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ABSTRACT 

 
 Fluid Structure Interaction (FSI) methods are still elite and barely diffused in yacht engineering, 
mainly because of the specific knowledge required to treat these problems and often because of 
the important computational burden they required to be studied: the diffusion of simplified 
methods should be promoted, providing practical guidelines for FSI integration in traditional 
sailing yacht engineering. 
 The main aim of this thesis is to give a contribution to the development of design strategies 
which allow and simplify the prevision of fluid-structure interaction phenomena in sailing yacht 
appendages. 
 The author proposes a Design Strategy to solve a hydro-elastic problem on a hydrofoil, based on 
the simultaneous implementation of three main approaches: analytical methods, numerical 
computation and experimental campaigns. 
Special interest is given to the application of the proposed strategy for the prevision of a 
specific hydro-elastic instability: the phenomenon of flutter on hydrofoils. 
 The main tool implemented to analytically predict the flutter condition, discussed in Part A of 
this thesis, is Theodorsen theory: this model can be considered semi-analytical since its 
analytical implementation requires the use of a CAD (Computer Aided Design) software for 
structure geometrical modelling and mass properties calculation, and Finite Element (FE) models 
to compute the pure natural frequencies of vibration of the structure. Since the flutter limit 
speed is strongly dependent on these variables, the FE models needed to be validated against 
experimental model assessment tests, based on static and dynamic dry testing. Simultaneously, 
the flutter speed was experimentally measured in INM-CNR (Institute of Marine Engineering) 
towing tank in Rome. 
 The experimental campaign, aimed to encounter the flutter phenomenon, allows validating 
both analytical and numerical approaches: the condition of instability encountered 
experimentally is compared against the flutter limit computed with Theodorsen theory 
outcomes; FSI numerical simulations are not discussed within this thesis, but the presented 
experimental findings are clearly addressed to be compared with future numerical simulations 
outcomes. 
In order to develop and to present the Design Strategy here proposed, a pilot case is needed. 
The design process of the hydrofoil pilot case, discussed in the main body of this thesis, is aimed 
to find the optimised combination of structural parameters, in order to meet facilities speed 
range, construction issues and Theodorsen approach application field. The hydrofoil pilot case is 
conceived to encounter flutter at a speed compatible with the range of velocity imposed by the 
water tank facilities. 
The thesis is divided in four parts: the Main body is introduced by a wide literature review 
intended to build a theoretical base for fluid-structure interaction problem solving. Within the 
Main body, the pilot case design and construction processes are described, the structure of the 
Design Strategy is presented, and a results comparison is investigated. 
Part A, B and C report the three main pillar of the Design Strategy: respectively analytical 
methods, experimental campaign and numerical FSI simulations. 
Within these parts, the author described the proposed methods, the used tools, and the 
obtained results. 
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MAIN BODY 

  INTRODUCTION 1.

In the last decades the development of new technologies, the extensive use of exotic materials 
and last generation design approaches, led to nowadays flying boats. The significant increase in 
sailing speeds, mainly due to boat lightness and modern underwater appendages, led yacht 
engineering to face new challenges in structural design due to hydro elastic instabilities 
resulting from the interaction of a light and relatively flexible structure with the surrounding 
fluid flow at high speed. To understand this reality, let us thinking that modern hydrofoils are 
designed to generate forces sufficient to raise the whole hull and its crew out of the water: it is 
then clear that the acting loads in the structure of a boat are then nowadays completely 
revolutionised with respect to the traditional approach of naval architects. 
One hundred years ago, foiling boats did not exist yet and up to thirty years ago, keels had the 
double role of lift generation and stability improvement. In the last decades, canting keels have 
been introduced in high performance sailing boats, increasing drastically the sail carrying 
capabilities, thus the power of propulsion, of the hulls: the counterpart of this gain in stability is 
the fact that, as the keel is canted, its lifting surface is reduced and therefore its anti-leeway 
role decreases. This was the first step toward a new concept: keels became ballast-carrier 
beams and additional underwater appendages appeared to generate the needed hydrodynamic 
forces. In very last generation racing boats, keel disappeared and light hydrofoils became the 
sole responsible for the complex equilibrium of the boat: in this type of boats, even the hull has 
lost its hydrodynamic role, since it is designed to emerge while sailing.  
However, let us going back to the genesis of foiling. The very first time a sailing boat was known 
to foil out of the water, was in 1938, when the aeronautical research engineer, head of NASA's 
Manned Space Programs, Robert Gilruth, designed, built and sailed Catafoil I, a 12-feet sailing 
catamaran with hydrofoils, in Virginia waters. Few years later, in 1955, Gordon Baker designed 
the monohull Monitor, which was said to be able to reach a speed of more than 30 knots, thanks 
to its innovative foils. In the second half of the twentieth century, the idea of fast sailing 
became more common, and different speed records were fixed, thanks to the spread of 
different innovative foiling solutions. In the 70es the foiling catamaran Mayfly participated to 
the Weymouth Speed Week and fixed the world record for an A class, reaching 23 knots in 1977. 
In 1980, the sailor Eric Tabarly, who already made flying a modified Tornado few years before, 
sailed across the Atlantic with its foiling trimaran conceived by his genius and experienced mind 
and designed thanks to the collaboration with Alain De Bergh. With that boat, first offshore 
sailing craft of the history, Tabarly beat the record of Atlantic sailing crossing, hold by Charlie 
Barr since 75 years. In 1994, the trimaran Hydroptère was launched: 18 m long, 24.5 m large and 
fully built in carbon fibre sandwich, it was designed and built to be the fastest sailing vessel in 
the world, as a result of a collaboration between several french naval architects. Ten years after 
its launching, this pioneering vessel started to beat records: during this period, the boat has 
been tested, broken and revised, dealing with several issues due to its size, the lightness of the 
structure and the high speed. This is the prove that at the time of the launching, naval 
architects still had limited tools to predict and calculate the structural and hydrodynamic issues 
involved at high speed, and most of the solutions relied on the experimental approach more 
than sophisticated scientific approaches.  In 2008 Hydroptère was the first sailing boat to reach 
and exceed the speed of 50 knots. In the last twenty years, the development of the informatics 
and the knowledge about exotic materials allowed this field of the engineering to experience a 
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steep progress and foiling boats are nowadays designed, built and sailed at a stunning rhythm. In 
this thesis, special attention is given to the phenomenon of flutter, which interested 
aeronautical engineers since the beginning of 20th century, but appeared in sailing yacht 
appendages only few years ago, when light composite laminates took the place of the isotropic 
steel for ballasted keel construction.  
The phenomenon of flutter can be defined as an unstable condition, reached at a specific speed, 
at which the total damping of the system vanishes and the amplitude of the structure oscillation 
may indefinitely grow under linear restoring forces. In other words, the flutter can be seen as a 
condition where the structure starts to draw energy from the flow because of a specific coupling 
between the natural modes of the structure and the fluid. The occurrence of flutter 
phenomenon is strongly affected by the mass ratio µ of the system, which is the ratio between 
structure and fluid densities, representing fluid and solid inertial effects affecting the fluid-
structure interaction. A wing structure has typically a high µ in air, while a hydrofoil is an 
example of low µ system. The phenomenon of flutter was recognised aboard sailing boats for the 
first time in 2004, when two Imoca 60 had serious structural issues when sailing at high speeds. 
It should also be considered that fluid-elastic instabilities started to interest the nautical field 
with a large delay since yacht appendages, apart from propeller blades, traditionally operate at 
relatively low speed, out of the exception of commercial and military high speed motor boats. 
At the same time, the delay is explained also considering that studying fluid-structure 
interaction phenomena becomes a more complicated issue when considering a heavy, viscous 
fluid as the water, and more sophisticated models are needed.  
Still today fluid-structure interaction methods are elite and barely diffused in yacht engineering, 
mainly because of the specific knowledge required to treat these problems and often because of 
the important computational burden they required to be studied: the diffusion of simplified 
methods should be promoted, providing practical guidelines for FSI integration in traditional 
sailing yacht engineering. For this reason the author is working on the formulation of a Design-

stage-adapted Strategy, which organises a series of selected methods to solve different hydro 
elastic problems by means of the mutual interaction of analytical, experimental and numerical 
approaches, as better discussed in Section 3. The present thesis represents a preliminary 
example of a particular application of this procedure to the prediction of flutter phenomenon. 
The general aim of this thesis is therefore to give a contribution to the development of design 
strategies which allow and simplify the analytical, numerical and experimental treatment of 
fluid-structure interaction phenomena in sailing yacht appendages, focusing on flutter 
phenomenon. 
For the specific issue of treating the flutter occurrence on a foil, the Design Strategy links the 
application of Theodorsen theory to a specific pilot case, used to analytically predict the flutter 
condition, and supported by Finite Element Method (FEM) computational of a corresponding 
reduced order model, to the outcomes of in-water experimental testing aimed to study the 
phenomenon of flutter. 
The structure of this thesis intentionally recall that of the Design Strategy, being organised  in a 
Main body, and three parts, Parts A, B and C which can be seen as appendages of the Main body, 

treating respectively the analytical, experimental and numerical approaches to the phenomenon 
of flutter. (Refers to the scheme in Fig. 1 for thesis structure) 
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In the Main body, first of all a literature review is reported, aimed to present the theoretical 
subject at the base of the present work, and to analyse past experimental campaigns. The pilot 
case is introduced, giving details of its design requirements, of the design procedure followed to 
reach an optimised combination of physical parameters, and of the construction process led by 
the author herself. The design procedure saw the concurrent application of analytical 
Theodorsen theory, described in Part A of this thesis, needed to design a model which would be 
prone to flutter within towing facility limit speed, experimental dry testing, aimed to 
characterise the structure from a static and dynamic point of view, and numerical FEM 
computational of a series of reduce order models, needed to calculate the natural uncoupled 
frequencies of the hydrofoil. These FE models have been validated against dry experimental 
testing, and they will represent the solid part of FSI simulations on which the author will keep 
working apart of this thesis. Finally, the Main body is closed with a comparison of the results 
presented in Part A and Part B, obtained respectively by means of the analytical and 
experimental methods. No numerical results are available yet in terms of flutter simulations: for 
this reason they do not appear in this closure section but the author made reference to them in 
the context of results comparison, highlighting that their computation is contemplated and work 
in progress, and that they will represent a very important third proof of the already found 
results. In the last section of the Main body, the author formulated the general conclusion of the 
whole thesis, highlighting also envisaged further developments. 
Part A, B and C represent the three main pillar of the Design Strategy: respectively analytical 
methods, experimental campaign and numerical FSI simulations. Within these parts, the author 
reported the proposed methods, the used tools, and the obtained results. 
The analytical tool implemented to predict the flutter condition, discussed in Part A of this 
thesis, is Theodorsen theory: this model can be considered semi-analytical since its analytical 
implementation requires the use of CAD software for structure geometrical modelling and mass 
properties calculation, and FE models to compute the pure natural frequencies of vibration of 
the structure. Theodorsen theory has been implemented, presented and discussed within Part A, 
providing a scheme for rapid implementation of the method.  
In Theodorsen’s theory, a reduced order model of the foil is analysed, since the foil structure is 
outlined through a limited set of parameters. The structure is represented as a spring-damper-
mass system, with springs representing bending and torsional equivalent stiffness of the whole 

Figure 1. Thesis structure scheme. 
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model, located at the foil elastic axis. The unsteady lift and moment generated by the flow 
around the foil are calculated assuming a distribution of potential flow singularities. The theory 
finds the flutter velocity by solving a 2-dof (degrees of freedom) linear unsteady fluid-elastic 
system of differential equations for the specific condition of un-damped oscillation, assuming 
the foil to experience a pure sinusoidal motion at flutter limit, defined as that condition at 
which the global damping of the system is vanished because of fluid-structure interaction. The 
theory is therefore presented in Section 7, focusing on the aim of providing a physical and 
practical understanding. In Section 8 the implementation of the theory is described, providing a 
calculation scheme which can be employed aside from the understanding of the complex 
mathematical process formulated by Theodorsen. The outputs of this analytical model are 
compared against past experimental findings to validate the implemented code before using it 
for pilot case design, and actual model flutter prediction. The physical meanings of the 
parameters needed to feed the analytical scheme are discussed, focusing on how these 
parameters can be obtained for a known model. Finally a sensitivity analysis has been done, to 
study the dependency of the flutter speed from the structural variables, and to select an 
optimal combination of design parameters for the pilot case, compatibly with several design 
constraints. The obtained prediction is commented to evaluate the possibility of using it as a 
simple tool for flutter prediction in underwater appendages design.  
Since the low mass ratio hydrofoil flutter experimental campaigns reported in literature are few, 
not recent, and often poor in details, the authors decided to run an experimental campaign to 
test the pilot case, in order to obtain some reference results which would permit to validate 
present and future analytical and numerical FSI simulations. The experimental campaign was run 
at CNR-INM towing tank facility in Rome, on a segmented hydrofoil model designed to be flutter 
prone within facility towing limit speed, thanks to Theodorsen theory prediction as described in 
Section 12. In Part B of this thesis, the experimental set-up is described, giving details of the 
encountered issues and technical specifications of the employed tools: special attention is 
devoted to the description of the several techniques experimented to excite the model, 
including successful and unsuccessful solutions. Before flutter testing the model, some 
preliminary trials have been done to calibrate the strain gages, to measure the wet response of 
the model, and to design a lift vs. angle of attack curve: procedures and results of these 
preliminary runs are reported in Section 16.  The model has been tested between 2 and 8 m/s, 
and no greater velocity are reached to avoid model destruction due to flutter occurrence, 
according to the analytical prediction. It should be said as well that at 8 m/s a strong lateral 
bending has been observed, and it has been decided that greater velocity would have led to the 
model static failure, apart from flutter occurrence. At each velocity, the dynamic response is 
acquired by means of two strain gages, respectively sensitive to out-of-plane bending and 
torsional deformations. The obtained signals are post processed to study the model damping 
dependency from the velocity and a sensible trend is found. Flutter is not encountered to avoid 
model destruction but the measurements allowed guessing a good agreement between 
experimental findings and analytical prediction. Part B is aimed to address future experimental 
campaigns toward a successful and effective development and to provide experimental evidence 
in a field where references are missing. The experimental findings are shared.  
FSI numerical simulations are not discussed within this thesis, but the experimental findings are 
clearly addressed to be also compared with future numerical simulation outcomes. Despite no 
numerical results are available for a complete methods comparison, the author decided to insert 
Part C in the structure of the thesis for completeness. Its presence is therefore to be considered 
as an important element for the understanding of the thesis structure but the concurrent 
development of Part A and part B already represent a consistent work. Recalling that this thesis 



5 

is an example of application of a wider Design Strategy for a specific case, the miss of numerical 
data, can actually be interpreted as a choice, adapted to a preliminary phase of a yacht-
appendage-design process. Then, treating the author of the present thesis as a user of the 
Design Strategy, Part C can be intended has a part of this tool that has not been employed 
because of the moderate level of performance required for the hypothetic specific design stage. 
Otherwise, treating the author as the provider of the Design Strategy, Part C can be intended as 
an empty case to be filled as soon as possible as it represents one of the pillar of the strategy. 
Anyway it is doubtless that confirming the result agreements observed comparing analytical vs. 
experimental finding, by means of numerical results, will strongly enrich this work, and make 
the found trends really applicable in future flutter investigations. The author is keen on making 
this Design Strategy really usable and useful for the scientific community. 

 LITERATURE REVIEW 2.

Before facing the challenging objective of designing a Design strategy to treat different fluid-
elastic phenomena in yacht appendages design, a deep analysis of the involved matter was 
required. This literature review is the beginning of a still open project, aimed to collect 
information about as much as possible existing methods understanding their physical meaning, 
investigating upon their applications, and linking them between each other to obtain hybrid 
solution, which might better adapt to specific cases. When reporting formulations taken from 
the treated reference, aimed to discuss the approach under study, the author has chosen to 
keep the nomenclature found in the original paper, in order to help the understanding in the 
case the reader would pass from this thesis to the original work for further study. It follows that 
it can occur that the same symbol is used with different meanings within this chapter, and for 
this reason the parameters appearing in each formula are listed and defined straight after each 
equation, and worth for that equation uniquely. The list of nomenclature provided at the 
beginning of the thesis serves to the rest of the chapters. The author divided this literature 
review in chapters, still thinking about the Design strategy structure, with the aim of 
schematising the knowledge required to deal with fluid-elasticity in yacht engineering. 
Importance has been devoted to the study of past experimental campaigns to outline the set-up 
of the current experimental trials, identifying the main issue to be avoided. Then this literature 
analysis has been extremely important to guide the author through this thesis but this chapter 
has to be also considered a still open database to feed the Design strategy. 

2.1. Fluid elasticity in yacht appendages  

In the last decades, sailing boats have lost their reputation of slow moving vehicles, and high 
performance sailing became a common knowledge, since by now it is easy to see foiling boats of 
every size, flying windsurfers, and even electrically propelled flying boards or water-bikes. In 
the Olympic games since a while foiling boats have their place, and ocean crossing racers are 
more and more getting used to the idea of ‘flying on the other side of the world’ with their 
sailing boats. The most known sailing competition in the world, the America’s cup, is nowadays 
played ‘out-of-the-water’. In this context, many researchers and naval architects placed their 
interest in this exciting matter and several publications or conference proceedings can be found 
in literature treating this very modern theme. The author reported in the present chapter a 
series of paper considered more relevant and interesting, which represented a point of 
departure for the actual research. Most of them treated the fluid-elastic interaction in light 
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hydrofoils, by comparing numerical and experimental findings: in [1] the hydro-elastic effects on 
rigid and deformable hydrofoils in forced pitching motion are studied experimentally and 
simulated numerically by means of a weak coupling between a CFD and a FE model. Chae in her 
PhD thesis [2] discussed the static and dynamic responses of a light hydrofoil by comparing 
numerical FSI outcomes with the measurements obtain at IRENav during the experimental 
campaign described in [3]. Chae also presented an investigation about stability boundary. 
Different sailing classes stimulated numerical and experimental researches as in the case of [4], 
where the authors run some experimental trials on a C-foil typically installed on Nacra high 
performance catamarans, and they lately used the experimentally measured deformed shape to 
feed a CFD simulation to study the mutual effect of appendage deformation and force 
generation. With the intention of developing Moth class foil innovative solutions, in [5] it is 
described a work on a single element aerofoil, able to achieve a linear decrease in lift 
coefficient with increased wind speed by comparing experimental and numerical results. The 
publication of [6] is to be considered in the context of 2013 America’s Cup, when inedited 
multihull appeared: the author proposed a purely numerical study on hydrofoil, giving attention 
to the problem of numerical instability due to the fluid-structure interaction and attempting the 
simulation of the condition of flutter instability. The FSI is obtained by means of implicit 
coupling adapted to a partitioned solver. In [7] a system-based mathematical modelling 
approach is proposed, and applied to the prediction of a manoeuvring catamaran behaviour.  
Special attention has been dedicated by naval architects to the Imoca 60 sailing boat class, since 
in the 2000’s, with the introduction of composite materials in keels construction, several boats 
of this class started to experience problems of fluid-elastic dependent vibrations, and in 
particular the Imoca 60 Poujoulat Armorlux had several structural problems while skipped by 
Bernard Stamm because of flutter occurrence[8], [9]. In this context, HDS company supported 
the study presented in [9], where a simplified model is proposed to allow the prediction of 
flutter proneness of a ballasted keel in the early stages of the design spiral, to be compared 
against a numerical  3D multiphysic simulation. The authors showed their interest in making this 
prediction possible also for light underwater appendages. A great difference is found between 
ballasted and light lifting structure interaction with the water flow, because of the effect of 
solid vs. fluid inertial forces ratio on the fluid-structure interaction. In [10], the author 
highlighted that in the case of a ballasted keel, the dynamic response of the keel is slowed down 
by the mass which lowers the natural vibrating frequencies of the structure and in this case the 
hydrodynamic response can be considered quasi static. In the case of light hydrofoil, the natural 
frequencies are of similar order than that of vortex releasing, and the effect of the vortex wake 
induced by the structure oscillation is significant, making the flow unsteady. In [11], an Imoca 60 
dagger boards case is studied by means of both experimental and CFD approaches. 

2.2. Structural models 

Setting up a fluid-structure interaction (FSI) analysis implies three steps: building the structural 
model, building the fluid model, and schematise the interaction between them. 
When setting up an experimental campaign to study fluid elastic phenomena, building the 
structural model requires special attentions in terms of material and construction methods. 
From a numerical point of view, building a structural model means setting up a mathematical 
model to simulate the structural behaviour, as fairly as possible. To this aim, the acceptable 
level of approximation and uncertainty must be stated, also as a function of the complexity of 
the structure. The more accurate is the model, the higher is the burden to set and to compute 
the simulation, and often, the more the results match to reality.  
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In the present section, the author reported and discussed a series of approaches drawn by the 
literature, aimed to formulate a structural model of a lifting foil: the aim of this section is to 
show how different authors mathematically interpret the structural model of their FSI problem. 
In [12], the rudder blade structure is modelled by means of a hollow Kirchhoff’s plate, ignoring 
shear and rotary inertia effect. The plate is modelled as a point-pivoted plate to which an 
energy-based vibration is computed, using as admissible function the beam-shapes in the two 
perpendicular directions. To calculate the beam shapes in chord wise and span wise directions, 
the foil is firstly considered as a uniform Euler-Bernoulli’s beam. Since the blade is tapered in 
both directions, a non-uniform beam vibration analysis is carried out before studying the 
Kirchhoff’s plate. The rudder pintles are simulated as a combination of translational and 
rotational springs.  
In [13] the authors discuss a numerical hydro elastic analysis of a Mindlin’s plate: the flexibility 
of the structure takes into account transverse shear and rotary inertia effects. 
A comparison between Kirchhoff and Mindlin’s plates is provided in [14]  
In [15] the structural model of an aircraft wing is computed by solving the second-order non-
linear governing equations describing the dynamic model of a bending beam (Euler-Bernoulli 
beam), taking into account vertical deflection and pitching motion, as reported in the following: 

����� + ������� + ������� +  ����������′′ =  �   Eq. 1 

������� + ���!��� + �"!���� −  ������� �� =  �$   Eq. 2 

where: 
 %�&�is the wing mass per unit length '( = &) * is the static moment about elastic axis per unit mass +(  is the inertia moment about elastic axis per unit mass , is the vertical displacement of a wing section (@ x position) - is the torsional motion ./0 is the vertical bending stiffness of the wing referred to the deformed axis 1 ./20 = � ./2 −  ./20 �   is the non-linear stiffness of the wing referred to the deformed coordinate 

system 3+ is the torsional stiffness of the wing 45 is the vertical hydro-dynamical load %6 is the hydro-dynamical torsional moment 

Figure 2. Un-deformed and deformed wing coordinate systems [15]. 
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In [1] the authors carried out numerical simulation on a NACA 66 hydrofoil subject to a forced 
pitching motion to study the hydro elastic structural response and evaluate the effect of the 
pitching velocity on the results. The structure of the hydrofoil subject to the fluid forces is 
modelled as linear elastic, and the following governing equation is computed: 

78 9�:;9<� −  9=;>�:�9> = ?  Eq. 3 

where: 
 @A is the structure material density BC is the motion in i th direction DCE�B� is the fluid stress tensor & is the chord-wise direction 
 
The results in [1] show that: 
 

- For the highest pitching velocity, a strong hysteresis effect is reported 

- The tip displacement increases with the pitching velocity 

- The difference between experimental and numerical outcomes increases after the 
laminar-turbulent transition 

- For small pitching velocity, the tip displacements are affected by the laminar-turbulent 
transition, but at higher pitching velocity, this effect vanishes. 

