even though we
extended the test one day, and waves got better, they
reached in average only 40 cm. Due to all the logistic
and availability of resources it was not possible to
extend the test longer. Therefore, it is not possible to be
fully conclusive regarding the operation of the
prototype. Nevertheless, it provided us some direction
to continue optimization. An optimization of the
prototype is not easy to be made directly at the ocean
due to handling and uncontrolled variables. Given the
present field experience gained, further numerical work
and lab test are the logical next steps to continue
research.

Figure 4: Additional Check Valves Position

2.

3.
4.
5.

6.

7.

8.

Simplified Mooring. The plurality of sand
pockets each with an individual cord was
replaced by a single metal gasket filled with
sand costal. This process largely simplifies the
installation
and
removal
procedures.
Additionally, a single tether holds the airchamber conversely with 12 of them.
Additional sealing in the turbine region, due to
some leakage observed last time.
Venturi Tube reinforced and re-sealed.
Distance among air-chambers was changed from
27m to 20m. Distance was reduced to allow
larger waves without imposing a large stress on
the conduits. During first trial conduits were
broken due to large stresses on “air chamber 1”.
Floating valves were removed (they mainly
caused
mal-function
during
previous
deployment).
Extra small boat was used to manage control
board. This was found to be useful and habilitate
working in parallel.
Installation procedure (sequence and manage of
conduits, etc.) was optimized. The second trial
was way more efficient and fast.

The largest peak of induced voltage was 4 volt. That
is, LEDs were lighted, but only during these peaks.
3.4 Deployment III
The objective of Deployment III was to test
components individually, in order to provide further
information about the causes of poor performance of
the whole device during Deployment I and II. In other
words, deployment III is a diagnosis tool to explain
observed behavior. Therefore, it was a simpler
deployment since not the full UFCAP was deployed.
Dimensional aspect ratio (air-chamber-size over
conduit-diameter) was one of the possible causes of
malfunctioning according to deployment II partial
conclusions. Therefore, tests were held during
deployment III with a 200lt and 40lt air chambers and
the same conduit diameter in both of them.

3.3 Performance Deployment II
Deployment
II
tests
showed
unexpected
performance: some voltage was generated; the largest
for example was between 1-4 Volts during about 10
seconds. Even though some instability was expected
due to the prototype has 4 air chamber rather than 50,
this peaks are still insufficient to approve the test. The
reasons of this mal functioning are under
investigations.

Deployment III tests were defined based on
experimental data from deployment I and II, and
numerical analysis was held specifically for this test
run. Specifically, the impact of the dimensional ratio
between conduit diameter and air-chamber was studied.
Numerical simulations were carried on in order to help
such diagnosis, and also with the objective to fine tune
the definition of the tests which needed to be carried on
during the “Deployment III” experiments such as
conduit and air chamber sizes.

Water intrusion to the conduits is an undesired event.
However, this fact allowed the possibility to observe
water pumping activity, which is indeed positive
behavior of the device. The water reached our position
(about 0.8 m above water surface). This could not be
possible without some work provided for the system to
the water. Despite the induced voltage, or this water
pumping activity, the prototype still does not meet the
expected more uniform behavior.

Since submerged UFCAP concept (vs. superficial
concept) is a closed system, it is not possible to open it
and make the stand alone test in order to observe check
valve performance for example. Therefore, the stand
alone test was designed using the UFCAP components
to perform as an oscillating water column device. That
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is, on the surface, vs. underwater; single air chamber
vs. 4 air-chambers.

opportunity to observe and learn from variables such as
weather, salinity, marine life, visibility, and in general,
all complications faced in real conditions which are not
possible to observe in the laboratory.

The 200lt UFCAP air chamber, was prepared with
floaters around, in order to be able to remain floating,
while at the same time was moored to the ocean floor.
In this way, an oscillating water column device was
achieved.

Even though “Deployment I Test” did not generate
any electricity at all, it served as a base and an essay to
improve some features. Mooring design for example
was greatly improved resulting in a lot easier
installation for the crew and divers during Deployment
II. Many other features were modified after the
“Deployment I” test run such as improved sealing,
distance between air chambers, additional check valves,
installation procedure, additional boat to be used at
control board location, and removed floating valves.
Finally, it provided experience with regards corrosion,
turbine stacked due to salt water, generator
performance when flooded, and stressed zones on
conduits.

