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ISWEC (Inertial Sea Wave Energy Converter) is a converter of
wave energy, which transforms the oscillation induced on the
buoy, into electrical energy, through gyroscope effects
produced by a rotating flywheel located inside it [10]. One of
the main advantages of the ISWEC compared to the already
existing WECs is that no moving mechanical parts are in
contact with sea water, because externally it is composed only
by the hull.

Abstract
The research activities described in the present work aims to
study the feasibility of using a gyroscope harvesting system,
like the one of ISWEC, on a specific sailboat. A hydrostatic and
a hydrodynamic analysis on the geometry of the sailing ship
hull checked its stability whether in stationary case or when the
boat is moving with different forward speed in a fixed sea state.
Then, critical issues of a gyroscopic system designed for the
ship dimensions were evaluated. In the end, a mathematical
expression of power losses that occur was defined for the
gyroscopic system with the variation of the scale factor.

The main advantages of the gyroscopic technology are the
possibility to tune the device on several sea state by varying the
gyro speed and control and the intrinsic reliability of the device
due to the all-enclosed architecture with no moving parts
exposed to the sea environment.

INTRODUCTION

The research activities described in the present work aims to
study the feasibility of using a gyroscope harvesting system,
like the one of ISWEC, on a specific sailboat.

Modern research on Wave Energy started in the 70’s in Europe
and with a particular effort on the last decade [1-4]. At the time
of writing, the interest of Countries is still high, with
considerable public funding to help the sector to reach its
maturity with the development of cost effective, reliable wave
energy WEC (Wave Energy Converter) [5-6].

ANALYSIS OF THE HULL
Fluid dynamics phenomena are known to be particularly
difficult to analyze both from the analytical and numerical point
of view. Generally, there is no analytical formulation for the
description of motion and the system is described using finite
elements.

The interest in wave energy as a source of renewable energy is
growing worldwide. This growing interest has led, over the past
ten years, to investments in analysis of the sea state on the
world’s coastlines. An example of that is given in the
quantification of the availability of energy from wave motion
on a European scale that has been assessed in WERATLAS[7].
As a part of this project offshore wave energy statistic have
been developed. The main data sources are the forecasts made
with the mathematical model WAM and satellite altimetry data
from ECMWF. A similar project named ONDATLAS was
developed [8]. Today, the attention of the scientific community,
is also focused on the development of protocols for the
evaluation of the efficiency of the WECS and the potential of
coastal sites.

In the case of a floating device, the motions of the hull can be
evaluated through a integro-differential linear equation, called
Cummins equation [11].
The coefficients of the equation are calculated by a software
such as ANSYS AQWA or WAMIT; the calculation method is
based on the linear potential flow theory and the panel method
[12], [13]. The theory assumes that the flow is irrotational and
inviscid and the fluid is incompressible. This assumption are
acceptable since the fluid velocities are low and the surface
tension is negligible. Furthermore, the linear theory is accurate
when the wave height is small with respect to the wavelength
and the water depth [14].

Wave energy, also known as oceanic energy or marine wave
energy, is energy that is exploited by ocean or sea waves [9].
When the wind blows on the surface of the sea, it transfers
energy to the waves. The energy emitted is measured by the
velocity of the wave, the height of the wave, the wavelength
and the density of the water. The vertical movement of surface
ocean waves is made up of a lot of kinetic energy that is
accumulated by wave energy technologies to perform useful
tasks, for example, electricity generation, desalination of water
and pumping of water in tanks. The power of these waves can
then be exploited by a wave energy converter (WEC).