2.3. Fluid models 

When setting up an experimental campaign to study FSI, the fluid flow is reproduced in a 
controlled environment with known fluid properties (density, viscosity, temperature, etc.) and 
measured conditions (velocity, pressure, turbulence, etc.). 
In a fluid-elastic problem, the motion and deformation of a lifting structure is due to the fluid-
dynamical loads generated by the structure itself: building a fluid model means approximating 
mathematically the generation of this loads.[16] 

F� ���� �� G HI��� J + FKI ?? K�G HI�J =  HLM�<���<�J  Eq. 4 

where: 
 % is the structure mass per unit span /( is the structure  torsional mass inertia per unit span '( = N(  %  * is the static mass moment per unit span     OP =  QPR % is the bending stiffness per unit length    O( =  Q(R /( is the torsional stiffness per unit length    S�T� is the time dependent lift force    %�T� is the time dependent hydrodynamic moment about the elastic axis E 
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The system of equations reported in Eq. 4, represents the mathematical problem to be solved to 
compute the FSI of a two degrees of freedom case. To evaluate the loads vector, different 
approaches are possible: in the present section, some of these approaches are discussed 
highlighting some key recurring concepts. 
As already introduced, in [1] the authors carried out numerical simulations on a NACA 66 
hydrofoil subject to a forced pitching motion, to study the hydro elastic structural response and 
evaluate the effect of the pitching velocity on the results. The outcomes are compared with the 
results of pressure and displacement of an experimental study in which respectively, the wall 
pressure is measured on a rigid foil and the displacements are measured on the tip of an 
equivalent flexible foil. The induced pitching motion is such as the angle of attack of the 
hydrofoil changes from 0° to 15° and then goes back to 0°; different pitching velocities are 
analysed to highlight their effect on the hydro elastic outcomes. 
In [17], the authors simulate numerically the physic around an oscillating foil having a NACA 
0012 profile section, operating at relatively high Reynolds number. In this study, two methods 
are applied: the unsteady RANS (URANS) and the detached-eddy simulation (DES), coupled with 
different turbulence models. The two methods are compared and evaluated in terms of integral 
force coefficient, and the results validated against experimental outcomes. 
“The DES approach is a hybrid of RANS and LES. The DES modification of the turbulence 

equations is connected with the usage of a hybrid convection scheme [18]. The blending of 

upwind-based and central schemes depends mainly on the local flow solution and is therefore 

not limited to DES.” [17] 
The authors point out two important physical phenomena which show out in the case of a 
rotationally-oscillating foil, due to unsteady flow separation: the curves of lift and drag vs. angle 
of attack present an hysteresis, and the maximum generated lift is greater than that generated 
in a static or quasi-static case. A process can be defined dynamic when the oscillatory frequency 
of the body is higher than the frequency of vortex shedding. The foil is simulated at a mean 
angle of attack of 15°, and a sinusoidal oscillation with amplitude +/- 10° is imposed. In terms 
of model discretisation, a no-slip condition has been applied to the physical wall with a universal 
hybrid treatment implemented to the turbulence equations allowing arbitrary values of y+. A 
periodic condition has been imposed at the lateral boundaries, while a convective outflow 
condition has been applied at the downstream boundary. To simulate the oscillation, the entire 
grid is rotated and the inflow velocity is assumed to have a constant profile. 
“[…] wake-induced reattachment of the stalled region above the profile leads to an 

intermediate increase of the suction and the lift. Thereafter vortex shedding at the stalled 

airfoil occurs until the incidence has decreased such that the flow can reattach from the front 

to the rear.”[17]. The single period of oscillation (Toscill. = 1/foscill. ) is discretised with a varying 
number of 300, 600 and 1000 time-steps, and lift convergence in the simulation is studied. 

2.3.1. Unsteady aerodynamics: Theodorsen Theory 

Theodorsen theory has been firstly published in 1934 as a purely theoretical NACA technical 
report [19] providing a theoretical approach to calculate the flutter limit speed of a aerofoil 
section, given the surrounding fluid density and its structural characteristics. Few years later, 
Theodorsen himself, together with Garrick, proposed another technical report [20] where they 
characterised the theory from a practical point of view, giving advises on how to apply the 
flutter theory, showing the effect of the different parameters on the flutter condition and 
comparing the numerical results with several experimental data. This model is still widely used 
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in nowadays stability analysis of wings with simple geometry, and it often represents a reference 
for developing new models and more sophisticated simulations. 
Theodorsen flutter theory is recalled and described in several milestone books of aero elasticity 
literature as [16], [21]–[26], and in several scientific papers and reports as for example [27]–
[32]. 
Theodorsen actually solved a potential flow field by means of a distribution of sources and 
vortices and accounting for the hydrodynamic forces and moments generated by the circulatory 
and non-circulatory parts of the flow. In the definition of the circulatory flow, he identified a 
term where indefinite integrals appeared and, assuming harmonic motion, he found this term to 
be solvable by means of a combination of Bessel function of first and second king. This term, 
better described in the following section, is called Theodorsen function, and it allows to easily 
calculate the circulatory flow lift generation. 
 

U�V� =  W ?X?�YZ [Y;V?\?]Z
W X?^Z?YZ[Y;V?\?]Z

  Eq. 5 

where: 
 &_ is a variable deducted from the chord-wise position of the vortex element representing the 
foil wake ` is the reduced frequency 
 
Theodorsen solved the aero elastic problem introduced in Section 2.3 for the particular case of 
flutter, intended as the border condition of unstable equilibrium where the structure oscillation 
is un-damped and it can be assumed to experience sinusoidal harmonic motion. 
  
In the following section, the use, the meaning and the relation of Theodorsen function and 
Wagner function are introduced. 

2.3.2. Theodorsen & Wagner functions 

When treating the physics of a foil oscillating in a real flow, it is necessary to take into account 
the dynamic nature of the phenomenon, considering the effect of its wake and the continuous 
changes in circulation. When a foil experiences a heave/pitch motion in a real flow, the 
frequency content of its dynamical motion is not constant and the angle of incidence changes 
systematically, affecting the generation of fluid dynamic loads. 
Let us consider a 2D foil operating at a certain angle of attack α in an in-viscid, incompressible 
fluid, flowing at uniform velocity V. Let us assume that the foil experiences a sudden change in 
angle of attack ∆α. Treating the problem with a steady model, it would lead to a sudden step in 
lift ∆L linearly proportional to ∆α. However, the unsteadiness of the phenomenon is such as the 
lift change is not instantaneous but it shows a certain delay before a new quasi-steady condition 
is asymptotically reached: this delay is due to the time needed to circulation and wake to 
stabilise in the new condition (See Fig 3). 
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Wagner function plays a key role in defining mathematically the change in lift due to a sudden 
change in incidence as shown in Eq.6- 

∆d = Z� 7 e�f UM_8<[h\i ∆� j�k� = Z� 7efUM_8<[h\i�j�k� Eq. 6 

where @ is the fluid density, e is the flow speed, f is the chord length, UM_8<[h\i = 2l is the steady 

lift-curve slope, j�k� is the Wagner function, k = �e</f is the non-dimensional time and � = n o� is 
the change in downwash velocity of the foil. 
 
Despite Wagner did not formulate an analytical expression of j�k�, this last can be successfully 
approximated as a function of the non-dimensional time k with the following Eqs. 7 & 8 as 
reported in [21], [25], [33][23]. 

j�k� = kp�kpq        rst k > ?    Eq. 7 

j�k� = Z − ?. Zwx [L?.?qxx k − ?. yyx [L?.y k  Eq. 8 

With both expressions, j�k� assumes a value of 0.5 at k = ? and unity value at  z → ∞: this means 
that the sudden change in the angle of attack, firstly leads to a lift step, which suddenly reaches 
half of the value at which it tends with the flow stabilisation (z → ∞).  
In [15] the aerodynamic loading is determinate by means of an unsteady linear theory which 
employs the Wagner function in the Duhamel integral form. Lift and pitching moment 
distributions are expressed as a function of the Wagner function which is approximated to the 
following form, said Jones approximation [34], also used in [35] in the context of an analytical 
approach to the solution of the 2D aero elastic problem for a foil based on Wagner function: 

}�<� = Z −  fZ[~Z< −  f�[~�<  Eq. 9 

with �� , �R ,  �� , �R given by [28]. 

 

What it is really interesting on the use of Wagner function, is the fact that a harmonic motion in 
pitch and heave can be seen as a sequence of small incidence change steps, and the foil 
response can be evaluated by means of a convolution integral (Duhamel integral) [32]. 

Figure 3. Effect of a sudden change  on foil lift in quasi steady and unsteady flow [32]. 
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The lift generated during the whole period of motion results: 

d�k� = Z� 7ef �� ��? + W j�k − k?� \�\k?   \k?kk?�? �  Eq. 10 

where: ��� − �_� �����   ��_ is the lift at time τ due to the change in incidence at the previous time 

step �_, , is the downwash velocity and � is the time variable. 
 
Integrating the lift changes along the period of the motion, the whole time history of the fluid 
dynamic loading is calculated. The downwash velocity , can be expressed as a function of the 
partial derivatives of the chord-line equation as in the following  Eq.11 [23]: 

��, <� = 9 h9< + � 9 h9      Eq. 11 

where, in a two degrees of freedom problem (pitch � & heave ℎ), the chord-line �� is given by: 

 h = −I − �     Eq. 12 

Eq. 11 becomes: 

��, <� =  −�I� + ��  + ���   Eq. 13 

In [36] the authors presented a method to solve in time domain the aero elastic problem on a 3D 
wing  immersed in a incompressible, attached, unsteady flow, calculating the hydrodynamic load 
by means of a combination of Wagner function and lifting line theory. 
Wagner function is then a powerful tool to take into account the unsteady nature of the lift 
produced by a foil subject to a variable angle of attack [37], but it does not say anything about 
the effect of frequency variation on the fluid dynamic loading: Theodorsen function is the 
suitable tool for this task.  
 

 

Figure 4. Normalised unsteady lift vs. time for an oscillating foil at different reduced 
frequencies [32]. 
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Let us go back to the 2D oscillating foil just analysed and let us now consider the effect of the 
frequency content on the lift generation. For the reasons explained above, with a quasi-steady 
model, the time history of the lift generated by a foil experiencing sinusoidal oscillation, results 
in phase with its motion time history, which means that the lift reaches its peak value at the 
same time as the foil motion. In Fig.4 , it is shown what changes if the problem is treated as 
unsteady, as it is in reality: a phase lag appears between lift and motion peaks, and it changes 
with the frequency content. The increase in oscillating frequency also has the effect of reducing 
the amount of lift generated by the foil. Each of the three graphs in Fig.4 is related to different 
values of the reduced frequency `. The reduced frequency is a non–dimensional measure of the 
frequency, expressed as the number of oscillations undergone by the foil during the time taken 
to the flow to travel across a semi-chord length (` = Q*/� ) where ` is the reduced frequency, Q is the oscillation frequency, * is the semi chord length and � is the flow velocity. [32] 
Theodorsen function C�k� allows modelling the dependency on the frequency of amplitude and 
phase of the lift generated by circulation. It therefore works as a transfer, or filter function 
(Fig. 5), which add to the quasi-steady lift, the information related to the frequency 
dependency, hence it allows accounting for its unsteady nature. 

 

 

 

The circulatory part of the lift can then be expressed as in Eq. 14: 

d = Z� 7efUM�U�V�   Eq. 14 

Since C�k� includes the dependency of both lift phase and amplitude, it is a complex function 
and can be expressed as the sum of two function F(k) and G(k), representing respectively its real 
and imaginary parts (See Eq. 15). 

U�V� = ��V� + ;"�V�   Eq. 15 

The trends of the two functions are characterised by a combination of Hankel functions of the 
second kind as reported in Eq. 15 and Fig. 6. At k = 0 (quasi-steady case) the imaginary part of 
Theodorsen function, G(k), representing the phase lag, tends towards zero and the real part 
F(k), representing the amplitude reduction do to unsteadiness, assumes a unity value. The 
amplitude of lift oscillations decreases with increasing motion frequency, while the phase lag 
firstly increases up to a value of k=0.3, and then it drops again for higher frequencies. 

U�V� = �Z����V�
�Z����V�p; �?����V�  Eq. 16 

Figure 5. Theodorsen filter function. 
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The importance of Wagner and Theodorsen functions in the mathematical treatment of an 
unsteady flow around an oscillating foil is a recurring matter in aeronautic literature. In [33] the 
two functions are firstly introduced and their relation is outlined.  
Wagner function can be related to Theodorsen function by Eq. 17 and it is such as for time going 
to infinity, it tends to 1. 

}�8� = Z�� W U�V�;V  [;V8 \Vp�L�   Eq. 17 

where � is the reduced time � =  � T *� , � is the flow velocity, T is the time variable, * the semi 

chord length, ` is the reduced frequency and ��`� is the Theodorsen function. 
 
The circulatory lift coefficient can be expressed as a function of Wagner function’s in the 
following form [23]: 

fMf = ���?}�8�   Eq. 18 

where ��   is the circulatory lift coefficient and ¡��� is the Wagner function. 
 
It can be concluded that in the context of non-uniform aerofoil motion in 2D potential flow, 
Theodorsen and Wagner functions play a key role. The first one characterises the lift generated 
by a circulatory flow around a foil oscillating with sinusoidal motion while being invested by an 
uniform flow of fixed velocity. Wagner function treats the change in foil generated lift, due to a 
sudden change in angle of attack affecting a uniform flow of fixed velocity, describing in such a 
way, the effect of the continuous changes in circulation due to vortex releasing in the foil wake, 
typical of an unsteady flow. [33]  
In literature, different approximations of Wagner and Theodorsen functions are found: in [38] an 
overview is given upon different methods of passing from the time domain to frequency domain 
solutions of the aero elastic problem, introducing different representations and approximating 
methods for both the functions. Padé approximating theory is widely discussed in [39] and [40] 
while its application to fluid dynamics is treated in [41]–[44]. 

Figure 6. Theodorsen function real and imaginary part trends. 
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2.3.3. Turbulence models 

 
When computing a FSI simulation, Navier-Stokes equations are solved numerically: however, in 
the case of turbulent flow, the solution of these complex equations would be still possible but 
extremely computationally demanding because of the mesh fineness required to capture 
turbulence details. For this reason, it is preferable to solve the flow as laminar and then to 
correct the solution by means of the application of a turbulence model. Several turbulence 
models have been defined by the scientific community, to be more or less adaptable to different 
cases. Being able to choose the suitable turbulence model, while setting up a FSI simulation, is 
necessary to obtain successful simulations. 
In the present chapter the author intends to give some literature references treating the matter 
of turbulence models, citing the most commonly used model, including some comments about 
applicability and reliability of different models, as for examples [45], [46]. In [47] the treatment 
of turbulences models in the context of FSI simulations is found, and particular attention is 
dedicated to the limitation and attributes of different models in [48].                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

- Spalart/Allmarass model: it is a one-equation model suitable for wall bounded flow 
characterized by a low Reynolds boundary layer thus for limited flow separation 
problems. It has been firstly formulated and published in 1992 [49]. The model has been 
lately restated with a strain adaptive linear formulation (SALSA)  as discussed in [50]. Its 
application is commented in [17] in the context of a comparison against two-equations 
models, as later discussed. 

- K-Omega model: it is a two equations model solving the flow accounting for two 
variables, the turbulence kinetic energy (k) and the specific rate of dissipation (w) . This 
model permits to estimate the turbulence in regions close to domain boundaries and 
requires a sufficiently fine mesh: it is then dependent on the Y+ value. This is thanks to 
the fact that its equations do not contain terms that are undefined at walls and they are 
therefore integrable within the viscous sub-layers up to the boundary with no need of 
wall functions.  

- K-epsilon: this is a two-transport equations model suitable for the prediction of 
turbulence in zones far from the domain boundaries and gives good results in wake 
prediction. The two transported variables are the turbulent kinetic energy (k) and the 
rate of dissipation of turbulent kinetic energy (ε). The model assumes the turbulent 
viscosity to be isotropic, which means accepting the assumption that the Reynolds stress 
against rate of deformation ratio does not change in space directions. [51] 

- SST(Shear Stress Transport) model : in this model, the features of k-Omega and K-Epsilon 
two equations models are combined to optimise their application. This model uses a 
blending function that allows a gradual transition between K-W and K-epsilon methods, 
moving away from the wall [17]. The governing equations of the k-Omega method are 
preserved permitting accuracy in the region near the wall where the dissipation rate ε 
would become infinite. However, the eddy viscosity is reformulated and the free-stream 
independency is gained thanks to the traces of the k-epsilon method. In [1] a k-w SST 
turbulence model is employed, and coupled with a transition model gamma–Reteta  
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- CEASM (Explicit Algebraic Stress Models): [52]. 

The simulations developed in [17] with URANS and a SALSA turbulence model, show a 
convergence on the lift results with time discretisation refinement, while in the case of the 
turbulence model LLR k-w, neither URANS nor DES reached a lift convergence in the results. In 
the same reference, it is stated that when applying the one-equation SALSA model and K-omega 
model, a difference in the angle of attack at which the dynamic stall occurs is observed: the 
prediction of the SALSA model is close to experimental results. 

2.4. Added masses - Dry and wet modal analyses 

The governing equation for an oscillating system is: 

¢ \�\< + £ \\< + K = ��<�     Eq. 19 

where: 
 ¤ is the mass matrix of the system ¥ is the damping matrix of the system O is the stiffness matrix of the system ¦�T� are the time dependent forces acting on the system & is the space variable 
 
For a dry un-damped (¥ = 0) normal mode analysis, the mass matrix of the structure is defined 
in [53] as it follows: 

¢ =  ¢8 − 78 d¨�  Eq. 20 

where: 
 Mª is the structural mass contribution, @A is the structure density and «, ¬,  are the dimensions 
of the studied plate. 
 If the structure is immerged in water, an additional term is to be added to the mass matrix, to 
take into account the added hydro-mass: this term is a function of the flow direction and 
structure geometry. In [54], the hydro mass contribution is defined as it follows in Eqs. 21 & 22: 

¢r�� = Z.Zq 7r� d��q   Eq. 21 

¢r�i� = �.�y 7r� ¨��q   Eq. 22 

where @® is the fluid density, & and ¯ are respectively the transversal and longitudinal space 

directions (axis of the plate section), and ¬  and «  the plate dimensions in these directions 
respectively. 
 
Taking into account these contributions, the eigenvalues of the immerged structure, thus the 
natural frequencies,  are defined in [53] as it follows in Eqs. 23 & 24: 
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°�r + 8� =  X ¢8¢r��p ¢8  °�8�  Eq. 23 

°i�r + 8� =  X ¢8¢r�i�p ¢8  °i�8�  Eq. 24 

where Q��� are the eigenvalues of the dry structure, and Q�± + �� are the eigenvalues of the 
immersed structure, in rad/sec , in & and ¯ directions. 
The obtained results are compared by the author of [53] with the normal modes (in & and ¯ 
directions) computed numerically on a 3D model developed with the FEM software NASTRAN. 
The obtained results permit to evaluate the change in normal modes natural frequencies (in & 
and ¯ directions) due to the presence of water, as reported in Eqs. 25 & 26: 

°�r + 8� = ?. ²�°�8�  Eq. 25 

°i�r + 8� = ?. ³³°i�8�  Eq. 26 

It can be noticed that the normal modes which imply a deflection in the stiffer direction are 
practically not affected by the presence of a water flow, while the normal modes which imply a 
deflection in the non-stiff direction are subject to a reduction of 28% compared to the dry 
modes, for the studied case. The authors of [55] computed a dry and wet vibration mode 
analysis by means of a finite element model, in order to validate a two degrees of freedom 
reduced-order model obtained as a system of ODE having as unknowns the lower-order bending 
and torsional modes amplitudes, which are those relevant for binary flutter analysis. The wet 
modes of the rudder structure are calculated numerically by means of a NASTRAN 3D model as a 
one-step procedure, which account for virtual mass matrix of fluid finite volumes: in this case, it 
is essential to have knowledge on how the fluid added masses information is passed to the FE 
model in a MFLUID approach. The added masses can also be calculated separately and included 
in the FEM model later but this operation might affect the result of the modal analysis. 
As it is usually done in traditional naval architecture, to calculate the wet modes of vibration of 
a ship, a strip theory approach can be used also to successfully predict the added mass of 
underwater appendage, by assuming infinite-span wing, and calculating the vertical added mass 
for each 2D slice of the hydrofoil. Since the effect of the added mass is different in in-plane and 
out-of-plane direction of the wing section, the wet-mode calculation has to be repeated at least 
twice. Moreover, if torsional modes are involved, things are even more complicate. It should be 
considered that in such a 2D approach, the chord wise distribution of the added mass is not 
modelled, thus its effect on the sectional rotational inertia: when interested in bending modes, 
this does not represent an issue, however, when analysing the wet torsional mode of the 
hydrofoil, the frequency is affected. In addition it should be remembered that in a real 
structure, very often a lever exists between the CG and the torsional axis, inducing a coupling of 
bending or torsional motions [55]. 
The authors of [55] have realised different FEM models, increasing gradually the complexity of 
the structural model: two beam and shell models (one is cylindrical) and a brick model. For the 
third one it was not possible to calculate the wet-modes with a one-step procedure, then, to 
allows comparison of results between models, the added masses are calculated separately and 
then included in the dry brick model as an increase in rudder skin density. 
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In [12] the wet and dry vibration of a trapezoidal, 2-way tapered, pivoted, hollow spade rudder 
is faced by means of a semi-analytical approach. The translational and rotational added mass 
inertias of the 2D aerofoil are calculated by means of the strip theory and verified by means of a 
2D and 3D constant strength source distribution. The calculation of the 2D added mass is 
simplified by means of the Kutta-Joukowsky transform. The plate vibration analysis is carried out 
by means of the Galerkin’s method, which required suitable admissible functions: these 
functions are the beam shapes in the two perpendicular directions (span wise and chord wise). In 
[12] it is declared that the vibration of a certain plate is considered ‘as a weighted combination 

of two perpendicular mode shapes’. The blade is a two-way tapered plate (tapered in span 
direction, and its cross-section is a NACA 0018), then a numerical approach is necessary to 
calculate the non-uniform beam mode-shapes: this is done by applying the Rayleigh-Ritz 
method, which in turn uses the uniform beam mode shapes as admissible function. These are 
generated by solving analytically the free vibration GDE (Governing Differential Equation) for a 
uniform Euler-Bernoulli beam reported in the following equations (respectively for chord wise 
and span wise directions): 

 �f 9�n�i,<�9<� +  9�
9i� ���f 9�n�i,<�9i� � = ?       Eq. 27  

 �8 9�:�,<�9<� +  9�
9� ���8 9�:�,<�9� � = ?       Eq. 28 

where %  and %A are the masses per unit length, ./  and ./A  are the flexural rigidity per unit 
length, and ´ and B are the dynamic deflection in the two considered directions. 
 