Figure 5: 200lt air-chamber before fixation (left) ; 40lt airchamber stand-alone test (right)

The test was designed as follows:

Deployment II produced a few voltage peaks which
lighted the LEDs. Even though some intermittency was
expected due to the fact that the prototype has only four
air-chambers, the peaks of induced voltage were rare
and short which is an unexpected and not wanted
performance.

Table 3: Test sequence during Deployment III
Operation
Test 200lt air chamber
without hoses
Connect Supply hose
Connect Control Board
Connect supply hose with
Venturi
Repeat all test with a 40lt
air chamber

To Observe
Performance of check valves
opening and closing
Hose friction effect
Turbine performance
Turbine
performance
and
venture sensors
Check valves; hose friction
effect; turbine performance;
Venturi sensors; wave sensors.

Deployment II evidence pointed toward the aspect
ratio (large air-chamber size compared to 50mm
diameter conduits) as the root cause of the rare induced
voltage peaks. However, further tests during
Deployment III discarded aspect ratio as the root cause
of such behaviour. The numerical simulations found no
significant change while using 50mm diameter
conduits or 7.8 times larger conduits. On the
experimental side, it was found also that current aspect
ratio between air chamber, and conduit diameters, was
good enough for our purposes.

Induced voltage measurements were in correct
agreement with wave height measurements.
Since the turbine was connected to a conduit with a
check valve, only the rising of the wave was actually
used to generate electricity. That is, in this test, which
objective was to evaluate components performance,
only half of the available energy on the waves was
used (Fig. 6).

Stand-alone tests during Deployment III, provided
very important information regarding the individual
performance of the components and showed the
reasons made the prototype collapse during deployment
II. These tests demonstrated that water intrusion into
the conduits sunk a region of the conduits and blocked
completely the free air-flow along all the conduits and
toward the turbine. Therefore, the voltage peaks
observed and recorded were produced during the short
periods of time when the conduits were manually
emptied for the “start” of the test, and the air chambers
were filled up with air. Afterwards, the different leaks
mainly at the “Y” connections let the water go rapidly
inside the conduit. Once a region of a conduit (0.5m
length and above) was filled with water, the whole
performance of the device was cut off. It can be said
that water intrusion due to leakage was the root cause
of poor performance of UFCAP during deployment II
run.

Figure 4: Electricity Generation with rising of Ocean Waves
and single air chamber (Using only half of the available
energy)

4.

Conclusions

Deployments at the ocean provided final evidence
for the “proof of concept” such as the observed
pumping activity or the generated voltage, as well as
very important experience and information on how the
device must be built and managed. They were an
6
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Deployment
III
showed
and
outstanding
performance of the check valves during tests with both
air-chambers, 40lt and 200lt. Outstanding performance
means that they open and close even at the minimum
wave height (as small as 0.15m), and that they do not
get stuck. Even with the small air-chamber which
moves less amount of air.

The last 3 field tests pointed out that the commercial
viability of the UFCAP concept will be determined by
the following two features: Tightness (to avoid
leakages) and Conduit cost (guided by its length).
The working principle, materials, and other advantages
mentioned on section 1, are simple characteristics
which are indeed an advantage. However, cost studies
at a deeper detail need still to be made. So far, it has
been found that large diameters pipes, of about 2m 3m, required for the central conduit segment, are
difficult to find and more expensive than previously
calculated. Studies regarding the minimum length of
the conduit system became more important will
determinant to select the appropriate scales where the
UFCAP concept is economically viable.

Deployment III also demonstrated some detrimental
influence from the Venturi Tube. Venturi tube has a 23
mm diameter small section from where the all the
airflow has to go through. This small section impacted
negatively on the performance efficiency of the device,
and will be addressed immediately; however it was not
the main cause as explained above.
Additionally, it was found that small radii elbows
along the conduit can also importantly detriment the
performance of the device when they are intense and/or
many. In this sense, large conduit aspect ratio (90m
length vs. 50mm diameter) was a negative influence
since it allowed high bending zones along the conduit.
The Prototype 1:4.5 consisted in a scaled down
prototype to be tested at the ocean. While it was
possible to select a site where wave heights were small,
it was not possible to “decrease” the wavelength.
Therefore, it was not possible to scale down the
prototype in all directions. It was necessary to scale
down the prototype in the vertical direction while
almost not scaling down in the horizontal direction at
all. Performance effects due to aspect ratio could not be
then quantified and also results cannot be simply
extrapolated to predict a full size device performance.
In order to predict accurately performance, a scaled
down prototype keeping a real aspect ratio should be
tested at a wave tank, and not at the ocean.
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