The 6 DOF equation of motion of a rigid floating marine
structure with zero forward speed can be written in time domain
under the assumption of linear phenomena, according to the
decomposition reported in the next equation, developed by
Cummins.
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Here 𝜁0 is the wave amplitude.
If we assume
(1)

𝑋 = 𝑋0 𝑒 𝑖𝜔𝑡

𝑡

(𝑴 + 𝐀(∞))𝑋̈ + ∫ 𝒉𝒓 (𝑡 − 𝑡 ′ )𝑋̇𝑑𝑡′ + 𝑲𝑋 = 𝑭𝒘 (𝜔)

(6)

Is possible to derive
(2)

−(𝑀 + 𝐴(𝜔))𝜔2 𝑋0 𝑒 𝑖𝜔𝑡 + 𝑖𝜔𝐵(𝜔)𝑋0 𝑒 𝑖𝜔𝑡 + 𝐾𝐻 𝑋0 𝑒 𝑖𝜔𝑡 = 𝐹0 𝑒 𝑖𝜔𝑡

0

Where:

(7)

-

𝑴: mass matrix of the floating body;

And we obtain

-

𝑲: hydrostatic stiffness matrix;

𝑅𝐴𝑂(𝜔) =

-

𝑨∞ : constant positive definite added inertia matrix for
infinite frequency;

-

𝒉𝒓 : impulse response functions of the radiation forces;

-

𝑭𝒘 (𝜔): wave force.

Buoyancy Forces;



Hydrostatic Forces;



Radiation Forces;



Drag Forces;

𝑅𝐴𝑂 =

𝑋0

(9)

𝜁0

Therefore, RAO is a transfer function that is only defined when
the ship motions can be assumed to be linear.

Corrections for small forward speed
Using a reference frame moving with the forward speed of a
structure, the coordinate of a point in this reference frame
satisfies [15]
⃗⃗𝑡 + 𝑥⃗
𝑋⃗ = 𝑈


Excitation Forces : sum of Froude – Krylov and
diffraction forces.

(10)

Where:

In the fixed reference axes (FRA), the water surface elevation
at position X and Y can be expressed in complex value form as
𝜁 = 𝑎𝑤 𝑒 𝑖[−𝜔𝑡+𝑘(𝑋𝑐𝑜𝑠𝜒+𝑌𝑠𝑒𝑛𝜒)+𝛼]

⃗⃗ = (𝑈1 , 𝑈2 , 0) is the forward speed of the structure
•
𝑈
with respect to the fixed reference axes (FRA),

(3)

•

Where:

𝑋⃗ is the coordinate of the point with respect to the

FRA,

•

𝑎𝑤 is the wave amplitude;

•

𝜔 is the wave frequency in [rad/s];

•

𝑘 = 2𝜋/𝜆 is the wave number;

•

𝜙(𝑋⃗, 𝑡) = 𝑎𝑤 𝜑(𝑥⃗)𝑒 −𝑖𝜔𝑡

𝜒 is the wave propagation direction;

Where the encounter frequency can be given as

•

𝛼 is the wave phase;

•

𝑥⃗ is the coordinate of the point with respect to the
moving reference frame. The total unsteady fluid potential
varies with the encounter frequency:

𝜔𝑒 = 𝜔 −

Since fluid is ideal and irrotational, the flow can be represented
by a velocity potential satisfying the Laplace equation in the
whole fluid domain. In finite depth water the velocity potential
at the location 𝑋⃗ = (𝑋, 𝑌, 𝑍) is
𝑖𝑔𝑎𝑤 cosh[𝑘(𝑍+𝑑)]
𝜔cosh(𝑘𝑑)

𝑒 𝑖[−𝜔𝑡+𝑘(𝑋𝑐𝑜𝑠𝜒+𝑌𝑠𝑒𝑛𝜒)+𝛼]

•

𝑔

𝑐𝑜𝑠𝛽

(12)

⃗⃗|
𝑈 = |𝑈

•

𝛽 is the heading angle between the vessel forward
speed and wave propagation direction.

(4)

In this moving reference frame the linear free surface equation
is satisfied like:

Where d is water depth and g is gravitational acceleration.