To solve the plate vibration, two methods are compared in [12]. In the first case, the uniform 
beam mode shapes are directly used as admissible function in the Galerkin’s method. In the 
second case, the uniform beam mode shapes are used to calculate the non-uniform beam mode 
shapes, which in turns are used as admissible function in the Galerkin’s method, to finally 
evaluate the plate mode shapes by means of an eigenvalue analysis. The dynamic deflection of 
the orthotropic Kirchhoff’s plate is expressed by the following GPDE (Governing Partial  
Differential Equation): 

��, i�µ� �, i, <� +  ¨ 9qµ�,i,<�9q  +  �¨i 9qµ�,i,<�9�9i� +  ¨i 9qµ�,i,<�9iq = ?     Eq. 29 

where ¶�&, ¯, T�  is the dynamical deflection of the plate, and ¬· , ¬·¸, ¬¸ are the bending 

stiffness. 
 
In the case of anisotropic plate, Eq. 29 becomes: 

��, i�µ� �, i, <� +  ¹qº¨�, i�µ�, i, <�» = ?  Eq. 30 

A potential flow theory is used to take into account the water mass added by the motion of the 
foil: it allows defining a radiation pressure distribution over a circle and transforms it into the 
mapped foil. 
In [12], it is stated that the strip-theory over predicts the fluid inertia in the structure vibration, 
and then a three-dimensional analysis is needed. 
For a wet vibrating plate, Eq. 30 becomes: 
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��, i�µ� �, i, <� +  ¹qº¨�, i�µ�, i, <�» = −7;°¼y¨�, i, ?, <�  Eq. 31 

where ¼½¾ is the 3D velocity potential. 
 
In [12] the natural frequency is defined as the ratio between the maximum strain potential and 
the maximum kinetic energy of the structure: in the result discussion of the same paper, it is 
highlighted that the natural frequency rises along with the taper ratio. An increase in taper ratio 
implies an increase in the potential energy at the pivot, and, at the same time, a drop in the 
kinetic energy, which is proportional to the specific mass of the structure.  
In [56], the coupled bending-torsion vibration of a cantilever beam is solved by means of the 
Galerkin’s method which firstly allows to calculate the dry vibrating modes. These modes are 
corrected applying the added mass, separately calculated by means of the strip theory. 
In [57] the authors calculated the added mass of a simply-supported and cantilever plate at 
different aspect ratio. 

2.5. Instability analysis 

In [58] a rotational instability analysis is carried out to find the critical flow velocity at which 
the total damping vanishes. The governing equation (Eq. 32) is adapted to a torsional oscillation 
as it follows:  

! \��\< + ¿£ − 7eÀ¨�
�  Á9U�9Â ÃÄ \�\< + ¿K� +  7e�¨�

� Á9U�9Â ÃÄ � = ?  Eq. 32 

where J is the polar mass moment of inertia, - is the rotation angle of the plate, �Æ  is the 
coefficient of moment, Ç is the relative flow angle of attack, and O) is the torsional structural 
stiffness of the structure. 
The second term of the equation is the total system damping, where the structural damping B 
can be written as: 

£ = � ! �? °rp8 = q� ! rrp8 �?   Eq. 33 

where �_ is the damping ratio for a given frequency. 
 
To find the critical speed at which the system becomes instable, the whole damping term has to 
be null, to obtain: 

efrr^8 ¨ =  ¿Fq�78�?y7r G ÁZ + d�
¨�ÃÄ / Á\U�\Â Ã   Eq. 34 

The authors of [53] compared the results of the instability analysis obtained by the described 
approach, with those obtained by a numerical computational developed on a 3D model build 
with the software NASTRAN, and a good agreement is found. The authors of [55] compared the 
results of a stability analysis developed analytically on a ROM, and on a 3D FEM model of a ship 
rudder. Different approaches for instability analysis are discussed in [26], including Classical 
Flutter Analysis, and k method and p-k method, also deeply argued in [31]  and [59]. Two NSRDC 
(Naval Ship Research and Development Centre) theories are presented in [60]. 
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2.6. Experimental flutter 

As already introduced, flutter in aerofoil is an issue known in the aeronautic field since the 
beginning of the 20th century,  while the appearance of fluid elastic phenomena in hydrofoils 
started to worry naval architects since a few decades: it follows that flutter in hydrofoil has not 
been extensively studied from an experimental point of view also because flutter testing in 
water results challenging for several reasons. Low mass ratio hydrofoil flutter experimental 
campaigns reported in literature are therefore few, not recent, and often poor in details or not 
successful. The author of the present work decided to analyse published works on both aerofoil 
and hydrofoil past flutter experimental testing, focusing on the technical issues to be considered 
when designing the flutter experimental model and setting up the experimental campaign, with 
particular reference to the differences between air and water testing. This part of the literature 
review resulted extremely important for the author since allowed to build up the basics of the 
experimental campaign designed by herself. A key parameter in flutter sensitivity analysis is the 
mass ratio μ, which is the ratio between structure and fluid densities, accounting for the ratio 
between fluid and solid inertial effects affecting the fluid structure interaction. Most of the 
flutter experimental campaigns reported in literature deal with high mass ratio physical models 
as aerofoils operating in light, low viscosity fluids, while less common in literature are 
experimental reports about low mass ratio models as light hydrofoils. The density of a wing 
structure is always largely greater than the density of the surrounding air-flow: the mass ratio μ 
is therefore relatively high. When dealing with a problem of fluid-structure interaction in water, 
which has a density 1000 times greater than air, the operative values of μ drop drastically, 
especially when considering hydrofoils built with light, composite materials.  

2.6.1. Aerofoil experimental flutter 

Most of the flutter experimental experiences reported in literature treat the occurrence of the 
phenomenon in light, low viscosity fluids as air or gases mixtures. In [61] the authors give details 
upon experimental trials developed in 1951 to study the effect of different parameters on the 
flutter characteristics of an aerofoil: within the report, the effect of fluid density, aspect ratio, 
bending to torsional frequency ratio and elastic axis and centre of gravity positions of the foil is 
discussed. Experimental outcomes are compared with theoretical results obtained by means of a 
Rayleigh type analysis employing two-dimensional, incompressible aerodynamic coefficients. 

2.6.1.1. Relative density effects 

The issue of fluid density should not be treated by itself but it needs to be related to the foil 
structure mass, in order to consider its inertial effects on the fluid structure interaction. The 

relative density coefficient 1/√` allows to account for the ratio between fluid and structure 
densities (in particular ` is the ratio between the mass of a cylinder of fluid having a diameter 
equal to the chord of the foil, and the mass of the foil itself) and it is a key parameter in flutter 

sensitivity analysis: the authors of [61] highlight the fact that the lower is this ratio(1/√`�, the 
lower is the flutter limit, and the less is the agreement between experimental and theoretical 
outcomes. 
When designing an aircraft wing, the effect of relative density coefficient on flutter 
characteristics should be considered, as the aircraft fly at different altitudes, and then it 
operates at a wide range of air densities. However, it should be considered that, despite the 
wide range of air densities encountered by a plane, and the different types of wing structures, 
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the density of a wing structure will always be largely greater than the density of the surrounding 

airflow. For considerably light wings, the relative mass density 1/√`  usually lies in a range 
between 3 to 5 while for heavier wing the parameter can reach values greater than 9 [61]. When 
treating the problem of fluid-structure interaction in water, which has a density 1000 times 

greater than air, the operative values of 1/√`  drop drastically, at values smaller than 1, 
especially when considering hydrofoils built with light, exotic composite materials [62]. While 
setting up experimental trials for an aerofoil, the variation of relative density is controlled by 
means of two parameters: model construction materials and air mixture (to change tunnel air 
density, the air is mixed with lighter gas). In [61] the wing construction material is fixed to balsa 
and the relative density variation is obtained by means of different mixtures of air and Freon 21: 

tests have been developed for a range of 1/√k from 1.2 to 14. 

2.6.1.2. Experimental models 

Wing model construction affects the following parameters: structure mass, position of centre of 
gravity and aspect ratio. Tests reported in [61] refer to semi-span models of balsa rib and skins 
supported by a single spar. The position of the supporting spar fitting defines the position of the 
elastic centre of the foil. Models discussed in [61] differ in mass, aspect ratio, CE and CG 
positions and foil section inertia. The authors adopted the following criteria to label their 
models: : first number is the position of the elastic axis from the leading edge (LE), expressed as 
a percentage of the chord, the second reports the position of the centre of gravity, and the third 
gives the semi span-chord ratio. Bending and twisting natural frequencies of the aerofoil are 
calculated from the values of mass, stiffness and moment of inertia; this last is measured by 
swinging in torsion a section of the wing. 

2.6.1.3. Experimental results 

In [61] each model is tested at different values of relative mass density, and the experimental 

and theoretical reduced flutter-speed coefficients (�/Q(*) are reported as a function of 1/√`. 
Two examples of reference outcomes are reported in Figs. 7 & 8, taken from [61], and discussed 
in the following. Refers to [61] for full set of results. 

- The lower is the value of 1/√`, the lower is the flutter speed measured experimentally. 

- At 1/√` greater than about 3, the theoretical approach based on 2D aerodynamic data 
gives conservative values of flutter-velocity which follow the experimental trend, 
showing a linear dependency from 1/√` .  

- In cases where 1/√`  is less than about 3, the theoretical flutter-velocity abruptly 
increases after a decreasing trend leading to an evident overestimation of the critical 
speed.  

- For still lower values of 1/√`  the theoretical approach does not show the flutter 
conditions observed experimentally, which keep following the linear trend  

- The greater is the wing aspect ratio, the closer are experimental and theoretical 
outcomes and the lower is the value of  1/√k at which the theoretical approach diverges 
from experimental results. 
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2.6.2. Hydrofoil experimental flutter 

 
While it is rather easy to find reports about aerofoil experimental flutter, the literature is very 
poor when searching references about experimental flutter in hydrofoil. This is firstly due to the 
fact that flutter occurrence is less common in hydrofoil, since this kind of appendages, apart 
from propeller blades, traditionally operate at relatively low speed. At the same time, it should 
be considered the fact that flutter experimental trials result to be especially challenging when 
operating in water. 
‘While flutter theory has generally failed to predict experimental results, ([63], [64], [65]), 

flutter experiments as well have often failed to produce usable results in the form of flutter 

occurrences ([62], [66]).  In cases where some agreement has been obtained between theory and 

Figure 8. Comparison between reference experimental and theoretical results of flutter 
velocity vs. relative density coefficient at varying aspect ratio  for models 27-38-4, 27-38-
3, 27-38-2. 

Figure 7. Comparison between reference experimental and theoretical results of flutter 
reduced velocity vs. relative density coefficient for models 17-32-4. 
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experiment, the data have been insufficient to confirm theoretical predictions over a range of 

mass ratio values and the theories have lacked general applicability or self-consistency’.[67] 
The author of [68] proposed a theory for flutter prediction in very low mass ratio hydrofoil 
samples, and obtained a trend of critical flutter speed approaching zero with decreasing mass 
ratio. The same author obtained sensible results from experimental trials in a 0.99 mass ratio 
hydrofoil model. In the present section, two experimental flutter campaign reports are 
presented and discussed, and the reference outcomes compared with Theodorsen theory 
prevision, computed by the author of the present paper. 

2.6.2.1. Relative density effects 

Since flutter is an issue in plane wings since long time, many available references exist to 
investigate experimentally the flutter occurrence in aerofoils with high relative density; less 
common in literature, are the experimental reports treating low relative density models as light 
hydrofoils. To fill this lack, the author of [62] tested in water three models differing only in 
relative density, within the range 0.046 - 0.4, but he didn’t observe any evidence of flutter 
because of limited carriage speed or because of investigation in a flutter-free region, who 
knows. Studying experimentally the flutter dependency from the relative density ratio in water 
is not as easy as in air, since the fluid density is a fixed value. To study mass ratio dependency, 
the mass of the model should be changed, without affecting the rest of the model parameters, 
as done by Herr in 1961. Abramson and Ransleben [69] tested a single hydrofoil model having 
mass ratio 0.99, and encountered flutter at 48 knots: they did not study the dependency from 
the mass ratio, but they provided a point of evidence to be used as reference. Besch and Liu 
[60] a few years later tested a series of models, starting from the one discussed in [69], by 
applying a scaling process and changing the mass ratio. However, the models did present some 
differences between each other apart from the mass ratio, which would have falsified the study. 
However, only one model encountered flutter, while the testing of the others was hindered by 
technical issues: in particular, one of the model encountered bending failure before reaching 
the predicted flutter limit, and another one was affected by water entering which made the 
model unusable. These hits were very important for the author to design her own experimental 
campaign, since represented crucial recommendations to preserve the model all along the 
campaign. 

2.6.2.2. Experimental apparatus and models 

Using as reference the results obtained by Yates [68], the authors of [60] flutter tested, in a 36-
in variable pressure water tunnel, the above mentioned four low mass ratio hydrofoil models 
having NACA16012 profile, by varying structure mass and trying to keep fixed the rest of the 
parameters, without complete success. Only one of the four samples (the one with higher mass 
ratio: model 1) experienced flutter instability, while the others showed their limit state in 
bending failure due to divergence instability. The model with higher mass ratio (measured 0.963 
mass ratio) was a dynamic scale of the 0.99 mass ratio studied by Yates [68] and this allowed to 
have a reference for the expected flutter speed of the scaled model. The models were built as 
segmented structure where a span wise beam provided bending and torsional stiffness: the gaps 
between the slices were sealed with Silastic RTV 731 compound to form a smooth surface. 
In order to scale properly the involved hydro dynamical forces, model 1 has been designed to 
reach flutter at a reduced frequency equal to parental model flutter reduced frequency. The 
chord of model 1 is chosen to be half of the chord of the parental model, leading to a flutter 
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speed equal to half of the parental model flutter speed, by means of EI and GJ stiffness equal to 
1/ 64th of the parental model stiffness. To reduce the mass ratio of the other three models, the 
filler density has been changed. Each of the models was fitted with an exciter rod to induce 
oscillation during testing: this rod was anchored to its spar tip, passing through the centre of the 
spar, and extending beyond the root end of the spar. The models were equipped with two strain 
gages to measure bending and torsion [60]. The setup included angle of attack and trim control 
mechanisms, and a system to twist the exciter rod and generate tip deflection by means of cam 
acting on the exciter crank allowing the tip deflection to be released quickly when needed. 
A detailed description of model construction and experimental set up is provided in [70]. 

2.6.2.3. Experimental procedure 

 
Stiffness Measurement 
 
Before and after flutter testing, the bending and torsional stiffness of the four models discussed 
in [60] were measured experimentally, measuring the static deflections due to known applied 
loads: to measure the bending stiffness, a load perpendicular to the sample plan form has been 
applied at the tip of each model, and the lateral deflection measured at the same point by 
means of a dial gage.   
The collected data were post-processed to calculate bending and torsional stiffness by means of  
Eqs. 35 & 36 respectively, assuming the stiffness to be constant along the span: 

�� =  Ìi  Ád�
� − y

w Ã   Eq. 35 

where: 
 Í = force applied to tip of spar ¯ = spar deflection at span wise position &, «  = length of spar & = spanwise position at which deflection is measured 

"! =  ¢  �      Eq. 36 

where: 
 ¤ = moment applied to tip of spar & = spanwise position at which twist angle is measured - = twist angle at span wise position & 
 
Structural Mode Measurement 
 
Before flutter testing, the two lowest natural frequencies and the corresponding modal shapes 
of the four models discussed in [60] were measured experimentally by exciting the samples with 
an electromagnetic shaker driven by a sweep oscillator over a chosen range of frequency: the 
models response has been measured by means of an accelerometer. A second "roving" 
accelerometer was used to determine the mode shape. 
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To obtain experimentally the foil structural damping Îs , two methods have been employed by 
the authors of [60]: first of all it was assumed the amplitude of the decaying oscillation to be 

proportional to  ÏL2ÐÑÒ , and after measuring the model tip oscillation amplitude trend, the 
structural damping constant has been calculated. Secondly, the structural damping Îs has been 
calculated with the bandwidth method. [71] 
 
Flutter Testing 
 
The four models discussed in [60], have been flutter tested after having measured stiffness, 
natural frequencies and structural damping. Flutter testing has been performed in Naval Ship 
Research and Development Centre (NSRDC) water tunnel: the models have been tested at a 
maximum speed of 50 kn at variable pressure. The testing speed has been gradually increased 
from zero and the model damping was measured at each velocity step: the model was tested at 
zero angle of attack and excited by means of the exciter rod.  
While water speed is increased, the exponential decay factor is calculated from structure 
oscillation: bearing in mind that the flutter condition occurs when damping is vanished,  the 
flow speed is increased with little steps to approach as much as possible the condition of 
instability without reaching it, in order to avoid  destruction of the model. The exact flutter 
speed is finally estimated by means of the decay factor trend; only for model 1 it was possible to 
get at the end of this procedure, and the sample was removed from the tunnel with no damage.  
By means of the exciter rod, it was possible to excite the model with two different amplitudes: 
the high-amplitude excitation was used for low speeds and the low-amplitude for high speeds. 
The switch has been done when an excessive torsional deflection was observed. Model 1 has 
been excited with 5° torsion up to 17 knots and the torsion was reduced to 2° for higher speeds. 
For model 2, it was necessary to modify the exciter cam to make possible a softer excitation at 
speed greater than 30 knots, which however did not sufficiently twist the model for the damping 
to be measured. High-speed motion picture reported the model response. 

 DESIGN STRATEGY STRUCTURE 3.

The idea of proposing a Design Strategy to include the prevision of aero-hydro-elastic 
phenomena occurrence in yacht appendages design comes from the reality that FSI methods are 
still elite and barely diffused in yacht engineering. To tear down this technological barrier, the 
diffusion of reduced-order methods should be endorsed, providing practical procedures for FSI 
integration in standard sailing yacht engineering. 
Modern engineers can rely on three approaches: analytical methods, numerical simulations, and 
experimental campaigns. The intention of the author is to generate a tool to approach the 
resolution of aero-hydro-elastic problems in yacht underwater appendages, which rely on the 
mutual interaction of these three approaches. The Design Strategy can be applied to general 
hydro-elastic analysis, to study the behaviour of underwater structures under the action of the 
loads generated by themself, but it can also assist the treatment of more specific phenomena. 
Within this thesis, the specific application of the Design Strategy to the phenomenon of flutter 
instability is presented.  
However, the principle is that this tool, on which the author is still working on, should cover a 
much wider application field, including, per each approach (analytical, numerical, 
experimental), several methods for solving different aero-hydro-elastic issues. 
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Then an engineer designing a high performance sailing yacht, who wants to account for aero-
hydro-elastic issues in the design of the appendages, could access this tool, identify the issues 
he is interested on, and pick up the methods and relative application guidelines, according to his 
needs. The Design Strategy could then be seen as a neat collection of existing methods, a chain 
of methods, where for each method an application guide is provided, highlighting the tools and 
the knowledge needed to deal with it. A flow of use is suggested to pass from one method to 
another, moving from approximated to more rigorous methods, while proceeding in the design 
process of the appendages, according to the required level of performance.  

 The structure of the present work intentionally recall that of the Design Strategy, being divided 
in a Main body, where the pilot case design procedure is described, the methods are introduced, 
their interaction is discussed, and the results obtained with each of them are compared, and 
three parts, Parts A, B and C, treating respectively the analytical, experimental and numerical 
approaches to the phenomenon of flutter. 

Figure 9. Design strategy structure scheme. 

Figure 10. Design strategy structure scheme for the specific application to the case of 
flutter phenomenon. 
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Theodorsen analytical theory has been implemented, presented and discussed, providing a 
scheme for a rapid implementation of the method. An experimental campaign has been run to 
flutter test a hydrofoil model, and it is reported within this work giving details about the 
experimental set-up, the testing procedure, the encountered issues and the found solutions: 
Part B is aimed to address future experimental campaigns toward a successful and effective 
development. The experimental findings are shared. 

 PILOT CASE 4.

4.1. Reference test case 

A comprehensive literature review of past works concerning flutter testing of foils in both air 
and water was preliminary carried out. It allowed the author to have an overview on the 
technical issues to be considered when designing the physical model and the other components 
of the experimental set-up, and to understand the troubles linked to high flow density and 
viscosity typical of water. Most of the flutter experimental campaigns reported in literature 
dealt with high mass ratio models as aerofoils operating in light, low viscosity fluids, while 
experimental reports about light hydrofoils are less common. It is worth considering the 
following statement from Caporali & Brunelle, (1964), which points out the difficulties related 
to using experimental results to validate theoretical models: ‘While flutter theory has generally 

failed to predict experimental results, (Baird et al., 1962), [64], [65], flutter experiments as 

well have often failed to produce usable results in the form of flutter occurrences [62], [66]. In 

cases where some agreement has been obtained between theory and experiment, the data have 

been insufficient to confirm theoretical predictions over a range of mass ratio values and the 

theories have lacked general applicability or self-consistency’.  

The experimental campaign carried out by Abramson & Ransleben [69] has been chosen as main 
reference for flutter model and experimental set-up design, because of compatibility with the 
intention of the author of the present work, and completeness and accuracy of the experimental 
report. They built a 0.99 mass ratio hydrofoil, which was flutter-tested at David Taylor Model 
Basin. In [69] important details upon construction issues are given, including design parameters 
choice, experimental set up and testing procedure, and experimental outputs recording. The 
results provided in [69] were considered and discussed by Besch & Liu (1971). Using Abramson 
and Ransleben work as reference, they generated a series of flutter models to explore the effect 
of mass ratio µ variation on flutter limit state. Technical details of the construction, assembling 
and testing of the models reported in [60] are also extensively provided in [70]. 
Despite the present work focuses on low mass ratio hydrofoil flutter experimental evaluation, 
the authors considered also lesson learned from aeronautical literature to investigate the 
dependency of flutter phenomenon from the physical variables. In particular Woolston and 
Castile technical report [61] has been deeply analysed even if it treats higher mass ratio 
aerofoils. 

4.2. NACA 16-012 Experimental model design process 

The design process of the pilot case was driven by the criteria defined in Section 4.2.1, and 
supported by the concurrent application of numerical, experimental and analytical approaches: 
CAD models are used for geometrical modelling and mass properties calculations, FEM is 
employed to calculate model stiffness and natural frequencies and to verify model strength, and 
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the analytical approach allowed for flutter velocity prediction. Numerically estimated mass and 
stiffness properties are then compared with the finding of experimental trials aimed to 
structurally qualify the dry model before the in-water flutter testing, as described in Section 4.3 
and 4.4. 
The NACA 16012 hydrofoil model is segmented in 8 strips separated by a gap of 1 mm to avoid 
stiffness participation and for better control of the design parameters: the structure of the 
elastic foil is conceived in a way that each component has a specific role. 
This design concept simplifies the overall design, as it reduces the mutual interaction between 
components and guarantees a better analogy with the reduced order FE model and therefore a 
more rigorous comparison between experimental and numerical results. 
 The only element that runs all along the span is an aluminium H beam that provides the 
required bending and torsional stiffness and its neutral axis represents the elastic axis of the 
whole model. The head of the elastic beam, which has rectangular solid cross section, is 
clamped in the towing tank carriage facilities support: it requires to be much stiffer than the H-
beam to avoid introducing additional flexibility, which may alter the natural frequencies of the 
hydrofoil. In this way, the reduced order model employed for analytical evaluation simulates the 
elastic behaviour of the foil span, constrained at the point where it gets in contact with the rigid 
carriage support.  
Mass and inertial properties are provided by a series of lead ballasts divided in four blocks per 
strip and fixed to the structure by means of one aluminium web per strip, which in turn is fixed 
to the beam. To avoid stiffness participation of the ballast, a gap is left between the H beam 
and the lead blocks that are for this reason defined floating ballasts. External fairing and water 
tightness of each strip are provided by an external CRP shell, which also transfers the 
hydrodynamic loads to the backbone. Although the backbone is designed to be sole responsible 
for the model stiffness, experimental measurements at different phases of the model assembling 
allowed to state that aluminium webs and CRP shells torsional stiffness contribution was 
significant as later detailed. 
 

4.2.1. Model design criteria 

 
The author designed the hydrofoil model so as to experience flutter below the velocity of 15 m/s 
imposed by the towing tank carriage speed limit. Theodorsen theoretical approach allowed to 
evaluate the effect of different design parameters on the flutter limit speed and represented 
the guideline to choose the combination of model stiffness, geometries and mass distribution 
optimised to obtain the lowest flutter speed and the highest relative mass ratio µ. The tricky 

Chord =152 mm 

Figure 11. Model mean section. 
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side of the design process lies in the fact that the flutter limit speed is a non-linear function of a 
series of parameters, which depend by each other. Each flutter variable affects directly and 
indirectly the limit speed. Since the flutter limit is directly proportional to the chord dimension, 
and the maximum operating speed of the towing tank is relatively low for flutter occurrence, it 
was necessary to reduce as much as possible the size of the model compatibly with construction 
issues, in order to encounter flutter instability during the trials. Beside construction issues, the 
small size also represented a limit for the internal volume of the model affecting the specific 
mass of the hydrofoil reachable by filling the whole sample with lead as described in Section 
4.2.3. The specific mass (%) of the structure is a very significant value as it affects the mass 
ratio  �µ =  % l @ *R�⁄ , which in turn affects the flutter speed, as well as the accuracy and 
reliability of the theoretical results, as detailed in Section 11.1.  
The design process started by a dynamic scale of a NACA 16-012 with 0.99 mass ratio flutter 
tested hydrofoil model chosen as reference from the literature [69]. Besch & Liu proved 
experimentally the reliability of the flutter model dynamical scale process described in the 
following, for a generic scale factor n. [60] 
The scale process works if fluid density remains the same: µÕ =  µÖ×ØÙÕÚ×Û . 

To guarantee that the hydrodynamic forces keep similarity after the scaling process, the flutter 
frequency has to remain constant. 

To obtain �ÜÛÝÚÚÙØ ,Õ = Þ  �ÜÛÝÚÚÙØ,Ö×ØÙÕÚ×Û the following condition on the chord is imposed: 

 

- *Õ = Þ  *Ö×ØÙÕÚ×Û  (same relation is worth for all geometrical parameters)  

- Since the specific mass (Kg m-1) is proportional to *R, � % =  µ  �l @ *R��, it follows that : 

- %ß =  ÞR %Ö×ØÙÕÚ×Û 
- Since the specific mass (Kg m-1) is imposed to be %ß =  ÞR %Ö×ØÙÕÚ×Û, and «ß = Þ «Ö×ØÙÕÚ×Û , 

it follows : 

- �./ , 3+�Õ =  Þà �./ , 3+�Ö×ØÙÕÚ×Û   ( condition on stiffnesses) 

 
The natural frequencies of vibration are not affected by the scaling process. 
It follows that scaling the chord of the model of a certain factor, keeping µ constant, leads to an 
equal scaling of the flutter speed: this principle has been applied to investigate the suitable 
scale factor to apply to the parental reference flutter model to adapt it to the current facilities 
carriage limit. However, a too-small scale factor would have been necessary to reach a useful 
speed. The author therefore decided to fix the scale factor to reach a useful chord size in terms 
of construction issues and later changed some parameters of the sample, to further anticipate 
the flutter occurrence: in this way the author moved away from the ‘comfort zone’ of 
predictable experimental flutter speed guaranteed by the reference. This represents a possible 
risk, since Theodorsen theoretical approach overestimates the flutter limit proportionally to the 
combination of structural parameters. Having changed this combination, the authors cannot 
know in advance how much the theoretical approach overestimate the flutter limit velocity. 
The offsets of the profile are kept constant to NACA 16-012 geometry in order to keep the 
knowledge of a standard profile with known fluid dynamical properties, and to minimise the 
difference between the current and the reference experimental campaigns. 
The relative mass ratio has been kept as much as possible close to the reference value 0.99 
considering it to be ‘‘small enough to demonstrate behaviour in the range of interest to 

hydrofoil applications, but large enough to insure that flutter would occur.’’ [69]. The 
reference value was also chosen by Abramson & Ransleben in [69] as the limit of reliability of 
Theodorsen theory: for lower value of mass ratio, the analytical outcome exponentially diverged 
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from the experimental results as shown in Section 11.1; however it should be remarked  that this 
limit value varies with the characteristic of the model. 
The position of the elastic centre is kept the same of the reference model since EA ≡ c/4  

represents the theoretical condition for which �áâãÙØäÙÕåÙ  tends to infinity assuming the 

hydrodynamical forces to act at the quarter of the chord. This is a condition of interest since for 
a low mass ratio hydrofoil, divergence instability might occur before the flutter, falsifying the 
intention of the experimental campaign. 
The distribution of the lead ballast mass inside the volume of the foil affects directly a series of 
parameters, which in turn affect the flutter limit: the lead distribution alteration changes the 
chord wise position of the centre of gravity (N() and the radius of gyration (æ(), which defines 
the lead mass inertia, which in turn affects the torsional natural frequency (Q(). The latter is 
also dependent by the torsional stiffness (GJ); if the torsional natural frequency changes, also 
the frequency ratio ωP/ Q( changes, for a certain structure. It can be concluded that the mass 
distribution affects directly four of the Theodorsen flutter variables: N(, æ(, Q(, and therefore 
the ratio ωP/ Q(; because of these two last terms, the mass distribution also affects indirectly 
torsional and bending stiffness of the structure (EI and GJ). 
Then, having fixed the chord and the specific mass, as explained above, and having chosen 
structure and ballast materials, the best distribution of lead was found searching the maximum 
distance between CG and CE and the maximum value of torsional mass inertia, which led to the 
minimum torsional frequency Q( . Final goal was to choose a combination of distribution of 
mass/beam cross section that leads to the minimum flutter speed according to Theodorsen 
sensibility analysis discussed in Section 11. 
To anticipate the instability, the Aspect Ratio (AR) of the sample has been increased from 5 to 7 
inducing lower ωP, and lower Q(: it should be noticed that the increase in span affects the 
bending stiffness more than the torsional stiffness; therefore, fixing EI and GJ, the higher is the 
aspect ratio, the lower is the frequency ratio ( ωP/ Q( ). Since the effect of the linear 
dependency of flutter speed on Q(  is stronger than the effect of inverse dependency on 
frequency ratio (ωP/ Q(), it follows that the longer is the span, the lower is the effective flutter 
speed. It should also be noticed that, the higher is the aspect ratio, the closer are experimental 
and analytical outcomes, as confirmed in [61]. This is probably because the longer is the foil 
span, the more consistent is the 2D assumption in fluid-dynamical forces evaluation. 

4.2.2. H- Beam design  

The aluminium H-beam is the main responsible for the overall stiffness of the model. 
The cross section of the beam is chosen to be H-shaped for two reasons: it is the standard-shape 
that better adapts to the NACA profile, and it is the cross section that better allows bending and 
torsional stiffness tuning. The thickness of the standard profile NACA 16-012 represents the limit 
for the transversal (thickness wise) dimension of the H-beam cross section, while web and core 
thicknesses have been chosen to provide the optimal combination of bending and torsional 
stiffness.  
It is worth recalling that the model optimisation process is aimed to lower the flutter limit of 
the hydrofoil model keeping the dimension of the sample reasonable from a construction point 
of view, e.g., not too small or too large. 
As described in Section 11, the lower is the torsional frequency (Q(�, the lower is the flutter 
speed, and the higher is the ratio between bending and torsional natural frequencies (ωP/ Q(), 
the lower is the flutter velocity. 
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Bending stiffness is related to bending natural frequency and torsional stiffness is related to 
torsional frequency as it follows in Eqs. 37 & 38 : 

°I =  XKI�      Eq. 37 

°� = XK���     Eq. 38  

To lower Q(, the mass inertia of the whole model should be maximised, and the H-beam cross 
section core thickness should be minimised, taking care of the torsional yielding limit state, and 
milling issues. Since the margin for mass inertia adaptation resulted to be very small, because of 
lead maximum filling of the sample internal volume, the torsional stiffness (i.e. the H-beam 
cross section core thickness) has been chosen after having defined the ballast mass distribution.  
The thickness of the H-beam cross section webs has been considered as the parameter to adjust 
bending stiffness and control the frequency ratio.   
The beam has been modelled with FE in order to obtain a reduced order model for natural 
frequencies evaluation, as described in Section 4.2.4. The elastic beam has been milled by a 
professional with H cross section having the dimensions reported in Fig. 12c. 
The choice of using aluminium instead of steel for beam construction is due to the fact that, to 
provide the same bending and torsional stiffness with steel, webs and core would have resulted 
very thin, inducing a more complex milling process. The elastic beam is eventually 536 mm long. 
The beam is equipped with eight transversal aluminium webs, 2 mm thick, equally spaced along 
its length and fixed to the beam by means of epoxy bonding: their function is to support the 
ballast of each model strip and to transmit the inertial loads to the beam (See Figs. 12a & 12b).  
 

4.2.3. Inertial considerations 

As already discussed, a design objective is to  keep the value of relative mass ratio as much as 
possible close to the reference value µ = 0.99 since for lighter structures the flutter occurrence 
prediction by means of Theodorsen theory becomes critical. To reach such a value of mass ratio, 
the maximum internal volume of the model had to be filled with lead, compatibly with the 
design principles.  

    a)                          b)         c) 

Figure 12. a) Reinforced aluminium beam; b) aluminium web; c) aluminium beam cross 
section.   
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The best compromise has been found to dedicate most of the internal volume of the sample to 
the ballast, allowing inter-parts tolerances, aluminium beam structure and composite shell 
thickness. Although a greater distance between CG and CE would induce a lower flutter speed, 
accordingly to Theodorsen sensibility analysis, the authors did not have significant tolerance in 
choosing the mass distribution, and N(  ended to be an ‘almost-fixed’ parameter, reducing 
Theodorsen variables control. The ballast of each strip is divided into two front blocks, at the 
LE, and two aft blocks in the rear part of the profile. To gain volume, both front and aft ballast 
blocks are extended between the webs of the beam, allowing 1 mm gap all the way around to 
avoid contact with the beam itself: this choice increased significantly the complexity of lead 
casting process to realise the ballast (See Fig. 13). 
 
 
 
 
 
 
 
 
 
 
No gap (0.1 mm) is left between the lead and the CRP shell, but suitable lubricant is spread at 
the interface instead of bonding. The gap between each of the eight strips of the model is 
limited at 1 mm, assuming it as the minimum useful value: the larger is the gap, the more empty 
volume is included in the specific mass calculation, and the lower gets the mass ratio. Again, for 
the same reason, the external shell is realised in CRP to allow the lowest thickness without 
losing stiffness: the thinner is the shell the less volume is allocated to a light CRP material 
instead of the heavy lead. The lead blocks are added to the FE reduced order 1D beam elements 
model, by means of thirty-two mass points in which the mass and the inertias of each ballast 
block are specified. At this step of the design process, it is important to highlight that since the 
chord wise distance between CE and CG, represented by the parameter N(, has a non-zero value 
(thus the elastic axis does not pass through the centre of gravity), a coupling between bending 
and torsional degrees of freedom exists: this means that the natural modes of vibration of the 
model are not pure. This point is very important since for flutter analytical evaluation, the pure 
bending and torsional natural frequencies of the structure are needed, but they cannot be 
measured experimentally: this is the main reason behind the computational of a FE model of the 
sample. The overall mass inertia of the model allows calculating the radius of gyration  rè 
necessary to compute Theodorsen theory. The CG of the model, including all components’ 
masses, is located at 39.52 mm behind the elastic axis. The non-dimensional parameter N(  
resulted then to be 0.519. 

4.2.4. FEM numerical computational of model response 

An important part of the flutter model design-procedure is the implementation of numerical FE 
models to compute pure bending and torsional natural frequencies needed to feed the analytical 
approach as already mentioned, and to estimate the specific bending and torsional stiffness of 
the whole model, to be lately employed in 2D FSI simulations. A 1D and a 3D models are 
computed with ADINATM software: in the 1D model, the backbone beam and the supporting beam 
are modelled by means of beam elements having aluminium properties and respectively H and 

Figure 13.Lead ballast blocks. 
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rectangular solid sections with two nodes per element; the stiffness of the aluminium frames 
and that of lead ballasts are neglected, modelling them as mass points (thus taking into account 
only their mass inertial contribution).  
 

 

         a)           b)                     c) 

Figure 14. a) 1D FEM beam model;  b) 3D FEM bare model ; c) 3D FEM ballasted model. 

Figure 15. Solidwork 3D models mesh (left) and first mode deflection shape (right). 
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Thanks to later discussed validation of these models between each other and against 
experimental outcomes, it was found that the torsional stiffness added by the aluminium webs 
was relevant: since the 1D model was needed to be reliable, for pure uncoupled natural 
frequencies calculation, the author decided to simulate this stiffness increment, by correcting 
the beam section. The core thickness was increased from 6 mm to 8 mm, obtaining good 
agreement with the 3D model response and measured frequencies, in terms of both bending and 
torsional modes of the bare and naked model, as shown in Tabs.1 & 2.  
The model is constrained with free-clamped boundary conditions at the ends: in particular, it is 
rigidly constrained at one side to simulate the attachment to the carriage. The 3D model 
includes the aluminium beam and webs and, when needed, the lead blocks while the CRP shells 
are not modelled: the volumes are meshed by means of 3D solid elements assigning aluminium 
and lead properties respectively and the model is computed as a whole solid, which means that 
no bonding nor bolding is modelled for component assembling simulation.  
Another 3D model is modelled with the software Solidworks 2017 and computed with its 
Simulation extension, to compare the results obtained with ADINA and to accomplish the 
specific task of replacing the rigid constraint with an elastic clamping for better understanding 
the degree of fixity effectively guaranteed in laboratory. 
Before computing the pure natural frequencies of the structure, these models are firstly 
validated against experimental static and dynamic measurements, as described in Section 4.3 
and 4.4: the model response is observed numerically and experimentally at different stages of 
the assembling process, in order to investigate the stiffness and mass contribution of each 
component and the consistency of the reduce order models. In particular, the model static and 
dynamic response is tested before fixing the lead blocks to the structure (bare structure): for 
this computational, the 1D model did not included the thirty-two mass points representing the 
ballast and the 3D model included only the backbone and its webs. The computed natural 
frequencies of the bare structure coupled modes resulted then to be as in Tab.1  
 

Numerical Bare Structure Frequencies 

Model                  Mode 
1 2 3 4 Mass 

Hz Hz Hz Hz Kg 

1D Adina 28.68 39.33 114.6 163.1 0.36 

1D Adina_Corrected 28.24 39.07 137.9 163 0.36 

3D Adina 28.93 39.39 142.2 167.8 0.36 

3D Solid Work full fixity 28.67 39.12 141.47 165.12 0.36 

3D Solid Work elastic fixity 26.52 34.16 142.77 210 0.36 

Mode shape Flex z Flex y Torsional Flex - 

Table 1. Numerical bare structure calculated frequencies; specified mass is referred to 

elastic model only, the supporting beam mass is not accounted. 

To compute the dynamic response of the ballasted structure, and calculate the effective natural 
frequencies of vibration of the 1D model, the thirty-two lumped mass are placed at the actual 
position of each lead block centroid, specifying the mass inertias of each volume, and 
connecting them to the beam by means of rigid links, while in the 3D model, the volumes are 
meshed by means of 3D solid elements, as already mentioned. The computed natural 
frequencies of the ballasted naked (with no CRP shell) structure coupled modes resulted then to 
be as in Tab.2 
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Numerical Ballasted Model Frequencies 

Model Mode 
1 2 3 Mass 

Hz Hz Hz Kg 

1D Adina 4.86 7.05 14.89 8.9 

1D Adina Corrected 4.99 7.13 17.54 8.9 

3D Adina 4.99 7.01 18.03 8.9 

Mode shape Flex z Flex y Torsional - 

Table 2. Numerical ballasted structure calculated frequencies; specified mass is referred 

to elastic model only, the supporting beam mass is not accounted. 

From Tab. 1 & 2 it is clear that in terms of bending dynamic response, the 1D and 3D models are 
in good agreement for both bare and ballasted model, while the torsional mode frequency 
computed with the original 1D model is significantly smaller than that computed with the 3D 
model: the experimental measurements discussed in the following section, confirmed that this 
disagreement was due to the web torsional stiffness contribution. The 1D model correction had 
the expected effect on bending and torsional mode response.  Refers to Section 4.4 for further 
numerical outputs discussion and to Figs. 16 & 17 for 1st and 3rd mode shape. 
 
 
 
 
 
 

Figure 16. Bending natural mode of vibration. 

 
 
 
 
 
 

Figure 17. Torsional-bending coupled natural mode of vibration. 

 Finally, ones the FE models were validated and the 1D model corrected to comply with 
experimental measurements, this last has been used to compute the pure bending and torsional 
natural frequencies, by moving the concentrated mass along the elastic axis in order to induce a N( = 0  condition, where bending and torsion are un-coupled. Per each block of ballast, 
considering lead density, the mass inertia referred to the projection of the volume centroid on 
the elastic axis, has been obtained by means of a CAD software, and overwritten in the lumped 
mass matrix. In this way, the centre of mass of the FE model resulted to be on the elastic axis 
(thus N( = 0), but the inertial increment due to CG-CE offset is taken into account as the ballast 
inertias include the effect of the Huygens-Steiner theorem. The inertial contribution of the eight 
aluminium frames is taken into account analogously. The obtained uncoupled bending and 
torsional natural frequencies of the naked corrected 1D model resulted to be respectively 5.06 
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Hz and 11.7 Hz as reported in Tab. 3. Later discussed experimental measurements led to known 
that the fitting of the CRP coverage induced an increase of respectively 5% and 14% to the 
computed frequencies, leading to a bending and torsional uncoupled natural frequencies of the 
finished model of 5.3 Hz and 13.4 Hz respectively. These added stiffness were not accounted for 
at first design stages, since the aluminium beam was assumed to be the sole responsible for 
model stiffness: it follows that the model has been designed to be flutter prone within facility 
speed range, at 8.5 m/s, neglecting the extra stiffness due to webs and shells. As already 
discussed in Section  4.2.2, an increase in torsional stiffness of the model means a higher flutter 
limit speed, which, according to Theodorsen theory prediction, rised up to 14.5 m/s also 
because of mass overestimation.  

Numerical Ballasted Model Uncoupled Frequencies 

Model Mode 
1 2 3 Mass 

Hz Hz Hz Kg 

1D Adina Pure 5.05 6.79 9.6 8.9 

1D Adina Pure Corrected_Naked 5.06 6.87 11.7 8.9 

1D Adina Pure Corrected_Finished 5.3 - 13.4 8.9 

Mode shape Flex z Flex y Torsional - 

Table 3. Numerical ballasted model calculated uncoupled frequencies; specified mass is 
referred to elastic model only, the supporting beam mass is not accounted. 

ADINA identifies the natural modes of vibrations of the structure by means of Eigenvalue modal 
analysis [72]. For better understanding of Figs. 16 and 17, the components of the found 
eigenvectors corresponding to out-of-plane bending and torsional degrees of freedom are 
reported in Tabs.4 and 5, for a series of chosen nodes distributed along the model span. The 
significant eigenvectors components are reported for the 1st and 3rd mode, for both coupled and 
uncoupled results. From Tabs. 4 and 5 it is confirmed that the 1st and 3rd natural modes of the 
model are not pure modes: in particular, it can be observed that, as expected, the 1st natural 
mode mainly involves bending degree of freedom, with a very small component of torsion, while 
in the 3rd mode the torsional component becomes more significant and a strong participation of 
out-of-plane bending is still reported. In the case of uncoupled model, the out-of-plane bending 
components of the eigenvectors are vanished in the 3rd mode, while the torsional components of 
the 1st mode eigenvectors are none. This result confirms that the numerical trick above 
described, aimed to force mode uncoupling, had successful results. Others components of the 
problem eigenvectors are not reported in Tabs.4 and 5 since they are all none for the analysed 
modes. 

Table 4. 1st mode eigenvectors: out-of-plane translation and torsional components referred 
to a series of 11 nodes along the span; refers to coordinate system of Figs. 16 and 17. 

1st NATURAL MODE EIGENVECTORS  

Node 1 9 18 26 34 42 50 58 66 75 84 

Coupled 

modes 

Frequency 4.86 Hz 

Z Transl. 17.8  14.3    10.4    7.1 4.2 1.9 0.5 0.2 0.1 0 0 

Y Rotation 6E-2 5E-2 5E-2 4E-2 3E-2 2E-2 6E-3 1E-4 8E-5 4E-5 0 
 

Pure 

modes 

Frequency 5.05 

Z Transl. 20.2 16.2 11.7 8.01 4.7 2.2 0.6 0.2 0.1 0 0 

Y Rotation 0 0 0 0 0 0 0 0 0 0 0 
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3rd NATURAL MODE EIGENVECTORS  

Node 1 9 18 26 34 42 50 58 66 75 84 

Coupled 

modes 

Frequency 14.89 Hz 

Z Transl. 24.3 18.6 12.5 7.7 3.9 1.4 0.2 1E-2 2E-3 9E-4 0 

Y Rotation 0.4 0.3 0.3 0.3 0.2 0.2 6E-2 1E-3 7E-4 3E-4 0 
 

Pure 

modes 

Frequency 9.6 Hz 

Z Transl. 0 0 0 0 0 0 0 0 0 0 0 

Y Rotation 0.3 0.3 0.2 0.2 0.2 0.1 0 0 0 0 0 

4.3. Physical model experimental assessment for numerical model validation 

In order to validate the numerical outputs of the dynamic and static response of the structure, 
and to assess the stiffness participation of the assembling elements, the dry model was 
experimentally tested several times, to measure the static bending of the structure under a 
known load, and to measure its natural frequencies of vibration, after the action of an impulse 
force. The static measurements are done uniquely for the bare structure (beam with no ballast 
nor CRP shell) while the recording of the dynamic response is done for three conditions: bare 
structure, naked model (ballasted beam with no CRP shell) and whole finished model. All of 
these configurations, out of the finished model, were also simulated numerically by means of FE 
models as already described. Before undertaking the trials, a series of reference points has been 
marked on the structure to fix the measuring and force application points, as shown in Tab.6 & 
Fig. 18. 
 

REFERENCE POINTS 

Point 
X Y 

mm mm 

0 0 0 

1 70 0 

2 140 0 

3 210 0 

4 280 0 

5 350 0 

6 420 0 

7 490 0 

8 508 0 

9 508 103 

10 508 93 

11 533 0 

Table 6. Reference points location for dry testing. 