⃗⃗ ∙ ∇)2 𝜑 + 𝑔
(−𝑖𝜔𝑒 + 𝑈

The above forces (hydrodynamic, inertial, damping, Froude –
Krylov, diffraction forces) can be assembled in the equation
(2), where 𝑭𝒘 (𝜔) is the harmonic excitation force proportional
to the incident wave [16]
𝜁 = 𝜁0 𝑒 𝑖𝜔𝑡

𝜔2 𝑈

(11)

Where

𝜙1 (𝑋⃗, 𝑡) = 𝜑1 (𝑋⃗)𝑒 −𝑖𝜔𝑡 =
−

(8)

The amplitude of the RAO represents the motion amplitude per
unit wave amplitude

The Forces 𝑭𝒘 acting on the hull and related to the waves can
be so distinguished:


𝐹0
𝐾𝐻 −(𝑀+𝐴(𝜔)𝜔2 +𝑖𝜔𝐵(𝜔)

(5)
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Fineness Coefficient of the floating section is the relationship
between the area of the floating figure and the rectangle
circumscribed in it:

Characteristics of the hull

𝐶𝑤𝑙 =

𝐴𝑤
= 0,67
𝐵𝑤𝑙 𝐿𝑤𝑙

Where:

•

𝐴𝑤 = 25,5𝑚2

•

𝐵𝑤𝑙 = 3,19𝑚

•

𝐿𝑤𝑙 = 12𝑚

Figure 1: Hull of the sailboat

The main characteristics are:
Mass
Length
Width

Figure 3: Floating section of the hull

4500 kg
12 m
3,2 m

Fineness Coefficient of longitudinal section is the ratio
between the area of the longitudinal figure and the rectangle in
it circumscribed:

In order to better understand the geometry of the sailing ship it
is good to define the fineness coefficients that can be used in
the design phase. In the next followings the fineness
coefficients have been calculated.

𝐶𝑙𝑝 =
Where:

Fineness Coefficient of the transversal section is obtained by
the value of transversal section dived by the area of the
rectangle circumscribed:
𝐶𝑀 =

𝐴𝑙𝑝
= 0,13
𝑇𝐿𝑤𝑙

𝐴𝑙𝑝 = 4,72𝑚2

𝐴𝑀
= 0,1
𝐵𝑀 𝑇𝑀

Where:

•

𝐴𝑀 = 0.82𝑚2 ;

•

𝐵𝑀 = 𝑇𝑀 = 3𝑚;

Figure 4: Longitudinal section of the hull

Approximate calculation of moments of inertia
When the longitudinal mass distribution is unknown, an
approximate method based on
Pavlenko’s formula has been used to calculate the longitudinal
moment of inertia:
𝐼𝑦𝑦 = 0.065𝐶𝑤𝑙 𝑀𝐿2 = 28220𝑘𝑔𝑚2
Where:

Figure 2: Transversal section of the hull

•

M is the mass of the hull;

•

L is the length of the hull;

•

𝐶𝑤𝑙 is the fineness coefficient of the floating section;

While for the calculation of 𝐼𝑥𝑥 we have used the empiric
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formula:
𝐼𝑥𝑥 =

2
𝑘𝑥𝑥
𝑀

= 7326𝑘𝑔𝑚

When the body rotates, for small degrees, is possible to
approximate the curve from B to B1 as a circumference with the
centre of curvature in M. In order to have the stable equilibrium
M must stay over G and higher is the distance between them (r)
higher is the righting momentum. Therefore, it is possible to
write:

2

Where:

• 𝑘𝑥𝑥 = 0,4𝐵, approximation of the radius of the inertia;
The moment of inertia along z axis 𝐼𝑧𝑧 is assumed equal to 𝐼𝑦𝑦 .

𝑀𝑅 = ∆ ∙ 𝑏 = ∆ ∙ ̅̅̅̅
𝐺𝐻 = ∆ ∙ ̅̅̅̅
𝐺𝐻 𝑠𝑒𝑛𝛼 = ∆ ∙ (𝑟 − 𝑎)𝑠𝑒𝑛𝛼
Where ∆= 𝑉𝜌𝑔 (V is the portion of the hull under the water
plane and ρ=1025 kg/m3). Therefore higher is the value (𝑟 −
𝑎) higher will be the righting momentum.