Table 5. 3rd mode eigenvectors: out-of-plane translation and torsional components referred 
to a series of 11 nodes along the span; refers to coordinate system of Figs. 16 and 17. 
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4.3.1. Static testing in dry condition 

To validate the numerical model in terms of static response, the aluminium structure was tested 
for bending. The bare structure was clamped at the end of the supporting beam, and masses 
from 0.5 to 2 Kg were hanged at the free end (Point 11). The test was repeated for in-plane, 
out-of-plane bending and torsion measurements. The displacements of the reference points 
were recorded by means of a laser distance sensor Panasonic HG-C1200 [73]. Each measurement 
was repeated several times by gradually rising and lowering the weight of the applied load: for 
each configuration, the set of experimental results showed a scatter lower than the actual 
accuracy of the laser sensor; for this reason, only the mean value of the results of each tested 
configuration is reported in this paper, without discussing the standard deviation of the results 
nor including any error bar in the graphs reported in this section. In this section the 
experimental results are presented, showing that an elastic behaviour is observed, as a linear 
trend is found for the three loading conditions: the slope of the Displacement vs. Force curves 
represents the model stiffness (See Eq.39) 

K =  �∆  Eq. 39 

From Tabs. 8 & 9 it can be noticed that for a fixed measuring point, the value of O slightly 
changes between the first load steps, probably due to a mechanical arrangement of the end-
clamping and of the beam-to-support fitting; at higher loading, the clamp is stabilize and the 
stiffness O, which is a function of the constraint, remains constant. This phenomenon is more 
evident in the case of out-of-plane bending results, rather than in-plane bending outcomes, 
probably because of a tighter set-up of the latter; in the numerical simulation, where the 
constraint is ideally rigid, the value of O does not change with the loading force, as expected. 
The presented results are discussed in Section 4.4 in the context of experimental vs. numerical 
results comparison. 
 
 
 

Figure 18. Structure reference points for dry testing. 



39 

 
Bending measurement Testing Series 

Serie
s 

Config. 
Load 
(Kgf) 

Load 
direction 

Load application 
point 

Repeat Measured data 
Laser 
points 

SFZ 
Bare 

structure 

0.5 

Z P11 

5 

Z 
displacement 

P1, P3, 
P7 

1 5 
1.5 5 
2 3 

SFX 
Bare 

structure 

0.5 

X P11 

3 

X 
displacement 

P1, P7 
1 3 

1.5 3 
2 3 

SMY 
Bare 

structure 

0.5 

Z P10 

2 

Z 
displacement 

P0, P8, 
P9 

1 3 
1.5 3 
2 2 

Table 7. Testing matrix for static dry testing. 

 

 
 

Out-of-plane bending - Experimental Results 

Force 

[Kg] 

Force 

[N] 

P1_exp 

[mm] 
K @ P1= F/ Δ 

P3_exp 

[mm] 
K @ P3 = F/ Δ 

P7_exp 

[mm] 
K @ P7 = F/ Δ 

0.5 4.9 0.26 18.8 0.82 6.0 1.98 2.5 

1 9.81 0.45 21.8 1.53 6.4 3.8 2.6 

1.5 14.715 0.60 24.5 2.3 6.4 5.8 2.5 

2 19.62 0.80 24.5 3 6.5 7.74 2.5 

Table 8. Out-of-plane bending dry testing measured displacement and calculated stiffness. 

                      a)            b) 

Figure 19. a) Out-of-plane bending scheme; b) out-of-plane bending experimental configuration. 
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In-plane bending - Experimental results 

Force [N] Force [ Kgf] P1_exp [mm] K @ P1 = F/Δ P7_exp [mm] K @ P7= F/Δ 

4.9 0.5 0.1 49.0 1 4.9 

9.81 1.0 0.2 49.1 2 4.9 

14.715 1.5 0.3 49.1 3.1 4.7 

19.62 2.0 0.4 49.1 4.2 4.7 

Table 9. In-plane bending dry testing measured displacement. 

 

For torsional rotation estimate, a force is applied at point P10, and the out-of-plane bending is 
measured at two reference points, P8 and P9: the first one is located along the beam axis, the 
latter at 0.1 m out of the axis, at equal Y position. (See Fig. 22). From these measurements, the 
angle of torsion is calculated as per Eq.40, valid for the assumption of small angles of torsion. 
 

� = htf<hé ê�ëÌì³LÌ³íííííííííííîL�ÌìïLÌïííííííííííííí���Ì³LÌïíííííííííí� ð   Eq. 40 

                      a)            b) 

Figure 20.  a)  in- plane bending scheme ; b) in- plane bending experimental configuration. 

Figure 21. Out- of- plane and In- plane bending experimental result. 



41 

                      a)            b) 

Figure 22. a) Torsion scheme; b) torsion experimental configuration. 

 

 
 
 

Torsion - Experimental results 

Force  

[ Kgf] 
Force [N] 

Mtors 

[N*mm] 

P0_exp 

[mm] 

P8_exp 

[mm] 

P9_exp 

[mm] 

Torsion_exp 

[deg] 

0.5 4.9 455.7 0.01 1.83 2.53 0.39 

1.0 9.81 912.3 0.13 3.8 5.17 0.76 

1.5 14.72 1368.5 0.2 5.65 7.87 1.23 

2.0 19.62 1824.7 0.3 7.4 10.55 1.75 

P10 - P8  93 mm         

Table 10. Bending/torsion dry testing measured displacement. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 23. Torsion experimental results. 
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4.3.2. Dynamic testing in dry conditions 

Dynamic testings are repeated several times during the assembling process of the model, to 
monitor the effect of the components (beam, ballast and shell) on stiffness and inertias. At each 
time, to measure its natural vibration, the structure is fixed vertically by clamping the head of 
the rigid supporting bar, later described in Section 4.5. The dynamic response of the bare and 
ballasted structure is measured by means of a series of 
ICP® accelerometers (PCB Model 333B32) [74] located 
at four of the reference points already introduced, 
measuring acceleration in Z direction. The sensor at 
point P9 allows detecting the torsional modes of 
vibration. (See Fig. 24).  In bare configuration, only the 
aluminium parts are included and the total weight is 
1.42 Kg, made of 0.36 Kg of elastic vibrating beam and 
1.06 Kg of supporting bar initially assumed to be rigid.  
The ballasted configuration was preliminary tested a 
first time, when the lead ballast did not exist yet, by temporary fixing a series of sixteen 
ballasts having mass equivalent to the designed lead blocks at each frame, to simulate the 
response of the whole model. This preliminary model resulted to weight 9.5 Kg without including 
the rigid support, against 9.42 Kg of the model design mass. Although the blocks used for 
preliminary ballasting did not have the same shape of the designed ones, the effect on the 
global inertia, and thus on torsional mode, was assumed acceptable for a first estimation. 
 
 

Frequency measurement Testing 

Series Config Mass (Kg) Measured data Measure point 

SMY Bare 0.36 Natural frequencies P1,P3,P5,P7,P9 

SMY 
Ballast-
Naked 

8.9 
 

Natural frequencies P1,P3,P5,P7,P9 

SMY 
Ballast-
Finished 

9.05 Natural frequencies Stain gages 

Table 11. Testing matrix for dynamic dry testing. 

The shape of the blocks chosen for the preliminary testing, was such as the global inertia was 
expected to be slightly higher than the design one: it followed that the preliminarily  measured 
torsional frequency (15.1 Hz) was found to be lower than the one lately measured for the final 
ballasted model: once the model was fully ballasted with the effective lead blocks, but still 
naked, the experimental measurements above described have been run again to iterate the 
validation of the models. A last measurement of the dry model dynamic response has been done 
once the sample was completely assembled, in order to assess the stiffness contribution due to 
the CRP shells, expected to be mainly torsional: the measured natural frequencies of the model 
in all of the described configurations, out of the preliminary ballasting, are reported in Tab. 12. 
 
 
 

Figure 24. Accelerometers location. 
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Natural frequencies - Experimental results 

Mode Mode 
1 2 3 4 Mass 

Hz Hz Hz Hz Kg 

Bare structure 27.63 33.5 134.86 205.92 0.36 

Naked model 4.65 6.59 18.06 25.18 8.9 

Finished model 4.88 - 20.6 - 9.05 

Mode shape Flex z Flex y Torsional Flex - 

Table 12. Measured natural frequencies of model in bare, naked and finished 
configuration; specified mass is referred to elastic model only, the supporting beam mass 

is not accounted; for the finished model, the dynamic response has been measured by 
means of SG instead of accelerometer. 

 
First of all it should be highlighted that the mass of the finished model resulted to be 0.37 Kg 
lower than the design one, expected to be 9.42 Kg, because of construction tolerances and 
unexpected lead density: this solid mass led to a value of mass ratio of 0.93, while the expected 
value was 0.97. 
With regards to the natural frequencies, it is recalled that the measured modes are not pure, 
but a modal coupling exists because of the CG-CE misalignment as already introduced in Section 
4.2.4: however, observing the model mode shapes, it can be stated that the first and second 
modes were almost pure out-of-plane and in-plane bending respectively, while the third mode 
showed a strong torsional mode participation. From the measured frequencies it can be 
concluded that: 
 

- The addition of the ballast made the natural frequencies of the model dropping 
significantly, as expected. 

- The natural frequencies of the finished model, despite it had a mass lightly greater than 
the naked model, because of the CRP shells mass, were found to be higher than those of 
the naked configuration because of the stiffness added by the CRP shell. In particular, 
the first mode frequency is subject to a 5% increase due to the composite coverage, 
while the third mode frequency is subject to a 14% increase: these percentages of error 
had to be applied also to the pure natural frequencies computed with the 1D FE 
corrected model, before being input in Theodorsen scheme. The fact that the CRP shells 
participates in bending and torsional stiffness was qualitatively expected, but the author 
did not estimate this stiffness as, according to the model design principles, the 
aluminium backbone was considered the main responsible for model stiffness. The fact 
that the torsional stiffness increment was greater than the bending stiffness increment, 
led to a lowering of the design frequency ratio Qñ�ÒCò , which, according to Theodorsen 
sensibility analysis, led to a higher predicted flutter speed.  

These results are graphically presented in Section 4.4 in the context of numerical vs. 
experimental results comparison. 



44 

 

4.4. Experimental vs. Numerical static and dynamic response  

The above described experimental measurements allowed validating 1D and 3D FE models in 
terms of static and dynamic responses of the model. As anticipated in Section 4.2.4  the 1D 
beam model included uniquely the aluminium beam, and webs and ballast are modelled as 
lumped masses, while in the 3D model, the webs and lead are also meshed assigning mechanical 
and physical properties of the used materials. The following results discussion concerning the 
static response of the model, account for the uncorrected 1D FE model, while in the comparison 
of numerical vs. experimental dynamic response, it is highlighted the effect of 1D FE model 
correction for numerical results consistency. The comparison of static testing outcomes is done 
in terms of displacements of a reference point, due to the application of a known force. The 
dynamic response is studied and compared in terms of natural modes frequencies and shapes. 

4.4.1. Out-of-plane bending results 

The out-of-plane bending (heave) is measured and computed at three reference points located 
along the beam span P1, P3 and P7. The numerical outputs of the 1D and 3D models can be 
considered equivalent for all of the three points despite the 1D model did not include the 
aluminium webs stiffness: it follows that the contribution of these parts of the structure in 
terms of out-of-plane bending stiffness is negligible. The slope of the trend lines, which 
represents the structure stiffness, rises going from the root to the tip of the model (thus from P1 
to P7), as expected for a cantilever beam. 

     a)                      b)                          c)                              d)                            e) 

Figure 25. Bare and ballasted structure experimental configurations. 



45 

Experimental vs. Numerical - Out-of-plane displacement 

F 
P1 P3 P7 

Δ_exp Δ_1D_FEM Δ_3D_FEM Δ_exp Δ_1D_FEM Δ_3D_FEM Δ_exp Δ_1D_FEM Δ_3D_FEM 

N mm mm mm mm mm mm mm mm mm 

4.9 0.3 0.07 0.07 0.82 0.41 0.42 1.98 1.71 1.69 

9.81 0.5 0.14 0.15 1.53 0.82 0.83 3.80 3.43 3.38 

14.715 0.6 0.21 0.22 2.30 1.23 1.25 5.80 5.15 5.07 

19.62 0.8 0.28 0.30 3.00 1.64 1.67 7.74 6.86 6.76 

Table 13. Experimental vs. numerical out-of-plane displacements. 

 
When comparing the numerical outputs with the experimental measurements, it comes out that 
the out-of-plane displacements measured experimentally are greater than those computed 
numerically for all of the three reference points. It should be accounted that the experimental 
measurements are affected by the measuring instrument error and set up tolerances,( the latter 
is variables between laser sensors), which  are probably responsible for the results offset. These 
measuring errors are mainly affecting the results at the measuring points close to the root, 
where the measured displacement has the same order of magnitude of the instrument tolerance. 
However, the computed displacements also rise with the applied load with a steeper trend 
compared to the experimental measurements. In other words the numerical models show a 
higher stiffness than the experimental model (See Tab. 14): the cause of this difference is surely 
the fact that the clamping of the experimental model is not perfect as in the numerical model, 
where it is considered to be rigid. In addition the aluminium modulus of elasticity is assumed to 
be E = 690000 N/mm^2 but the material mechanical properties have not been verified. For the 
above described reason the obtained results are to be taken as preliminary and the discrepancy 

Figure 26. Out of plane bending experimental vs. numerical results. 
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between experimental and numerical results is to be considered expected because of lack in 
experimental rigour. The model stiffness is double-checked in a more advanced phase of the 
project, in the context of the strain gage calibration as reported in Section 16.1.1. Same 
consideration are valuable for in-plane bending results discussed in the following section. 
 

Experimental vs. Numerical Model Out-of-plane Bending stiffness 

F 
P1 P3 P7 

K_exp K_1D_FEM K_3D_FEM K_exp K_1D_FEM K_3D_FEM K_exp K_1D_FEM K_3D_FEM 

N N/mm N/mm N/mm N/mm N/mm N/mm N/mm N/mm N/mm 

4.9 18.8 69.02 65.55 5.98 11.93 11.75 2.47 2.86 2.90 

9.81 21.8 69.13 65.62 6.41 11.94 11.76 2.58 2.86 2.90 

14.715 24.5 69.08 65.62 6.40 11.93 11.76 2.54 2.86 2.90 

19.62 24.5 69.06 65.62 6.54 11.93 11.76 2.53 2.86 2.90 

Table 14. Experimental vs. numerical out-of-plane bending stiffness. 

4.4.2. In-plane bending results 

The in-plane bending is measured and computed at two reference points, P1 and P7, located 
close to the root and to the tip, respectively. The numerical outputs of the 1D and 3D models 
can be considered equivalent for both points despite the 1D model did not include the 
aluminium webs stiffness: it follows that the contribution of these parts of the structure in 
terms of in-plane bending stiffness is negligible. The slope of the trend line rises going from the 
root to the tip of the model, as expected for a cantilever beam. In terms of comparison with 
experimental measurements, the same consideration discussed for out-of-plane bending test can 
be applied. Refers to Tab. 15 and Fig. 27 for results comparison. 
 

 

Experimental vs. Numerical - In-plane displacement 

F 
P1 P7 

Δ_exp Δ_1D_FEM Δ_3D_FEM Δ_exp Δ_1D_FEM Δ_3D_FEM 

N mm mm mm mm mm mm 

4.9 0.1 0.03 0.04 1.00 0.92 0.92 

9.81 0.2 0.06 0.07 2.00 1.84 1.83 

14.715 0.3 0.10 0.11 3.10 2.77 2.75 

19.62 0.4 0.13 0.14 4.20 3.69 3.67 

Table 15. Experimental vs. numerical in-plane displacements. 
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4.4.1.  Torsion results 

 
When comparing the torsional behaviour, it appears that the original 1D FE model significantly 
overestimates the torsion of the structure: this is the main reason that initially led the author to 
compute a 3D FE model. The angle of torsion obtained with the 3D model fairly matches the 
values measured experimentally with a maximum error of 12% occurring when a 1 Kg (9.81 N) 
mass was hanged to the tip web. The inconsistency of the 1D beam model is to be attributed to 
the fact that the stiffness of the aluminium frames is not modelled; this result is in accordance 
with the result of torsional frequency of the bare structure as discussed in the following section. 
 
 

Experimental vs. Numerical Out-of-plane displacement - Torsion 

F M θ_exp θ_1D_FEM θ_3D_FEM 

N N deg deg deg 

4.9 455.7 0.39 0.67 0.43 

9.81 912.33 0.76 1.34 0.87 

14.715 1368.495 1.23 2.01 1.30 

19.62 1824.66 1.75 2.68 1.74 

Table 16. Experimental vs. numerical out-of-plane displacements for torsion testing. 

 
 
   

Figure 27. In-plane bending experimental vs. numerical results. 
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4.4.2. Bare structure natural frequencies results 

The natural frequencies of the bare structure are computed by means of the 1D beam model, 
the 3D ADINA model and by means of a 3D model realised with the software SolidWorks. With 
this last model, it was possible to replace the rigid constraint with an elastic one, and therefore 
to relax the end fixity and to attempt the simulation of the non-perfect clamping applied in 
laboratory trials. 
In terms of out-of-plane and in-plane bending mode, the numerical frequencies resulting from 
the ideally fixed models are slightly higher than those measured experimentally but there is no 
important difference between 1D and 3D model outputs: this fact confirms that the bending 
stiffness contribution of the aluminium frames, which are not included in the 1D model, is not 
significant. The reason of experimental vs. numerical gap probably lies in the non-perfect 
clamping of the experimental model, which reduces the structure bending stiffness. This gap is 
vanished by relaxing the constraint by means of the software Solidworks, as shown in Fig.29. 
 In terms of torsional natural frequency, the first remark regards the original 1D model, which 
gives out a torsional frequency sensibly lower than all others results: this is due to the fact that 
the beam model does not include the stiffness contribution of the aluminium frames, as already 
introduced. Actually, this result was qualitatively expected since the aluminium webs, because 
of their section inertias, add torsional stiffness, more than bending stiffness. In Fig.29, the 
natural frequencies of the corrected 1D model are also included, and it can be observed that, 
the beam section core thickness increment had successful effect on the torsional mode 
frequency with little, negligible effect on the bending mode. The others third mode numerical 
results are rather similar between each other and slightly greater than the measured frequency, 
because of constraint imperfections. The forth mode is reported to point out the fact that the 
relaxation of the fixity in the 3D SolidWorks model, apart from adjusting the bending 
frequencies, it also makes appearing a mode around 205 Hz, as obtained experimentally. 

Figure 28. Torsion experimental vs. numerical results. 
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4.4.3. Ballasted structure natural frequencies results 

The natural frequencies of the ballasted naked structure are computed only by means of the 1D 
beam model and the 3D ADINA model and during the experimental measurements, the model 
was constrained more rigorously than previous testing, including the whole set up above the 
supporting bar (Refers to Section 15 for experimental set-up):  for this reason the measured 
natural frequencies were expected to show a better agreement with the numerical results. For 
the first and second bending mode frequency, 1D and 3D numerical and experimental results are 
rather similar, and the above-discussed considerations explain the very small differences 
between results. The torsional frequency computed with the 1D model resulted to be lower than 
the one computed with the 3D model, again because of missing webs stiffness, however this gap 
is filled with the 1D model section correction, as already discussed and shown in Fig.29. This 
validation of the numerical models was needed already in the first stages of the sample design 
process, since it led to compute the pure natural frequencies necessary to feed Theodorsen 
scheme for preliminary flutter prediction, which drove the choice of model physical parameters. 
For this reason the experimental measuring and numerical computational of the model dynamic 
response have been iterated several times and the results updated, while the model parts were 
built and its physical properties established (i.e. mass, inertia, stiffness); the values provided in 
this thesis correspond to the final iteration of the process. The 3D FE model simulates the naked 
model response since CRP shells were not meshed: the computed torsional frequency is very 
close to that measured experimentally, as shown in Fig.30. When observing the measured 
dynamic response of the finished model, it can be concluded that the presence of the CRP shell 
add a little bending stiffness while its contribution in torsional stiffness is significant, making the 
natural frequency of the third mode rising up to 20.6 Hz as already discussed in Section 4.3.2. 
 

Figure 29. Bare structure frequencies experimental vs. numerical results. 
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Figure 30. Ballasted structure frequencies experimental vs. numerical results. 

4.5. NACA 16-012 Experimental model construction process 

The construction process of the designed model can be split in four phases: aluminium parts 
milling, CRP shells production, lead ballast casting and shaping and finally the assembling of all 
these. The first phase has been assigned to specialised professionals while CRP manufacturing, 
lead casting and assembling has been done by the author itself.  

4.5.1. Aluminium parts milling 

The aluminium beam, having an H section as described in Section 4.2, has been milled from a 
solid bar by means of a numeric controlled machine. The obtained bar has been then reinforced 
with eight aluminium webs which have been laser cut from a 2 mm aluminium plate (See Fig. 
31): the webs are cut with NACA profile offset shape, having a maximum offset 0.5 mm narrower 
than the finished model, since they have been finally wrapped with the CRP shell. Each web has 
been internally cut with a rectangular 11x18 mm hole to allow the beam to pass through; the 
webs have been fixed to the beam by means of epoxy structural bonding. At the free end of the 
beam, a last web 5 mm thick has been fit in order to cap the last strip of the model. This web 
also provides a rigid support to apply a torque to the model for flutter testing excitation (See 
Fig.31): in the lower face of this web, two screws permitted to fasten the two control cables 
described in Section 15, in the context of experimental set up. This cap has been firstly milled 
to obtain a 18x11 mm recess, 2 mm deep, which allowed for mechanical joint of the beam over 
the cap, also fixed by means of epoxy bonding. The fact that the beam was jointed to the end 
cap by means of a recess induced a reduction of the lower lead blocks volume, which affected 
negatively the overall mass ratio according to the design principles. At half-length between 
every two webs, a solid section 2 mm thick was needed to permit the watertight fitting of the 
CRP shells strips (See Fig.31).  
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The head of the beam, which has a solid rectangular 15x20 mm section, is clamped in the towing 
tank carriage facilities support, which is a 280 mm long aluminium bar, having 30x50 mm 
rectangular section. This bar was machined to obtain a hollow to fit the beam head, worked 
with 0.1-0 mm tolerance in the joint to avoid slack in the coupling: however, in Section 4.4 it 
has been shown that probably a certain loss of stiffness is addressed also to this joint. The head 
of this bar was drilled and threaded to allow the fitting of a cylindrical brass bug to centre the 
model under the load cell. (See Fig.32) 
 

 

Figure 31. Left from the top: lower aluminium cap-side view, bottom view, aluminium 
beam head, solid 2 mm fitting; middle: reinforced aluminium beam-side view ; Left from 
the top: moulds for solid 2 mm fitting bonding, aluminium beam. 

 a)                           b) 

Figure 32. Aluminium supporting bar 30 x 50 x 280  mm. 
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4.5.2. CRP shells lamination and assembling 

The external covering shells are realised by hand lamination and under vacuum consolidation of 
carbon fibres hits impregnated with EL2 epoxy resin with AT30 slow hardener [75], and the 
laminate has been consolidated on PLA 3D printed female mould (See Figs. 34 & 35) over a flat 
bench. The manufacturing of the CRP shells has been driven by the following main principles:  

- The shell strips are not designed to provide stiffness to the model but they should result 
rigid under the hydrodynamic loading, in order to transmit it to the backbone. 

- The shell strip should provide water tightness 
- The external surface should be fairly smooth to avoid unwanted effect on the flow 
- Each strip is realised in two symmetric halves 
- The laminate thickness is imposed at 0.5 mm maximum to avoid interference with the 

lead ballast and therefore to allow closing each strip 
- The choice of the laminate stacking sequence is ruled by the maximum admissible 

thickness 
 
To reach 0.5 mm, the following stacking sequence has been chosen (See Fig. 33): 
 

- Hit 1: 40 gsm CSM Glass Surface Tissue  [76] 
- Hit 2: 90 gsm Plain Weave 1k Carbon Fibre   +/- 45°   [77] 
- Hit 3: 210 gsm 2x2 Twill 3k Carbon Fibre      0°/90°   [78] 

 
Because of the low thickness of the laminate and the low resin content typical of under vacuum 
consolidation, the two layers of carbon fibres did not guarantee water tightness: for this reason 
a first layer of very light glass CSM had to be added to the external of the laminate. This layer 
also guaranteed a better finishing of the external surface of the shells, also avoiding print-
through of the fibres. 
The PLA mould has been spread with a mould release wax to guarantee a suitable detachment of 
the shell from the mould. 
On top of the laminate hits, the below listed consumables for under vacuum consolidation were 
added to the sequence: 
 

- Hit 4: Perforated release film 
- Hit 5: Breather felts fabric 
- Hit 6: Vacuum begging film 

 
The breather fabric has the function of absorbing the excess of resin extracted from the 
laminate during the under vacuum consolidation and it guarantees an homogenous spreading of 

       Hit 1       Hit 2  Hit 3         Hit 4        Hit 5  

Figure 33. Stacking sequence, from the left: CSM 40, +/-45 WR 90, +/-90 WR 210, 
perforated release film, breather fabric. 
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the vacuum pressure over the mould surface. The perforated release film guarantees the 
detachment of the breather fabric from the laminate and regulates the flow of extra resin 
allowing the excess to be drawn out of the laminate avoiding excessive bleed-off of the resin. 
The vacuum bag and the air pipe are sealed to the bench by means of a butyl sealant tape. 
Along the piping, a resin trap has been fitted to avoid extra resin to enter the vacuum pump 
during the process (See Fig.34). 
 

 
Each obtained shell, after being removed from the mould, has been trimmed to the wanted 
height (64.8 mm) and fitted in the assembling mould as shown in Fig. 35. 
Each shell has to be assembled, by means of epoxy bonding filler, with two ‘caps’ obtained by 
means of two carbon fibre strips 0.5 mm thick, 10 mm wide and 152 mm long, which serve to 
close the upper and lower sides of each half of strip shell: on these carbon ‘caps’ a window of 
18x11 mm has been cut to fit the shell on the model backbone, and to allows components 
alignment (See Fig. 35). 
 

a)                    b)          c)   d) 

Figure 35. a) Assembling mould; b) CRP shell components; c) CRP shell profile view; d) In-
mould assembling of a CRP shell. 

           a)         b)                         c) 

Figure 34. a) stacking sequence ; b) CRP manufacturing materials and consumables; c) 
Vacuum pump for laminate consolidation. 
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The assembling mould is a semi-closed female mould having shell shape, with two side recesses 
10 mm deep, 152 mm long and 0.5 mm thick, to host the carbon strips. (See Fig. 35a).The mould 
is conceived to accomplish the following very important tasks: 
 

- To force the shell to maintain its shape during strip assembling (because of small 
thickness, the shell itself resulted very flexible) 

- To guarantee perpendicularity between caps and 
shell during bonding 

- To guarantee exact and constant distance between 
caps (strip height), which is crucial for the respect of 
inter-strips gaps of 1 mm (65.8 mm) 

- To guarantee the right depth of the half shells: this 
is a crucial parameter to avoid interference with the 
lead blocks during model assembling (9.12 mm). 

After bonding, the obtained cover was removed from the 
mould and the protruding part of the caps trimmed along 
the NACA shell shape and sanded to obtain an external 
smooth surface. The shell finishing process included an 
external hit of epoxy resin, to improve water-tightness, 
stiffness and caps-to-shell merging, and finally several hits of spray painting. (See Fig.36 for 
finished shell) 
All shells are realised with the same process, out of the lowest strip which, as already 
introduced in Section 4.5.1, is inferiorly capped by the last aluminium web: it follows that the 
lower side of the strip is open, and the CRP is directly bonded along the thickness of the 
aluminium web to obtain a closed watertight case. 

4.5.3. Lead ballast casting 

The design principles and inertial considerations expressed in Section 4.2, induced to the need 
of realising a series of thirty-two lead blocks with calibrated mass and shape, with very low 
tolerance admitted (0.1 mm). Because of the required manufacturing precision, the small size of 
the volumes, and because of the shape itself of the ballast blocks, it has been decided that a 
homemade production was the only reasonable way to proceed, also to have a direct control of 
tolerances and errors. The lead has been melt and scraped several times before casting the 
ballast, in order to purify it and get as close as possible to the design density of 11.34 t/m^3. 
Several trials have been done to realise plaster open and closed moulds, but, because of the 
missing of a suitable hoven for mould heating and drying, the result was not satisfying mainly 
because of excessive humidity content in the plaster, which evaporated at the moment of the 
lead casting, resulting in several hollows inside the cast lead, affecting shape and mass of the 
ballast. The advantage of plaster would have been to produce reusable moulds, which would 
have accelerate the casting process, considering that the ballasts to be realised were several. 
However the better solution has been to realise single-use moulds by means of foundry sand. 
A sample of the lead blocks has been firstly 3D printed with PLA material thanks to CNR 
facilities, and used as male plug to build the sand female moulds. (See Figs. 37a, b, c). Each 
mould was provided with a sprue and venting channels to allow the lead to enter and entirely fill 
the mould, making the air and the gasses flowing out from the venting channel: ones the whole 
mould was full, the lead rose up to fill the channels. (See Figs. 37e). At the end of the casting 
process, the sand mould was broken, the sand reused for the next mould, and the obtained 

Figure 36. CRP shell ready for 
assembling. 
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object scraped and sanded to rectify the shape and to smooth the external surface. Each block 
had to be customised to adapt it to its aluminium supporting web and its covering shells, since 
the epoxy bonding fillet (aluminium H beam to web and CRP shell to CRP caps) were not exactly 
the same along the model: the edge of the lead blocks had than to be rounded accordingly (See 
Fig.37g). It follows that during the last phase of the lead ballast manufacturing all the 
components have been weighted and numbered to prepare an assembling kit (See Fig.38). It 
should be highlighted that, despite the efforts, the mass of the obtained ballast was smaller 
than expected: it was predictable that the effective density of the used lead was smaller than 
the design value, but actually another phenomenon which negatively affected the lead casting 
has been the retraction of the lead during fast cooling. This phenomenon led to some recess on 
the sides of the blocks, reducing the volume, and thus the mass, as shown in Fig. 37h; lead 
retraction would have been probably avoided by heating the mould at a temperature closed to 
that of lead moulding (which occurs around 327°C, depending on its purity) while the metal was 
poured in. 
 

       a)                                b)           c) 

       d)                      e)           f)        g) 

   h)           i) 

Figure 37. a) aft ballast sand mould construction from male; b) finished sand mould for aft 
ballast, internal view; c) finished sand mould for aft ballast, external view; d) sand mould 
for front ballast; e)front ballast before finishing; f) front ballast after finishing; g) front 
and aft ballast; h) aft ballast side and top view; i) ballast kit ready for assembling. 
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4.5.4. Model assembling process 

 
The first step of the model assembling process has 
been to couple the beam with the webs by means of 
epoxy bonding, reducing as much as possible the 
fillet radius, in order to minimise the interference 
with the lead blocks (See Fig. 38). Before bonding, it 
was extremely important to place each web at its 
design position along the beam, and set it 
perpendicularly to the beam, to allow others 
components to precisely fit the structure; to do that 
an aluminium mould has been realised. Assembling 
tolerances have been minimised, accounting for 0.05 
mm precision. Ones the assembling kit was ready as 
discussed in previous section, the sixteen upper 
ballasts have been firstly fixed to the supporting 
aluminium webs by means of epoxy fillet: to ensure a 
good hold, the web and lead surfaces have been 
scratched prior to bonding. While bonding it was 
important to respect the chord wise position of the 
blocks over the frame in order to preserve the gap 
between the H-beam and the lead and to avoid 
interference of ballast and CRP shells: the blocks had 
to be aligned with the aluminium webs.  

Figure 38. Top: Epoxy fillet radius to 
be fitted with lead ballast shaping; 
bottom: assembling kit. 

        a)                    b                    c)        d)    e) 

Figure 39. Model assembling process: a) First set of ballast; b) second set of ballast; c) 
fully ballasted model with strain gages; d) grease spreading of the ballast on partially 
covered model; e) finished model. 
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Ones the epoxy mastic was catalysed, the whole axis has been fixed upside down to bond the 
remaining ballasts on the opposite faces of the aluminium webs. Before wrapping the model 
with the CRP shells, the aluminium axis has been equipped with two strain gages in CNR labs, 
one measuring span wise strains and the other one measuring torsional deformation. (See Fig.40 
and refers to Section 15 for sensors details). The lead blocks have been spread with lithium 
grease before fitting the CRP shells for two reasons: to fill the internal gaps and therefore avoid 
potential water entering the model, and to lubricate possible contacts between the shells and 
the ballast, especially during model deformation. The shells are mounted strip per strip: the two 
halves are kept together by means of aluminium tape at TE and LE (See Fig.39), and the gap 
between strips is filled with silicon, which has the double role of joining the two halves and 
making watertight the strips top and bottom. 

 ANALYTICAL VS.  EXPERIMENTAL FLUTTER RESULTS 5.

Once the model was fully built and ready for experimental trials, and all its actual physical 
parameters as �, % , /( , N(  ,QP , Q( ,  æ(R   have been measured and calculated (See Tab.21), 
Theodorsen model has been run a last time to predict the flutter velocity of the as-built model. 
As described in Part A, Theodorsen theory prediction loses its consistency when applied to 
systems with mass ratio µ ó 2, but the few experimental results found in literature showed that 
for models with lower mass ratio (i.e. 0.99 and 0.96), a fair estimation can be done with 
Theodorsen by extending the linear trend obtained in the region of higher mass ratio µ > 2. 
The same procedure is applied to the current pilot case presenting a mass ratio µ of 0.93 as 
shown in Fig.41. 

                  a)                         b)                  c)            d)   e) 

Figure 40. a) Lead to aluminium bonding with epoxy resin; b)Inter-strip gap 2 mm-internal; 
c) Inter-strip gap 1 mm- external; d) bending gage location; e) torsional gage location. 

Figure 41. Theodorsen output for the pilot case- Flutter velocity against mass ratio. 
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Theodorsen theory output was a flutter velocity of 14.5 m/s however, according to the finding 
discussed in Section 9, the effective flutter velocity is expected to be around 7.3 m/s. This value 
is obtained by extending the linear trend up to µ = 0.93; since not enough experimental data are 
available at the present to design a trend, a sure percentage of error cannot be stated since it 
depends from the physical parameters of the model in an unknown way. For both the model 
tested in the past, flutter occurrence happened at a velocity 10% greater than the one obtain 
with this technique. In those cases, the percentage resulted the same between the two models, 
which, however were one the dynamical scale of the other one. Assuming this percentage to be 
the same, the as-built model would be expected to experience flutter at 8.25 m/s. As explained 
in Section 4, also the present case comes from a dynamic scale of that parental model tested in 
the past, but after scaling, a series of parameters have been changed to adapt the model to the 
testing facilities, thus to make it prone to flutter within the towing limit speed of the carriage: 
for this reason it is possible that the flutter velocity experimentally found results greater or 
lower than 8.25 m/s. The experimental results discussed in Section 18.5 showed a good 
agreement with the above described analytical outcomes as discussed in the following. The 
flutter limit has not been encountered experimentally in order to preserve the model for future 
testing, but the measured responses of the model, tested up to 8 m/s  have been post-processed 
to observe the damping dependency from the velocity, and a decay has been found, testifying an 
approach to flutter instability. The experimental strategy discussed in Section 17, preview to 
find the limit speed by extending the decreasing trend of damping vs. speed expected to be 
found for the pre-flutter region. However, an hindrance to apply this strategy was represented 
by the fact that to extrapolate the damping from the model response, the application of the 
Logarithmic Decrement method gave out a series of curves, instead of a single curve, because of 
result dependency from the number of peaks included in the calculation, as discussed in Section 
18.4. It follows that instead of finding a sole value of velocity, the damping analysis brought to 
the definition of a range of velocity where the flutter limit should lies. 
As discussed in the just cited chapter, and also shown in Figs. 42a &42b,  after 6.5 m/s, the 
torsional mode damping start to drop toward zero. The issue is that the slope of this part of the 
curve changes after 7 m/s.  

 
The fact that the damping vs. speed trend changes at high velocity is said to be caused by the 
model deformation which affects the structure at high speed, surely affecting its stiffness and 
internal friction, and probably also the hydrodynamic damping. The model experienced 
deformation because of the unwanted misalignment with respect to the carriage direction, 
which induced the generation of a lateral force proportional to the velocity. Observing the 

    a)                 b) 

Figure 42. Experimental flutter prediction a) un-deformed model; b) deformed model. 
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dependency of the model deformation as a function of the velocity (See Fig.92) it can be 
observed that after 7 m/s the out-of-plane deformation suddenly increased, generating a 
discontinuity in the slope. It can therefore be considered the result shown in Fig.42a as relative 
to the un-deformed model, while the result in Fig.42b refers to the deformed model. 
By extending the damping curves of the un-deformed model, following the slope obtained up to 
7 m/s, the speed axis is crossed between 7.5 and 8 m/s: this result shows a strong similarity 
with the velocity analytically obtained. In the deformed configuration, however, the model 
damping decreased more gently, and the series of curves cross the velocity axis between 10 and 
11 m/s. It should be now considered that in the reduced order model analysed with Theodorsen 
theory, the angle of attack was assumed none, to respect the theory conditions of applicability, 
and the deformation due to the misalignment does not appear and its effect on stiffness and 
damping neither.   
In these terms, it makes sense to consider the result in Fig. 42a for the comparison with the 
analytical results, while the unexpected results in Fig. 42b represent an important matter for 
experimental vs. numerical future comparisons. In fact, in a FSI numerical simulation, a certain 
angle of attack can be set, to reproduce the deformation experienced in the testing, and the 
model response could be analysed to validate the results obtained in the towing tank. 
It can be concluded that, admitting the above discussed assumption, a very good agreement is 
found between the flutter limit evaluated analytically and the results obtained experimentally, 
for the tested model having mass ratio µ = 0.93. This confirm the fact that Theodorsen theory 
output at low mass ratio is not consistent but, extending the linear trend of flutter velocity vs. 
mass ratio µ obtained for heavier structures, a good estimation can be done even for lighter 
structures. 

 GENERAL CONCLUSIONS & FUTURE DEVELOPMENTS  6.

Aero-Hydro-elasticity recently started to be an issue for naval architects and in the specific field 
of sailing yacht engineering FSI methods are still elite and barely diffused, mostly because of the 
skills required to face these issues and often because of the significant computational burden 
they required to be treated. The author is convinced that the diffusion of case-adapted 
simplified methods should be promoted, providing practical guidelines for FSI integration in 
traditional sailing yacht engineering.  
In this context, the author is working on the formulation of a Design-Stage-adapted strategy, 
composed by a series of selected methods to solve specific hydro elastic problems by means of 
the mutual interaction of analytical, experimental and numerical approaches. The present thesis 
represents a preliminary example of a particular application of this Design strategy to the 
prediction of flutter phenomenon without the employ of numerical FSI simulations. The 
application of Theodorsen theory to a specific pilot case, used to analytically predict the flutter 
condition, and supported by FEM computational of a corresponding reduced order model, is 
compared to the outcomes of in water experimental testing run at CNR-INM water tank in Rome. 
A numerical prediction of the phenomenon is not included, but a section of the thesis is 
dedicated to this field to give an overview of the benefit brought by the computational of FSI 
simulations, and the difficulties coming with it, by quickly presenting a few hits to set up a 2D 
FSI simulation. The choice of devoting a part of this thesis to numerical approaches is also aimed 
to respect the structure of the Design strategy, and to highlight the potential interaction of 
these approaches with analytical and experimental methods. The thesis structure is composed 
by a Main body, where the pilot case design is presented, after having reported a deep 
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literature review, the Design strategy structure is explained, and analytical vs. experimental 
results comparison is discussed. Part A, B and C are to be considered appendages of the Main 

body, where analytical, experimental and numerical approaches are respectively treated. 

6.1. Model design 

The design of the pilot case was based on the idea of conceiving a hydrofoil model that would 
respect the following requirements:  

- effectively representable by a reduce order model to allow simplified model application 
- realisable from a manufacturing point of view 
-  analysable with Theodorsen analytical theory and FE modelling 
- prone to flutter at a pre-established velocity, to allow experimental investigation of the 

phenomenon. 
 The design of this case study represented an important challenge on this project, and in the 
present thesis a detailed procedure is proposed, formulated with the intention of repeatability: 
the author provides practical hits to share the followed steps including successful and un-
successful solutions, highlighting the encountered limits, and focusing on the optimisation of the 
model physical parameters following the design principles. The idea is to provide a practical 
guideline to design a hydrofoil controlling its proneness to flutter phenomenon occurrence. The 
static and dynamic dry responses of the model have been computed with FEM analysis and 
measured experimentally, in order to validate the physical parameters necessary to characterise 
the reduced order model. 
The pilot case is designed to be flutter prone within towing facility limit speed: to do that, 
Theodorsen analytical model is iteratively employed to study the effect of each physical 
parameter on flutter instability limit. 

6.2. Analytical findings 

 Theodorsen theory prediction is confirmed to be un-consistent for models having mass ratio õ ó 2, however the author wanted to study the issue of flutter occurrence in relatively light 
hydrofoils, which are characterised by lower values of mass ratio õ. The present pilot case 
resulted to have a mass ratio of õ = 0.93 which set a good challenge to evaluate the possibility 
of using Theodorsen theory as a simple tool for flutter prediction in underwater appendages 
design. The theory, despite its divergence at low values of mass ratio õ, resulted to be useful 
even for the prediction of the phenomenon in lighter structures: when calculating the 
dependency of the flutter limit speed against mass ratio õ, a linear trend is found at õ > 2, and 
past and actual experimental evidences show that by extending this trend toward lower mass 
ratio õ, a reasonable and conservative prediction of the flutter limit speed is found, presenting 
an underestimation of 10 %. This strategy is confirmed for models having mass ratio õ equal to 
0.99, 0.96 and 0.93. 
For the present pilot case, Theodorsen predicts a flutter limit velocity of 14.5 m/s, however the 
author knew that this value was unreliable because of the trends obtained with theory sensibility 
analysis; though by applying the above mentioned strategy, and including a 10% of error, the 
flutter limit speed was predicted to be 8.25 m/s.  
This value was the sole reference available to expect the occurrence of flutter during the 
experimental campaign. 
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6.3. Experimental findings 

During the trials, the model responses are acquired by means of two strain gages, one 
accelerometer and a six-component load cell, to ensure signal redundancy. 
 

- The wet model is firstly tested at none speed to measure its dynamic wet response and 
to compare the obtained natural frequencies of vibrations against the dry values: the 
observed differences are in good agreement with those discussed in literature.  

- The model is tested between 2 and 8 m/s at quasi-none angle of attack: at each velocity 
step the model is excited to induce oscillations to be acquired and post-processed to 
extrapolate the damping. The towing tank facility resulted to affect strongly the 
dynamics of the model, introducing several unwanted and unknown vibrations in the 
model response. 

- A specific numerical tool is developed by CNR partner to filter the acquired noisy signals 
with time and frequency windows and to apply the Logarithmic Decrement (LD) method 
for damping calculation. During this process, several hindrances have been encountered 
since the windowing of the signal affected the resulting damping, and the application of 
the LD method resulted critical because of not perfect exponential decay. For this last 
issue, the number of peaks included in the LD method application affected the resulting 
damping: it followed that an absolute value of damping was not available and the author 
decided to study this dependency by repeating the application of the method including 
each time a different number of peaks from the decaying oscillation. This procedure was 
repeated systematically per each velocity obtaining a series of curves representing the 
dependency of the damping from the velocity. These curves resulted to be parallel and 
they showed a clear trend. The damping initially grew with velocity up to 6.5 m/s, and 
afterward it started decreasing toward zero testifying a decrease in model stability while 
approaching the flutter condition, where the damping is vanished because of the fluid-
structure interaction. The fact of having obtained a series of curves hindered the 
possibility of finding a precise value of limit velocity, but allowed to confirm the trend 
several times.  

- An important point, which came out analysing the results, is that the structure 
experienced a sudden increase in deformation at speed greater than 7 m/s because of 
unwanted misalignment of the model, leading to a deviation of the damping vs. speed 
curves and therefore affecting the flutter limit of the model. This unexpected issue 
introduced a challenge in results evaluation but added a point of study in this research. It 
can be concluded that the control of model alignment with respect to the flow direction 
is extremely important while flutter testing a hydrofoil. 

-  In the present experimental campaign, because of model misalignment, two limit 
conditions have been identified: the un-deformed model appeared to be flutter prone 
within 7.5 and 8 m/s, while in the deformed model the damping curves tend to zero in a 
range of velocity included between 10 and 11.5 m/s.  

6.4. Future developments and open queries 

- To further investigate the field of hydrofoil instabilities, more experimental trials should 
be done, to try a better alignment and different misalignments of the model, monitoring 
the bending and torsional deformation, while observing the effect on damping, and 
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possibly reducing gradually the mass of the model by drilling the lead blocks in order to 
obtain precious results referred to õ ó 0.93.  

 
- Further study of hydro-elastic-instabilities dependency from the structure deformation is 

deserved, since modern hydrofoils are systematically designed to operate in a deformed 
configuration. The implementation of FSI numerical simulations is preview to study 
efficiently this matter by changing systematically the flow angle of attack, and relating 
the gradual increase in force generation and consequent deformation with the change in 
model damping vs. speed dependency.  
 

- This experimental results need to be compared against future numerical FSI simulation 
outcomes, for a double way validation: numerical results could validate the experimental 
results and allow a better understanding of the discussed issues, and in the other way, 
the numerical model, being validated by the experimental findings, could be reused for 
different cases. 
 

- Once the flutter speed of this model will be confirmed by means of numerical vs. 
experimental comparison, it will be really possible to state if Theodorsen theory is useful 
or not for hydrofoil having relatively low mass ratio õ. 

 
The open queries are:  

- Does the employed analytical approach works for hydrofoils having õ ó 0.93? 
- Does the percentage of error change as a function of the model physical parameters for 

the discussed analytical approach?  
- How model deformations due to FSI affect the solid and fluid damping of a hydrofoil? 
- Is LD method to be considered reliable for damping calculation of real oscillation? 
- Is flutter still a limit state for very low mass ratio hydrofoils? 

 
Accounting for the above discussed issues, the experimental campaign can be considered 
successful, as it led to obtain a sensible trend in the damping dependency from the velocity, it 
gave reason to guess that the prediction done by means of Theodorsen results interpretation was 
extremely precise, and also project the author toward further innovative research. 
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PART A 

THEODORSEN ANALYTICAL APPROACH FOR FLUTTER 
PREDICTION 

 

 THEODORSEN  THEORY 7.

Theodorsen [19] treated the problem of flutter instability in wings, proposing a mathematical 
procedure to define the specific condition (velocity and frequency) at which the action of 
aerodynamic forces makes the wing structure oscillating with a pure sinusoidal motion, intended 
as a limit condition of unstable equilibrium. Then Theodorsen solved a 2-dof linear unsteady 
fluid-elastic system of differential equations where the two degrees of freedom are heave or 
plunge (ℎ) and pitch (�) of a reference point of the typical section, as shown in Fig.43. 
 