Hydrostatic analysis
The stability of a body depends on two main aspects:


The position of the centre of gravity



The shape of the body.

If the body starts to rotate, due to an external force, the centre
of buoyancy (point B) changes its position. The shift of point B
depends on the shape of the hull and the relative position
between the centre of gravity G and B determines the type of
equilibrium: stable (figure 5, a), neutral (figure 5, b), unstable
equilibrium (figure 5, c).

Figure 6: Relation between B, G, M

The stabilization diagram represents the momentum in function
of the rotation angle α computed by the previous equation.
There are two equilibrium position, at α = 0 and at α = αc in
which there is the statical overturning. Instead for α > αc the
momentum becomes negative.

Figure 5: Stable, neutal, unstable equilibrium
If the equilibrium is stable the moment is righting but if the
equilibrium is unstable the moment is heeling.

Stabilization curve
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From the graph we can see that after α = 23° the momentum is
negative, we must avoid this condition.

Hydrodynamic analysis
In this analysis the hull was studied using a regular wave of
amplitude 1 m and the period has changed from 2s to 12s.
Two tests were carried out with ANSYS AQWA, one with an
incident wave in the longitudinal direction with respect to the
hull and another in a transversal direction. The individual tests
were carried out with different forward speed values.

Longitudinal incident wave: results

Figure 10: Froude - Krylov and Diffraction forces in pitching
degree

Figure 8: Added mass in pitching degree

Figure 11: RAO in pitching motion

Figure 9: Damping in pitching degree
Figure 12: RAO in roll motion
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we would have in still water (increase of the forces of Froude Krilov).

Considerations
The added mass can be seen as the added mass of water, which
is carried by the hull in its motion. Instead, damping
corresponds to the energy that is sent in the far field (radiated
energy). These two contributions make up the radiation force.
They are constituted by two matrices 6x6 where on the
diagonals there are the calculated elements by ANSYS AQWA,
for each translations (surge, sway, heave) and rotations (roll,
pitch, yaw). Since we are considering an incident longitudinal
wave to the hull, we will analyse the pitching degree of freedom
so we will take account only the 𝐴55 coefficient of the added
mass matrix and 𝐵55 coefficient of damping matrix.

Then analysing the graph of the RAO (in pitching motion),
figure 11, we can observe that as the forward speed increases,
the RAO tends asymptotically (for high wave periods) to higher
values. The relative speed between wet vehicle and water
increases with increasing forward speed. Then positioning on
the hull reference system, the wave period decreases because
the hull is moving forward. Consequently, since the wave
period becomes smaller, the value of the RAO will be greater
(because for smaller wave periods we get closer to the value of
the resonance frequency) to large values of periods of the
incident wave. Generally the RAO may have a peak
corresponding to an intermediate wave period due to the low
damping factor [2]. On the other hand, the RAO graph in roll
motion, in figure 12, shows a wave peak with a shorter period,
precisely at 1.5s. This respects the empirical law that suggest
us that the length of the hull must be almost 1/3 of . In this
case, we are considering the transversal length of the vessel that
is smaller than the longitudinal length so the hull reaches the
resonance frequency to smaller periods of the wave.

Another important premise that must be made is that these tests
are carried out with different forward speed of the hull and
since the numerical evaluation of the translating – pulsating
Green’s function is very time consuming, the experience
suggest us to maintain a value of Froude number <0,3. From
this observation, applying the inverse formula:
𝑣 = 𝐹𝑛 √𝑔𝐿
Where:

•

Fn is the Froude number = 0.3

•

g is the gravitational acceleration

•

L is the length of the hull

GYROSCOPE SYSTEM
The figure below shows the three main components of the
gyroscopic system: the flywheel (red), the gyro – structure
(blue), the PTO (green). To describe the system dynamics three
reference frames have to be introduced:

Is possible to obtain the maximum velocity (3,6 m/s) beyond
which the results could present some errors.
Analysing the graph of the added mass, 𝐴55 , we can see that
with waves characterized by a relatively small period (until 4.2
s) the effect of the change in the forward speed is indifferent
because, as we can see, the value of added mass is almost
constant. Instead with waves characterized by a higher period
(over 4.2 s) the forward speed of the hull has an increasingly
incisive value. This is closely linked to the concept of
hydrodynamic resistance. We get the maximum added mass
value with the maximum forward speed (8 m/s) because higher
is the hull’s speed, higher would be the hydrodynamic
resistance and so, consequently, the adhesion condition of the
fluid particles on the hull will be more incisive (i.e. the hull will
carry with itself more mass).

•

The fixed reference axes (FRA) is the inertial one and its
axes are x0, y0, z0.

•

The hull – fixed coordinate system (LSA) is composed by
x1, y1, z1.

•

The gyroscope structure fixed coordinate system (GSA) is
composed by x2, y2, z2.

Then analysing the radiation damping graph,𝐵55 , we can see
that as the incident wave and the forward speed of the hull
increase, the radiation damping assumes higher and higher
values. This means that the relative speed between wet body
and water is high; consequently, there is a strong dissipation of
energy because the hull cannot follow perfectly the path of the
wave.
From the graph, we can see that the effect of forward speed on
the excitation forces is indifferent because all the curves
maintain almost the same values and trends. A peak is recorded
at about 3.5 s of period, at the same point where the RAO is
maximum. This means that the rotations of the hull around the
y-axis (pitch) are elevated as a consequence higher will be the
generation of diffracted waves that run off from the hull to the
far field (increase in diffraction forces). Furthermore, this wave
motion generates a greater hydrostatic pressure than that which

Figure 13: Gyroscope system reference frame.
The combination of the pitch speed 𝛿̇ with the flywheel speed
𝜑̇ about the 𝑧2 axis generates a gyroscope torque 𝑇𝜀 around the
𝑥2 ≡ 𝑥1 axis, which can be exploited by the PTO for power
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The fluid – dynamic losses arise from the interaction between
the flywheel surface and air. These power losses depending on
both the fluid speed regime (laminar or turbulent) and the
spaces between the flywheel and the vacuum chamber. In the
vacuum chamber there are two meatus (figure) identified as -sand -m- the interaction between the air that fills these meatus
and the flywheel surface leads to two different power losses
contributes[18]:

conversion. So that the gyroscopic moment is given by the
cross product of the pitch speed 𝛿̇ along 𝑦1 by the flywheel
angular momentum L along 𝑧2 thus the resulting torque is 𝑇𝜀
along the 𝑥1 axis
⃗⃗⃗⃗⃗2
𝑇𝜀 𝑖⃗⃗⃗2⃗ = 𝛿̇ 𝑗⃗⃗⃗2 × 𝐿𝑘
The choice of the vacuum system have a justified reason: the
viscous forces acting on the surface of the flywheel depend on
the rotation speed and pressure around the flywheel. For the
ISWEC system it was estimated that reducing the value from 1
bar to 0.01 bar the aerodynamic drag force is reduced of 80 –
90%. The graph evidences the magnitude of the power losses
due to the aerodynamic viscous forces depending on different
value of internal chamber pressure.

𝑃𝑣 = 𝑃𝑣,𝑙𝑎𝑡𝑒𝑟𝑎𝑙 + 𝑃𝑣,𝑑𝑖𝑠𝑘
Where:

•

𝑃𝑣,𝑙𝑎𝑡𝑒𝑟𝑎𝑙 refers to the lateral meatus (m);

•

𝑃𝑣,𝑑𝑖𝑠𝑘 refers to the top and bottom meatus (s)

Figure 14: Aerodynamic drag actingon the ISWEC flywheel
as a function of the chamber pressure

Figure 15: Flywheel and vacuum chamber scheme

Adjustment of the flywheel angular velocity with respect to the
sea state is another a very important factor that affects the
productivity of the system. This is demonstrated by the
following graph, which is referred to the ISWEC system, from
which emerges that keeping a constant speed of the rotating
disk will produce an annual production of electricity lower than
that considered with an adaptation of the angular velocity of the
flywheel [17].