 
If heave and pitch dofs are referred to the elastic axis of the typical section (point E in Fig. 43), 
the differential system describing the motion is: 
 

F� ���� �� G HI��� J + FKI ?? K�G HI�J =  HLM�<���<�J  Eq. 41 

where: % is the structure mass per unit span /( is the structure  torsional mass inertia per unit span '( = N(  %  *   is the static mass moment per unit span     N( =  ��. �3íííííííí� *⁄   is the adimensional chordwise distance between E and G * =  � 2⁄    is the semi-chord length OP =  QPR %  is the bending stiffness per unit length    O( =  Q(R /( is the torsional stiffness per unit length    ℎ is out-of-plane bending dof � is torsional dof S�T� is the time dependent lift force    %�T� is the time dependent hydrodynamical moment about the elastic axis E 
 

Figure 43. 2D Foil typical section with heave and pitch elastic stiffness highlighted. 
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It is worth recalling that, in the limit that the typical section represents a 3D wing, heave and 
pitch can be interpreted as the amplitudes of the span-wise out-of-plane bending and torsional 
modes. In the system, the first term concerns inertial forces, the second term concerns restoring 
forces and the third term reports the aerodynamic forces. In the original publication, the system 
include a third degree of freedom  concerning wing aileron, but in the present study only the 
subcase flexion-torsion is employed and for this reason only two equations of equilibrium appear 
in the system to be solved. 
In the present case, the structural damping terms are omitted from the formulation and a 
conservative solution is found: a good design practice for safety reason. Nevertheless, the theory 
has been numerically implemented by the author by including the internal friction terms, to 
allow accounting for their effect. Actually the fact of including structural damping in the 
calculation does not really represent a big difference in the equation solving process, but it 
simposes to know the internal friction of the structure to be able to solve the system, and this is 
known to be a critical issue for engineers. 
The aerodynamic loadings are calculated assuming potential flow and the magnitude of the 
circulation is calculated by applying the Kutta condition, which imposes that a non-infinite 
velocity exists at the TE, which is the stagnation point where the flow leaves the profile in a 
smooth way. Since the aim of the theory is not to find a general solution to the aero elastic 
problem, but just solving it for the particular condition of unstable equilibrium, the assumption 
of small amplitude sinusoidal oscillation can be used to support the calculation. In fact the onset 
of flutter is due to the vanishing of the global damping of the system, and therefore in that 
specific condition, the amplitude of the wind oscillation is constant and the motion can be 
assumed a pure sinusoidal harmonic and Eqs. 42 & 43 can be used to describe the motion: 

� =  �?[;°<  Eq. 42 

I =  I?[;°<  Eq. 43 

where: 
 Q is the oscillation frequency T is the time variable ö is the imaginary unit 

 
By substituting the relations in Eqs. 42 & 43 into Eq. 41, the system becomes: 
 

¿− °�� + KI − °���− °�� − °��� +  K�Ä  HI?�?J [;°< =  HLM�<���<�J  Eq. 44 

 In addition, only small amplitude motions are contemplated since only the condition of 
instability border is sought. The wing is assumed a flat plate geometry, intended as a limit 
representation of symmetrical, small thickness wing sections. Before going further with system 
solution, the author considered worthy to dedicate a part of this section to give an outline of 
the mathematical process that led Theodorsen to evaluate the generation of aerodynamic loads 
in an unsteady flow. 
The aerodynamic forces are calculated by means of the integration of circulatory and non-
circulatory potentials. In the present work, most of the mathematical development of the theory 
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are not reported, as they are largely shown and clearly explained in [19]: however, the aim of 
this section is to give a practical understanding of the theory, highlighting the principles, the 
assumption, and the methods which lead to the statement of the flutter velocity limit. 
Then, Theodorsen firstly formulated the non-circulatory potentials by assuming a distribution of 
sources, which also allow the fulfilment of permeability boundary condition on the plate surface 
and by means of integration he calculated the force and pitching moment due to the non- 
circulatory part of the flow as it follows in Eqs. 45 & 46: 

d =  − 7÷��n�� +  �I − ÷�h��� �    Eq. 45 

¢� =  −7÷� �−�n�� +  � ÁZï + h�Ã ÷��� − ÷h�I� − �nI� � Eq. 46 

where: 
 « is the lift force ¤( is the torsional moment generated by the fluid-dynamic forces @ is the fluid density ´ is the flow velocity (flutter velocity in the solution) ø is the distance between G and E divided by the semi-chord length * 
 
The circulatory part of the flow potential is simulated by means of a distribution of vortex along 
the chord and along the wake: again, by means of a series of integration of this potential, the 
force and torsional moments due to the circulatory part of the flow resulted as in Eqs. 47 & 48: 
 

d =  −7n÷ W ?
X?�LZ  �\?�Z      Eq. 47 

¢� =  −7n÷� W ùZ� X?pZ?LZ − Áh + Z�Ã ?
X?�LZú�Z  �\?  Eq. 48 

Where &_ is a variable deducted from the chord-wise position of the vortex element representing 

the foil wake, in particular, being N_  the chord-wise coordinate of – ü, &_  is defined by the 
following relation: 

ý? + Zý? = �?   Eq. 49 

The Kutta condition is now imposed: the velocity at the TE  �& = 1�, defined as the partial 
derivative with respect to the chord direction &  of the total potential, has to be a finite 
quantity, which is defined Q as in Eqs. 50 & 51: 
 

9j<s<9 þ�Z =  99  ë}� + }h + }I� + }�� î = r;é;<[ = �  Eq. 50 
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where: 
 �ÒòÒ is the total potential of the flow ¡�;¡�;¡P� ;¡(�  are potential components due to singularity distribution � is a finite quantity defined in the following 
 
By substituing in Eq.50 the potential terms obtained with the vortex distribution, the quantity Q 
is defined as in Eq. 51: 

Z�� W X?pZ?LZ�Z  � \? = n� +  I� + ÷ ÁZ� − hÃ �� = �  Eq. 51 

Introducing Eq.51 in Eqs. 47 & 48, Eqs. 52 & 53 are obtained: 
 

d =  −��7n÷� W ?X?�YZ �\?]Z
W X?^Z?YZ�\?]Z

   Eq. 52 

¢� =  −��7n÷� �Z� − Áh + Z�Ã W ?X?�YZ �\?]Z
W X?^Z?YZ�\?]Z

��   Eq. 53 

Finally, the term containing the remaining integrals of Eq. 52 & 53 is defined the Theodorsen 
function �, as for Eq. 54 

U = W ?X?�YZ �\?]Z
W X?^Z?YZ�\?]Z

  Eq. 54 

By introducing Eq. 54 in Eqs. 52 & 53, the aerodynamic loadings due to the circulatory part of 
the flow finally result as in Eqs. 55 & 56: 

d =  −�7n÷�U�   Eq. 55 

¢� = ��7n÷� �Áh + Z�Ã U − Z��� Eq. 56 

As last step of the definition of global aerodynamic loadings, the non-circulatory and circulatory 
terms have to be added to obtain the form reported in Eqs. 57 & 58: 

d =  −7÷�ën��� + �I� − �÷h�� î − ��7n÷U �n� + I� + ÷ ÁZ� − hÃ �� �    Eq. 57 

¢� = −7÷� �� FZ� − hG n÷�� + �÷� FZï + h�G �� − h�÷I� 	+ �7n÷�� Fh + Z�G U �n� + I� + ÷ FZ� − hG �� 	 
Eq. 58 
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At this point the solution of the problem is reduced to a relatively simple process, except for the 
quantity � , which still contains indefinite integrals. This issue is overcame by solving these 
integrals by means of Bessel function of first and second king as in Eq.61. Before that, however, 
it should be defined the velocity U for a sinuosidal motion as in Eq. 59 

� = �? [L;V?    Eq. 59 

Introducing Eq.59 in Eq.54, it follows � =  ��`� as in Eq. 60. The reduced frequency ` gives a 
non–dimensional definition of the system frequency, expressed as the number of oscillations 
undergone by the foil during the time taken to the flow to travel across a semi-chord length Á` = Ñ 
� Ã  [32]. 

U�V� =  W ?X?�YZ [Y;V?\?]Z
W X?^Z?YZ[Y;V?\?]Z

  Eq. 60 

Thus, the unsteady lift S�T� and moment�T�, changing in time through the body motion, can be 
expressed as a function of ��`� where ` is the reduced frequency: in such a way Theodorsen 
function ��`� is used as a filter function to take into account the unsteadiness of the flow in the 
lift calculation, hence the dependency of lift generation from the oscillating frequency. 
Since ��`� includes the dependency of both lift phase and amplitude, it is a complex function 
and can be expressed finally as the sum of two function ¦�`�  and 3�`� , representing 
respectively its real and imaginary parts (Eqs. 62-64). 
 

U�V� =  !Z�!Zp�?�p�Z��ZL!?� �!Zp�?��p��ZL!?�� − ; �Z�!Zp�?�L!Z��ZL!?��!Zp�?��p��ZL!?�� = � + ;" Eq. 61 

where: 

� =  !Z�!Zp�?�p�Z��ZL!?� �!Zp�?��p��ZL!?��   Eq. 62 

" = − �Z�?p!Z!?�!Zp�?��p��ZL!?��  Eq. 63 

It follows: 

U�V� = ��V� + ;"�V�  Eq. 64 

The trends of the two functions ¦�`� and 3�`� are shown in Fig. 44 where it can be observed 
that at ` = 0 (quasi-steady case), the imaginary part of Theodorsen function, 3�`�, representing 
the phase lag, tends towards zero and the real part ¦�`�, representing the amplitude reduction 
due to unsteadiness, assume a unity value. The amplitude of lift oscillations decreases with 
increasing motion frequency, while the phase lag firstly increases up to a value of ` = 0.3, and 
then it drops again for higher frequencies. 
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It follow that the differential equations describing the aero elastic problem become as it follow 
in �  and U� .The equations are called �  and U�  to recall the nomenclature employed by 
Theodorsen in the originally published report, to help the reader to refer to the theory. Equation £� is missing because the author of the present thesis did not account for the degree of freedom 
related to the wing aileron, which was out of interest. 
 

� �� �æ(R + κ F18 + øRG	 + �� *́ κ F12 − øG + � O(%*R + ℎ� �&( − ø�� 1* − 2� Fø + 12G ´��`�* �´�* + ℎ�* + F12 − øG �� � = 0 

 

U�   �� �&( − �ø� + �� *́ + ℎ�1 + �� 1* + ℎ OP% 1* + 2� ´��`�* �´�* + ℎ�* + F12 − øG �� � = 0 

 

 
where the non-dimensional terms listed in the following have been introduced: 
 æ(R = /�%*2   non-dimensional radius of gyration 

 &( = ��Æ
   non-dimensional CG-CE distance 

 

Q( = X����    torsional natural frequency 

QP = X��Æ    bending natural frequency 

 � =  ��
�Æ    fluid to solid mass ratio 

Figure 44. Theodorsen function real F and imaginary G part. 
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To solve the system, the real and imagery parts of the determinant of the system coefficient 
matrix are imposed equal to zero and solved over speed and frequency. At that condition, the 
damping vanishes and the structure will experience flutter. 

�°� �Àh�ííííí + ;�h�íííí ÀhI + ;�hIÀf� + ; �f� ÀfIííííí + ;�fIíííí� = ?  Eq. 65 

where the terms ��(, /�(, etc. will be introduced soon. 
 
The terms with a bar are those terms containing the unknown X which represent the term in Eqs. � and U� containing the velocity dependency. In the following section, the implementation of 
the above-described approach is detailed also providing the Matlab code, which has been 
written for this aim: in particular, it will be shown how the determinant of the system reported 
in Eqs. � and U� is solved, defining a series of coefficients and searching the condition at which 
both a real and an imaginary solutions exists. In Section 10 the parameters necessary to feed the 
theory are discussed highlighting their physical meaning, and giving details of how they are 
defined for a given foil. 

 IMPLEMENTATION OF THEODORSEN THEORY 8.

To solve the system obtained in Eqs. �) & U�, first of all a series of coefficients is defined to 
gather all the terms which do not depends nor from the velocity, nor from ��`� . These 
coefficients are organised with the following principles: A coefficients are those terms which 
comes from Eq. �, C coefficients comes from Eq. U�. Each coefficient is characterised by two 
subscripts: the first subscript specifies the variable at which the coefficient refers ( i.e. � or ℎ ). 
The second subscript indicates if the coefficient refers to the 2nd or 1st derivative of the 

variable, or to the variable itself ( i.e. 1 = � � , ℎ� ;  2 = �� , ℎ�  ; 3 = �, ℎ,). For example the term �(� 
represents the coefficient in the first equation, not depending from V nor from ��`�, associated 
with the second derivative of the variable �. 
The following coefficients have been defined following the guidelines provided in [20] ( See 
Tab.17): 
 �(� �æ(R �⁄ � + �1/8+ øR�   �(� &(/� − ø =  �P�  �(R �1/2 − ø) �(R 1  �(½ 0  �(½ 0  �P� &(/� − ø  �P� 1 �⁄ + 1  �PR 0  �PR 0  �P½ 0  �P½ 0  

Table 17. Theodorsen coefficients representing equations terms which do not depends from 

velocity unknown. 

 To treat the terms depending from ��`�, the values of the functions F and G introduced in Eq. 
62 & 63 have to be known at varying reduced frequency `. These data are provided in [20] as 
reported in Fig. 45. 
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At this point it is possible to calculate the terms which depend from the reduced frequency ` 
listed in Tab.18. 
 ��( −�(� + F14− øRG 23̀ − F12 + øG 2¦`R 

/�( 1̀ ���R − F12 + øG 23̀ − F14− øRG 2¦	 � P −�P� − 23̀
 

/ P 1̀ 2¦ 

Table 18. Theodorsen coefficients representing equations terms which depends from 

reduced frequency. 

The real and imaginary equations obtained by imposing the determinant in Eq.65 equal to zero 
are reported in Eqs. 66 & 67: solving these two equations simultaneously leads to find a couple 
of values of X and 1/` from which flutter velocity and frequency can be found. 
 

Real equation:� I �� ý� +  º IÀh� + �ÀfI»ý + ÁZ + £Z �"V + UZ ��V�Ã = ?  Eq. 66 

Imaginary equation: �  I�h� +  ��fI�ý + ZV Á¨Z + UZ �"V − £Z��Ã = ?   Eq. 67 

where the terms ��, ¥�, ��, ¬� are calculated as it follows in Eqs. 68-71 and  !Pand !( in Eqs. 
72 & 73. 

Figure 45. F and G tabular data from Theodorsen and Garrick NACA report 685.  
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Z =  ��Z IZU�Z UIZ�         Eq. 68 

£Z =  "�Z − ÁZ� + hÃU�Z Z " + ÁZ� − hÃ "− ÁZ� + hÃ IZZ UIZ"     Eq. 69 

UZ =  "− ÁZ� + hÃ IZZ UIZ"− "�� − ÁZ� + hÃU�� Z " =  "IZ − �� − ÁZ� + hÃUIZ − U�� Z "  Eq. 70 

¨Z =  − ��� IZU�� UIZ�         Eq. 71 

where the terms �(�, �(� �, �(� �, etc. are defined in Tab.17. 
 
Finally the terms !P and !( are defined as in Eq. 72 & 73. 

 � = Z  Eq. 72 

 I =  Á°I°�Ã� Zt��   Eq. 73 

The second order real equation defined in Eq. 66 admits two solutions found as it follows in Eqs. 
74 & 75. 

ýZ_À[ =  �L� IÀh�p �ÀfI�p√∆� �� I ��     →      #ýZ_À[     Eq. 74 

ý�_À[ =  �L� IÀh�p �ÀfI�L√∆� �� I ��     →     #ý�_À[   Eq. 75 

where: 

∆ =  �!P��( + !(� P�R − 4�!P!(� F�� + ¥� 23̀ + �� 2¦`R G 

The 1st order imaginary equation defined in Eq. 66 admits only one solution found as in Eq. 76 

ýZ_�� =  − ZVÁ¨ZpUZ�"V L£Z��Ã�  I�h�p  ��fI�      →      #ýZ_��    Eq. 76 

However, these solutions depends from the reduce frequency `, because of the terms ��(, /�(, � P, / P, etc. from which the flutter frequency, thus one of the system unknown, depends. It 
follows that real and imaginary equation have to be solved for a series of values of `: the 
solutions are plotted against  1/` as shown in Fig. 46 

The point where the real and imagery solutions meet, bring to a couple of values of √N and 1/` 
which finally permit to calculate the flutter limit velocity by means of Eq.77. 
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n =  t�°�÷√�   ZV   Z√ý Eq. 77 

Flutter frequency Q® is obtained from the reduced frequency ` as it follows (See Eq. 78): 

°r =  n÷ ZV  Eq. 78 

Adimensional forms of flutter veocity might results useful in practical application and it is found 
as in Eq. 79, and defined reduced velocity: 

nt[\ =  n°�÷  Eq. 79 

In Appendix A the implemented code is provided for interested readers. 

 VALIDATION AGAINST EXPERIMENTAL REFERENCES 9.

Before employing the implemented code presented in Section 8, the author validated it against 
past experimental findings already presented in Section 2.6. These references have been also 
chosen because of completeness of provided model physical information, necessary to validate 
the analytical model. One of the two chosen references, [61], treats the experimental testing of 
the problem of flutter occurrence in a series of wings operating in different gas mixtures and 
compared the experimental findings against theoretical prediction. This allowed the authors to 
change the density of the fluid and therefore study experimentally the dependency of the 
flutter critical speed from the mass ratio µ =  1 �⁄ . Woolston and Castile [61]  tested different 
models in order to study the effect of aspect ratio, frequency ratio Qñ�ÒCò  and CE and CG 
position on the flutter limit. In the present section of this thesis, the author compared only 
some of these results against the analytical prediction done with Theodorsen theory by 
employing the implemented code. In particular, the cases reported in Tab.19 have been 
computed and compared against reference results. (Fig.47) 

Figure 46. Theodorsen theory graphical solution to define √ý and 1/k . 
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Model 
#µ � *R % QP  Q(  Qñ�ÒCò N( æ(R ø 

- m m^2 Kg/m r/s r/s - - - - 

27-38-4 

1.4 

to 

13.8 

0.305 0.023 0.646 80.4 178 0.204 0.212 0.258 0.454 

27-31-4 

1.8 

to 

9.7 

0.305 0.023 0.800 70.4 155 0.206 0.080 0.256 0.454 

Table 19. Physical parameters of aerofoil reference models. 

In both cases, Theodorsen prediction confirmed the trend of linear dependency of the flutter 
speed from the mass ratio  µ . At values of µ  greater than about 6, an unexpected and 
unexplained oscillation came out in the numerical results, which is surely due to a  numerical 
instability. The author did not investigate further about this phenomenon since it was out of the 
interest of this thesis. For µ > 2 the analytical outcomes resulted to lightly underestimated the 
flutter limit, with an error growing with µ : this made Theodorsen model a conservative 
approach, suitable for flutter prediction in foils having µ > 2 . For µ ó 2  approximately, 
Theodorsen theory diverged from the experimental results, and the analytical flutter velocity 
tends to infinite: the vertical asymptote moves leftward in the graph passing from model 17-38-4 
to model 27-31-4: it should be highlighted that the main difference between the two models is 
the position of the centre of gravity, as reported in Tab.19. A really interesting point of these 
results is that for µ ó 2, where Theodorsen loses its reliability, the experimental points in the 
graph keep following the trend obtained with Theodorsen:  it follows that it could be guessable 
that for even lower µ the same trend is respected. Under this assumption the analytical theory 
here analysed resulted to be useful even for lighter structures, out of the effective application 
range of the theory itself. Confirming this assumption is one of the reasons that led the author 
of the present thesis to run the experimental campaign presented in Part B of this thesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 47. Theodorsen output vs. experimental findings on aerofoil.  
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The second reference [60] which has been analysed to validate Theodorsen model 
implementation is an experimental report about trials on hydrofoils having mass ratio lower than 
those tested by Woolston and Castile. This made the subject closer to that studied in the 
present work, but provided less data for the discussed validation: when testing a model in 
water, the fluid density is fixed, which means that the for a fixed model, the variation of the 
flutter limit against mass ratio µ cannot be studied experimentally. To obtain results at different 
mass ratio µ, different models have to be built and tested, increasing significantly the effort. In 
addition, to change the mass ratio µ, the mass of the model has to be changed, and in little 
cases it would be possible to do that without also changing others flutter variables as model 
radius of gyrations and CG position. From [60], the following cases have been taken for further 
validation of Theodorsen code (See Tab. 20). It should be remembered that the models here 
considered, represented the main reference for the design process of the present pilot case, as 
described in Section 4.2: for this reason, model 1 reported in Tab.20 presents strong similarities 
with the model subject of the present thesis. 
 

Model 
µ � % QP  Q(  Qñ�ÒCò N( æ(R ø �®_$·% �®_&P$ò 

- m Kg/m Hz Hz - - - - m/s m/s 

Parental 0.99 0.305 72.24 10.05 20.5 0.24 0.524 0.512 0.5 24.7 33.9 

Model 1 0.96 0.152 17.57 10.05 20.5 0.24 0.524 0.508  0.5 12.4 18.1 

Table 20. Physical parameters of hydrofoil reference models. 

From Fig. 48 it can be observed that, for both cases, Theodorsen theory overestimates the 
flutter speed, probably because of the issues already discussed for low mass ratio cases. It 
should be considered that the two points in the graph do not differ uniquely in terms of mass 
ratio, but they also have different physical parameters, as shown in Tab.20 For this reason the 
two points should not be correlated to set a trend between velocity and mass ratio.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 48. Theodorsen output vs. experimental findings on hydrofoil. 
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To better understand the behaviour of Theodorsen theory at low mass ratio µ cases, a different 
validation is done, as reported in Fig. 49. As already said, in the case of in-water experimental 
testing, the dependency of the flutter limit of a fixed model from the mass ratio cannot be 
observed, because of the fixed density of both fluid and solid model. However, in Fig. 49 the 
author plotted the experimental points discussed by Besch and Liu, together with the flutter 
velocity vs. mass ratio curve obtained numerically with Theodorsen theory for the two analysed 
models. It can be observed that in both cases the flutter velocity found experimentally is 
significantly lower than that predicted with Theodorsen, because of inconsistency of the theory 
at low mass ratio µ, but these experimental velocities are lightly higher than the velocities 
obtained extending the linear trend up to the models mass ratios. The author will go back to this 
argument while discussing the final outputs of Theodoren theory applied to the pilot case of this 
thesis. 

 
In all the discussed cases of comparison against experimental findings, it can be stated that the 
code implementing Theodorsen theory has been validated, and it can be therefore used to 
predict the flutter velocity for models having different physical parameters. In Section 11, a 
sensitivity analysis confirmed the validation showing trends in part already discussed by 
Theodorsen. 

 IDENTIFICATION OF LUMPED MODEL COEFFICIENTS 10.

In [20] the authors declared, referring to the parameters which feed Theodorsen theory: ‘The 

determination of these parameter requires technical skill and experience and is perhaps the 

most difficult step in the solution of the flutter problem’. 