Starting from the lateral meatus, the mathematical expression
of 𝑃𝑣,𝑙𝑎𝑡𝑒𝑟𝑎𝑙 is:
1

𝑃𝑣,𝑙𝑎𝑡𝑒𝑟𝑎𝑙 = 𝐶𝑀 ∙ 𝜋 ∙ 𝜌𝑎𝑖𝑟 ∙ 𝜑̇ 3 ∙ 𝑅14 ∙ 𝐻
2

(16)

Where:

•
•
•
•

Power losses on the gyroscopic system

𝐶𝑀 is the torque coefficient;
𝜑̇ is the flywheel speed;
𝑅1 is the external diameter of the flywheel;

is the height of the flywheel;
For what concern the top and bottom meatus, the power loss
carried by the air friction on the top and bottom surfaces of the
flywheel can be determined as follow:

When scaling a system, productivity and the respective power
losses vary with the scale factor. In this paragraph a
mathematical formulation has been reported that allows us to
calculate the power losses based on the scale factor that has
been used.

1

𝑃𝑣,𝑑𝑖𝑠𝑘 = 2 ∙ ( ∙ 𝐶𝑀 ∙ 𝜋 ∙ 𝜌𝑎𝑖𝑟 ∙ 𝜑̇ 3 ∙ 𝑅15 )
2

The mechanical power losses on the flywheel spinning axis can
be identified as follow[18]:
𝑃𝑙𝑜𝑠𝑠𝑒𝑠 = 𝑃𝑣 + 𝑃𝑏𝑒𝑎𝑟 + 𝑃𝑠𝑒𝑎𝑙

(15)

(17)

Both these expressions depend on the Reynolds number of the
speed regime.

(14)

The mathematical expressions of power losses carried by the
air inside the vacuum chamber depend on several parameters
such as geometrical features (𝑅1 ,m,H), flywheel speed and air
thermodynamic conditions (𝜌𝑎𝑖𝑟 , 𝜇𝑎𝑖𝑟 ). Each of these terms
have a different influence on 𝑃𝑣 : taking into account the most
important contributes on power losses, it is possible to design
both the flywheel and vacuum chamber in order to avoid high

Where:
• 𝑃𝑣 are the power losses due to the aerodynamics forces;
• 𝑃𝑏𝑒𝑎𝑟 are the power losses carried by the flywheel roller
bearings;
• 𝑃𝑠𝑒𝑎𝑙 are the power losses provided by seals friction forces.
Fluid – dynamic power losses

9184

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 11 (2018) pp.
© Research India Publications. http://www.ripublication.com
dissipations. More in details, the influence of the flywheel
speed depends on the speed regime: passing from a low
turbulent speed regime to a high turbulent speed regime results
in a higher exponent on the flywheel speed for both 𝑃𝑣,𝑙𝑎𝑡𝑒𝑟𝑎𝑙
and 𝑃𝑣,𝑑𝑖𝑠𝑘 [18].

Bearing power losses
Once calculated the forces acting on bearings, the mathematical
expression of the power losses for both axial and radial loads
can be determined according to the simplified SKF friction
moment formulation:
1

1

𝑃𝑏𝑒𝑎𝑟,𝑟𝑎𝑑 = 𝜇𝑏𝑒𝑎𝑟 ∙ 𝐹𝑟𝑎𝑑 ∙ 𝑑𝑏𝑒𝑎𝑟 ∙ 𝜑̇ = 𝜇𝑏𝑒𝑎𝑟 𝐽 ∙ 𝜑̇ ∙ 𝜑̇ ∙ 𝜀̇ ∙
2
2𝐿
𝑑𝑏𝑒𝑎𝑟
(18)
𝑃𝑏𝑒𝑎𝑟,𝑎𝑥 = 𝑔 ∙ 𝜇𝑏𝑒𝑎𝑟 𝑚𝑣 ∙ 𝑑𝑏𝑒𝑎𝑟 ∙ 𝜑̇

(19)
Figure 16: Friction force on seal surface in function of
pressure difference on it

The radial power losses depend both on the flywheel rotational
speed and flywheel inertia and thus on the angular momentum
( 𝐿 = 𝐽 ∙ 𝜑̇ ). On the other hand, the axial power losses depend
only on the flywheel speed and flywheel mass. It has been
demonstrated that the higher contribute of the power losses
provided by bearing is given by the radial forces, so the
gyroscopic reaction on the flywheel shaft 𝑇𝜆 , should be limited
acting on the flywheel inertia or on its speed[18].

Substituting the equation (21) in (20) the mathematical
expression of the seal power losses becomes[18]:
𝜋
2
∙ 𝜑̇
𝑃𝑠𝑒𝑎𝑙 = (67 + 201.3∆𝑝0.6 ) ∙ 𝑑𝑠𝑒𝑎𝑙
2

Seal power losses

Referring to the relations above defined the appropriate power
losses scale factors have been obtained. Froude theory has been
used for scaling.

The last source of power losses is due to the seals: in order to
maintain the vacuum insiede the flywheel chamber and to
prevent oil leakages, two seals are used. The mathematical
relation of the seals power loss is:
𝑃𝑠𝑒𝑎𝑙 = 𝐹𝑟 ∙ 𝜋 ∙

2
𝑑𝑠𝑒𝑎𝑙

2

∙ 𝜑̇

It is worth pointing out that almost all the exponents of the
power losses scale factors are smaller than the scale factor of
7

the extracted power (𝜆2 ). This allows concluding that the power
losses grow with a smaller rate that the extracted power, as the
scale factor increases.

(20)

Where:
Trends of scaled power losses

• 𝐹𝑟 is the friction force per unit of length on the surface
• 𝑑𝑠𝑒𝑎𝑙 is the seal diameter.

A numerical example aims to quantify the power losses with
respect to the extracted power of the device and to evaluate the
effect of the scale factor on the system efficiency.

Taking into account the 𝐹𝑟 , it depends on the pressure
difference between the air inside and outside the chamber and
on the seal material. The graph below shows the friction force
of the seals of the ISWEC full – scale. Interpolating the red
curve selecting a proper number of points allows obtaining the
mathematical expression of the friction force:

The kinematic parameter has been defined, considering the
experimental hull and gyroscope speed in correspondence of a
wave having energetic period equal to 5s and a significant
height equal to 1.14m, as well as the flywheel spinning velocity
(full – scale device experimental data acquired on 7 October
2015)[18]:

contact between the seal and the flywheel shaft;

𝐹𝑟 = 67

𝑁
𝑚

+ 201.3

𝑁
𝑚∙𝑀𝑃𝑎0.6

∙ ∆𝑝0.6

(21)

From the graph, we can see that the power losses decrease with
a reducing scale of the model. The important losses on the
flywheel shaft are carried by the seal, followed by the radial
bearing losses and fluid – dynamics losses and then by the axial
bearing losses [18].
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constraints (external diameter of the flywheel, flywheel height,
inter-axis between the bearings), because precisely these
contribute to an increase in angular momentum, hence in the
productivity of the system.
The study shows that, from an analytical point of view the
speed and the external radius of the flywheel play an important
role in the flywheel power losses magnitude. More in details,
the flywheel speed appears in all the relations of the power
losses representing the most important contributions to the
dissipated power. Thus, one of the main steps in design process
of a gyroscopic system is the choice of the angular momentum
(𝐿 = 𝐽 ∙ 𝜑̇ ) that is the physical quantity involved into the power
extraction: make a correct balance between the flywheel inertia
(J) and the flywheel speed (𝜑̇ ) will allow limiting the power
losses.
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