For this reason, the author of the present paper decided to dedicate a section of this thesis to 
this phase of the work. 
First of all it should be clear that the theory is fed with the following non-dimensional quantities 

as shown in Section 8: ø; æ(R = /�%*2;  &( = ��Æ
;  Q( = X����  ;  QP = X��Æ  ;  � =  ��
�Æ   

 
 However, the user can decide to deal directly with these non-dimensional quantities or to 
measure the dimensional physical parameters and then calculate the non-dimensional terms: 
this is an important choice because address and affect the research of the needed data, for a 
given model.  

Figure 49. Theodorsen output vs. Experimental finding on hydrofoil with flutter 
velocity dependency from mass ratio. 
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Let us analyse one by one these parameters: 
 h  

 
It is the chord-wise distance between the elastic axis and the mid-chord point (See Fig.43), 
divided by the semi-chord *. To calculate its value it is sufficient to measure the distance 
between the axis of rotation of the model and its half chord: in the case where the model is 
segmented, as in the present pilot case, the elastic axis correspond to the neutral axis of the 
backbone. In more-complex models, it could be necessary to run some experimental 
measurements, possibly supported by numerical FEM analysis, to state the position of the 
torsional axis. ø appears in the calculation since the definition of the non-circulatory potentials, 
and it appears in all the terms representing the torsional behaviour of the model.  
 t�� = ���÷�  
  
The radius of gyration is defined as the distance from the CG of a body to an imaginary point 
where it could be concentrated the mass of the whole body, without affecting the mass inertia 
of the body itself. A radius of gyration is defined, referring to an axis of rotation: in the present 
case, the radius under interest refers to the torsional axis already discussed in the previous 
sections. In mechanics, it is defined as the square root of the ratio between model inertia and 
model mass, and its unit is m. In the present case, this quantity is non-dimensionalised by means 
of the semi-chord length *.  
To find this value, the mass and mass inertia of the model should be known: this last can be 
defined by means of experimental measurements or by means of a CAD model by multiplying the 
volume inertia by the body density. In the present pilot case, the model inertia is mainly due to 
the lead ballast blocks, characterised by a density highly greater than that of the rest of the 
model components and their and by a shape conceived to maximise their inertia about the 
elastic axis located along the aluminium beam neutral axis. The inertia of the aluminium parts is 
also accounted, but its contribution is paltry and it could have been neglected. 
 � = ���÷  = �U� U"ííííííííí�÷    

 
 
This quantity can be calculated in two different ways: it represents the chord-wise distance 
between the neutral axis E and the centre of gravity G in non-dimensional form. Its physical 
meaning is very strong because it is the lever responsible for the coupling of bending and 
torsional motion, at the base of the flutter phenomenon. This quantity can be calculated by 
measuring the distance between G and E, or alternatively it can be calculated as the ratio 
between the static mass moment of the body about its torsional axis, and the product between 
mass and semi-chord. Again, this is non-dimensional term. The first way is surely the easiest, but 
it requires knowing the position of the model centre of gravity and that of the elastic axis. The 
static mass moment of the model can be easily found by means of a CAD software for a known 
geometry, with a known mass. 
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°� = XK���  ; °I = XKI�  

 

The bending and torsional natural frequencies of vibration of the model are two key parameters 
in flutter occurrence, since this phenomenon is strongly linked to the coupling of the two modes 
of vibration, and the flutter limit velocity is significantly affected by the ratio between these 
two natural frequencies, as discussed in Section 11. 
Bending and torsional natural frequencies are mathematically defined as the ratio between 
bending and torsional stiffness divided by the mass and the inertia respectively. 
Than to provide these parameters for flutter analytical calculation, two ways are possible: 
measuring the model stiffness by means of experimental trials, and by means of mass and 
inertia, calculate the theoretical values.  Otherwise, the frequencies can be measured directly 
by means of dynamic testing and FEM frequency analysis. 
The point is that the frequencies measured experimentally referred to the coupled modes of the 
model, (in the case where &( ' 0  ) and therefore they do not correspond to the values 
calculated from the model stiffness. The author decided to measure experimentally the natural 
frequencies of the model and to use the obtained values to validate a FE model, which has been 
lately used to calculate the uncoupled frequency as reported in Section 4.2.4. 
 � =  �7÷�

�   

 

Last but not least, the parameter � play an important role in the flutter proneness of a foil. 
It is defined as the ratio between the mass of a cylinder of water having the semi-chord as 
radius, and unit length, and the specific mass of the model. This variable is extremely significant 
in any fluid elastic phenomena since it represents the ratio between fluid and solid inertial 
forces, which regulate the interaction between fluid and structure. 
This ratio does not present special difficulty to be calculated once the fluid density, mass per 
unit length and chord of the foil are known. As it will be shown in Section 11, for light structures 
operating in water, which has a density 1000 times greater than air, Theodorsen theory loses its 
reliability, because of the strong fluid inertias which make the assumption of potential flow not 
valuable. 

 SENSITIVITY ANALYSIS 11.

The implementation of Theodorsen analytical model allowed studying the dependency of the 
flutter limit from the involved variables and optimising the design process of the pilot case. 
Fluid-structure interaction is a highly-non-linear problem and, in the case of flutter speed 
calculation by means of Theodorsen’s theory, the involved variables are dependent by each 
other. Hence, when studying the effect of each variable on flutter speed, it should be 
remembered that for a different combination of the fixed parameters, the dependency from the 
studied variable is affected. For this reason, the sensitivity analysis has been iterated during the 
design process of the pilot case, at each time that a flutter parameter was fixed for construction 
issue. In the present paper, only the results of the last iteration of sensitivity analysis are 
presented, since they referred to the finished model to be tested experimentally. In Tab. 21 it is 
shown the combination of parameters chosen for the optimised model: both design values and 
effective values are reported.  
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It can be noticed that the fact that the lead blocks resulted lighter than preview, affected the 
mass, and therefore the mass ratio, and the model inertia, and therefore the radius of gyration. 
In addition, the fact that the torsional contribution of aluminium webs and CRP shell was 
underestimated during the model design process, led to a physical model with higher torsional 
frequency, and therefore a lower frequency ratio, compared with the design values. Since mass 
ratio, radius of gyration, torsional frequency and frequency ratio are all variables in the flutter 
speed calculation, it resulted that the critical speed predicted for the as-built model was 
significantly greater than preview, as better detailed in Section 12. 
Varying one parameter at a time allows understanding the behaviour of the variables one by 
one, but gives out a non-realistic output. To explain that, let us go through an example: if the 
position of the centre of gravity (CG) is changed, the mass inertia of the model changes as well, 
and with it the torsional natural frequency and the frequency ratio. Studying the effect of the 
CG movement on flutter speed, alone, is therefore not realistic if the other dependent variables 
are kept fixed. Nevertheless, this type of analysis is of key importance for phenomenon 
understanding and it permits to give a direction to the model optimisation process. 
In the following subsection, the effect of changing model parameters one by one is discussed. 

11.1. Relative mass ratio variation 

Although in Theodorsen theory it appears the variable κ, defined as the ratio between the mass 
of a unit length cylinder of fluid having the chord as diameter and the mass of a unit length of 
the structure, in this section the authors preferred to consider the inverse of κ  �µ = 1 �⁄ � , 
considering it to be more intuitive to study problem sensitivity. 

Parameters units 
Design 
model 

As-built 
model 

GEOMETRY 

Span (s) [m] 0.533 0.536 

Chord (c) [m] 0.152 0.1524 N( [-] 0.519 0.519 

S [Kg] 0.698 0.667 æ(R [-] 0.48 0.464 /(  [Kg m] 0.049 0.046 

a [-] -0.5 -0.5 

MASS 

µ [-] 0.97 0.93 � [-] 1.03 1.08 

m [Kg/m] 17.66 16.88 

Total mass [Kg] 9.42 9.05 

FREQUENCY 

QP  [Hz] 5.05 5.3 Q(  [Hz] 9.6 13.4 Qñ�ÒCòR [-] 0.277 0.156 

FLUTTER 
�®  m/s 8.5 14.5 Q®  Hz 9.8 13.02 

Table 21. Design vs. as-built model parameters. 
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From Fig. 50 it is clear that for µ greater than about 2, a linear dependency of the flutter speed 
from the mass ratio µ exists: the lower is the mass ratio, thus for a fixed fluid the lighter is the 
foil, the lower is the flutter speed. For µ ó 2 the theoretical flutter speed tends to infinity: this 
result suggests the application limit of Theodorsen theory for the studied structure. For this 
reason, the authors designed a model with the highest mass ratio, in order to allow 
experimental vs. theoretical comparison. Despite all the available internal volume of the model 
was designed to be full of lead, as described in Section 4.2 the maximum reachable µ resulted to 
be 0.97: however, because of wrong lead density estimation and construction tolerances, the 
actual mass ratio of the physical model was lower than the design one, as reported in Tab.21. 
The flutter limit estimated with Theodorsen theory for the current model, having mass ratio 
equal to 0.93, resulted to be 14.5 m/s. It should be noticed that this prediction is not be 
considered reliable because of the low mass ratio of the model. It is remembered that for a 
different model (e.g. different mass inertia or different frequency ratio) the curve V vs. µ is 
shifted but the trend is similar. 
 
 
 
 
 
 
 
 
 
 
 
 
 

11.2. Elastic axis position variation 

 
The parameter ø is defined as the distance from the elastic centre (CE) to mid-chord, divided by 
the semi-chord (b). The parameter is negative if the CE is located in the front half of the profile, 
as often happens in hydrofoils, positive if it is located in the rear part, toward the TE. In Fig 51 
it can be noticed that moving the CE toward mid-chord reduces the flutter speed of the model. 
However, the authors decided to keep CE as close as possible to the centre of hydrodynamic 
pressure, in order to avoid divergence occurrence, which for light hydrofoil, might anticipates 
flutter, for this reason a value of ø =  −0.5 has been chosen. 
It should also be remarked that moving the CE has a double effect, which does not appear in Fig. 
51: moving CE toward mid-chord, the distance between CE and CG (N(� is reduced as well, with 
an effect on the flutter speed discussed in the following section. 
 
 
 
 

Figure 50. Dependency of flutter velocity by µ. 
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11.3. Centre of gravity position variation 

The distance between CE and CG, non-dimensionalised with respect to the semi-chord length, is 
indicated with N(. Having constrained the position of CE as discussed in the previous section, the 
parameter N(  is governed by the position of the CG of the foil: the model resulted to have N( = 0.519. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

In Fig. 52 it is clear that moving the CG toward the Trailing Edge (TE) would have determined a 
lower flutter limit, and therefore led to a more convenient solution for the aim of the design 
process described in the present paper. However, because of the shape of the NACA profile, and 
because of the need of filling the whole internal volume of the foil with ballast to reach the 
highest µ, it was not possible to further move back the CG. The choice of the NACA 16-012 
profile is indeed justified by the fact that the maximum thickness is located at 50% of the chord 
from the LE, allowing a relatively high value of N(. 
The V vs. N( curve of the discussed model presents a minimum at N( = 0.7. However, it should 
be remembered that for different models (e.g. different CE, mass inertia or different frequency 
ratio), the trend of the curve would be the same but the tangency point would be shifted. 

Figure 51. Dependency of flutter velocity by parameter  h. 

Figure 52. Dependency of flutter velocity by ý�. 
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11.4. Radius of gyration variation 

 
The radius of gyration allows establishing a relation between the mass and the mass inertia of a 
rotating body. It is defined as the distance from the elastic axis to an imaginary point where it 
should be concentrated the whole mass of the body to deliver the actual mass inertia of the 
structure: it is therefore an index of mass distribution. 
In Theodorsen theory, the radius of gyration has a key role in flutter limit calculation, and it is 
employed in non-dimensional form as it follows: 

t�� = Á �� � ÷�Ã  Eq. 80 

One of the driving principles of the design process presented in this paper, is the maximisation 
of the hydrofoil mass, aimed to increase the mass ratio µ and, as a consequence, the reliability 
of theoretical results. However, from the results of Fig. 53 it is clear that the distribution of the 
mass in the structure should be such as the mass inertia is maximised as well. Since the authors 
decided to give priority to the maximisation of the variable µ, the available internal volume of 
the model ended up to be full of lead, making the variable æ(R almost a fixed parameter, for a 
given shape of the NACA 16-012 profile, as it happened for the variable N( . It should be 
remarked that the as-built physical model resulted lighter than expected because of lead 
density overestimation: it followed that the radius of gyration ended up to be 0.464 instead of 
0.48 as predicted in the design, as reported in Tab.21. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

11.5. Frequency ratio variation 

The higher is the ratio between bending and torsional natural frequency, the lower is the flutter 
limit speed. These frequencies depend on the bending and torsional stiffness of the structure, as 
well as on the mass and mass inertia of the model as discussed in Section 4.2. 

Figure 53. Dependency of flutter velocity by t��. 
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Being mass and mass inertia governed by the maximisation of the mass ratio µ, the variable Qñ�ÒCò is controlled by means of the elastic beam cross section and span as detailed in Section 
4.2. Because of the shape of the NACA 16-012 profile, and the chord wise position of the elastic 
axis, Qñ�ÒCò resulted to be the parameter characterised by the highest freedom in choice. To 
control it, beam cross section and span have been therefore adapted at the end of the iterative 
design optimisation process, to the combination of the others variables, imposed by construction 
issues, to reach a convenient flutter speed. However, at the moment of aluminium beam 
manufacturing it was not clear that the aluminium webs and the CRP shell contributed 
significantly to the torsional stiffness of the model, therefore the torsional frequency was 
expected to be significantly lower than the actual value, as reported in Tab.21. As a 
consequence, the frequency ratio was expected to be significantly higher, leading to a lower 
flutter speed. Hindsight it can be stated that the aluminium beam core should have been 
thinner, to lower the torsional stiffness of the model, and to make it more prone to the 
phenomenon of flutter. 

11.6. Torsional natural frequency variation 

Beside the dependency of the flutter solution from the frequency ratio, the torsional natural 
frequency Q(  itself appears in the calculation of the flutter speed as reported in Eq. 81,  
showing the linear dependency plotted in Fig. 55 [19], [20]. 
 

e�I� = �t� °� ÷ �√�   *   ZV   *  ZýrM:<<[t  Eq. 81 

where 
�+  and 

�,-./0012 are function of Qñ�ÒCò among others. 

 
It follows that for a fixed bending frequency QP , an increase in Q(  has a double effect in flutter 
speed reduction: in other words, for a fixed delta of Qñ�ÒCò, it is more incisive to lower Q( , 
rather than increase QP . 

Figure 54. Dependency of flutter velocity by °th<;s. 
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 THEODORSEN THEORY OUTPUTS 12.

As already mentioned, few differences were observed between the design parameters of the 
model and the finished physical model, because of mass and stiffness wrong estimation.  
Because of these differences, the predicted flutter limit was affected. In particular, for the 
designed model, Theodorsen theory predicted a limit speed of 8.5 m/s while for the as-built 
model, which is lighter and it has a higher torsional stiffness, the predicted speed is 14.5 m/s. 
However, as it can be observed in Figs. 56a & 56b, these results are affected by the fact that at 
mass ratio lower than 2, Theodorsen theory loses its reliability, and the flutter speed tends to 
infinite. Then the effective flutter occurrence is to be expected at lower speed: to provide a 
more reasonable prediction of the instability limit of the model, the author extended the linear 
trend shown by the analytical outcomes at µ > 2, up to the model value of µ, and obtained in 
this way a value of flutter velocity which relies on the experimentally validated trend, as 
already done in Section 9, in the context of Theodorsen code validation against past 
experimental findings. The model has been therefore designed to encounter flutter at speed 
greater than 5.1 m/s, but because of the discrepancy between design and as-built model, the 
tested hydrofoil was finally expected to experience flutter at a velocity greater than 7.3 m/s.  
One of the key points of this thesis is to verify the reliability of Theodorsen theory for relatively 
low mass ratio foils: as discussed in Section 9, the theory has been already validated against past 
against experimental results, for mass ratios greater than 2, and the linear trend was confirmed 

Figure 56. Theodorsen output for the pilot case- Flutter velocity against mass ratio: a) 
design model;  b) as-built model. 

Figure 55. Dependency of flutter velocity by °� . 
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even in a region of µ values where the flutter speed predicted with Theodorsen theory already 
started to rise exponentially. One of the aim of this thesis is to extend this validation for lower 
values of µ: it follows that the fact of having assumed the linear trend to be applicable up to µ = 0.93 has to be validated with the experimental findings discussed in Part B of this thesis.  
 

 CONCLUSIONS 13.

In the first section of this Part A, Theodorsen theory is presented introducing the system of 
differential equations describing the interaction between the flow and the model structure. The 
assumption at the base of the analytical approach and the boundary condition are discussed, and 
lately the fluid-dynamic content of the theory is treated. In particular, the author reported the 
main steps and formulation that allowed Theodorsen to calculate the fluid-dynamic loads 
assuming a distribution of elementary solutions of Laplace equation, assuming potential flow. 
The author intentionally omitted the mathematical passages that allow treating the potential 
flow components and the several integrations needed to obtain the global loading on the foil, 
since the aim of this work is mainly to give a physical and practical understanding of the theory, 
rather than to explain all of the mathematics behind it, largely discussed in the original NACA 
reports cited in reference. Importance has been devoted to the Theodorsen function ��`�, which 
is used as a filter function to take into account the unsteadiness of the flow in the lift 
calculation, hence the dependency of lift generation from the frequency of the oscillating 
motion. In Section 8 the author gives a routine calculation scheme, following the statements 
reported in [20], to provide a practical guide for the implementation of the theory aimed to 
make future use of this theory more accessible, without getting lost through integrals pages. The 
choice of dividing this section from the purely analytical guide is inspired from the original 
publications, where Theodorsen itself proposed the theory and its application guideline in 
separate reports. Actually the author of the present work, did not want just to report what was 
already published in the thirties, but the intention was to propose this timeless method, 
focusing on the case of bending-torsion flutter, excluding the wing-aileron degree of freedom 
treated in the original theory, and proposing the calculation scheme with a modern approach, 
which rely on the support of CAD, FEM and programming platform which did not existed yet at 
the time of the original publication. The author also provided in this section the code developed 
by herself to implement the theory in Matlab software for those interested. 
The implemented code is then validated against past experimental findings before using it for 
the design of the present pilot case. One chapter is dedicated to the description of the 
parameters needed to feed the theory, highlighting their physical meaning and giving guidelines 
to define them for a given model. Finally, a sensitivity analysis is proposed to show the 
dependency of the flutter velocity from each of the playing variables, highlighting the 
importance of this analysis to design a pilot case optimised to experience flutter at the lowest 
velocity. The flutter limit velocity calculated for the pilot case is presented and discussed 
highlighting the difference existing between the design parameters and the as-built model 
characteristics and the effect of these differences on the stability limit estimation. 
Theodorsen theory resulted to be highly reliable for models with mass ratio µ > 2, thus heavy 
wings operating in airs; however for lower values of mass ratio µ, the velocity predicted with 
Theodorsen theory diverges from the linear trend confirmed experimentally for µ > 2. The 
predicted velocity tends to infinite for decreasing mass ratio µ toward a vertical asymptote, 
which moves as a function of the combination of physical parameters charactering the model 
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under study. However, an interesting finding that came out from the implementation and 
validation of Theodorsen theory is that for values of mass ratio µ where the predicted velocity 
diverges from the experimentally validated trends, past experimental findings confirmed the 
prolongation of the trend. In other word, even for cases lying in that region of mass ratio µ , 
where Theodorsen prediction is not consistent, the theory remains useful, because by charting 
the flutter velocity vs. mass ratio µ , the linear trend found for higher values of µ, can be 
extended to roughly preview the flutter limit. In particular the value of velocity found by 
extending the trend up to the model mass ratio µ , appeared, for the studied case, to be lower 
than the velocity experimentally observed: this could be used as a conservative and approximate 
method of flutter prediction for hydrofoils. What it is not clear yet, is the dependency of this 
relation from the physical parameters of the model ( i.e. �, % , /(, N( ,QP, Q(, æ(R): for being 
able to definitively state this relation, more experimental evidences should be provided, 
especially for lighter hydrofoils. The outcomes of the experimental campaign discussed in Part B 
of this thesis are a good matter for this aim. 
Theodorsen theory is used within this thesis firstly to design the pilot case, which was required 
to be flutter prone within facilities towing limit speed, and also to provide a reference value of 
instability limit finalised to run safe experimental testing, avoiding model destruction and 
possible staff injury. 
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APPENDIX A1: Theodorsen code _ Main Run_me 
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APPENDIX A2: Theodorsen code _ Theodorsen function 
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APPENDIX A3: Theodorsen code _ Theodorsen function damp 
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APPENDIX A4: Theodorsen code _ Adim 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



93 

PART B 

EXPERIMENTAL CAMPAIGN 
 

 AIMS OF EXPERIMENTAL CAMPAIGN 14.

Experimental campaigns focusing on flutter phenomenon on low mass ratio hydrofoil, reported in 
literature, are few, not recent, and often poor in details. For this reason, the author decided to 
design and test a hydrofoil model for hydro elastic instability, in order to obtain some reference 
results, which would permit to validate future numerical FSI simulations and analytical models. 
The main aim of the present experimental campaign is to find the flutter limit speed of the 
relatively low mass ratio hydrofoil model introduced in Section 4; however, to reach this aim, a 
series of phenomena investigated and experimentally observed during the campaign, are found 
to be enough relevant to be considered as objective of the campaign. As explained in the 
following sections, the flutter condition is experimentally evaluated by means of the monitoring 
of the system damping at different speeds: this procedure also allowed for studying the flow 
speed dependency of the global damping of the system in the stable pre-flutter regime, 
remembering that the global damping of a submerged foil operating at a certain speed, is due to 
two components: hydrodynamic and structural damping. The effect of speed on these two 
components is investigated within this campaign: in particular, the dependency of hydrodynamic 
damping from the speed is easily conceivable, while the structural damping is found to be 
indirectly affected by the speed, as lately discussed. 
The model deformation due to the hydrodynamic loading and the effect of this deformation on 
the generated loading, experienced during the trials, represent the base concept of fluid-
structure interaction: this experimental finding have a strong importance beside flutter study 
because it will permit future FSI numerical simulation to be validated. In fact, it should be 
highlighted that the numerical prediction of modern light hydrofoil deformation due to 
hydrodynamic loading, is at the base of the design process of these type of yacht appendages as 
they are systematically designed to operate in a specific deformed configuration. 

 EXPERIMENTAL FACILITIES AND TESTING SET UP 15.

The experimental tests are performed at towing tank No.1 
of the CNR-INM (Institute of Marine Engineering) 
headquarters in Rome (See Fig. 57). The towing tank is 470 
m long, 13.5 m wide and has a depth of 6.5 m. It is 
equipped with a towing carriage that can achieve a 
maximum speed of 15 m/s. The hydrofoil model is 
arranged vertically with respect to the water surface and 
linked to the towing carriage through a support structure 
that allows for setting the hydrofoil sinkage thanks to a 
motorised telescopic system (Fig. 58). This is necessary to 
compensate variations of the water level in the tank and 
to control the model draft throughout the experimental 

Figure 57. Towing tank n.1 @ 
CNR-  INM – Rome. 
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campaign. A special mechanism also allowed for tuning the system yaw: however, since the 
incidence angle had to be adjusted by hand, with no electronic control of the alignment, the 
precision of this mechanism led to a partial control of the model angle of attack. The need of 
controlling the model angle of attack is linked to two different aims: for flutter testing, the 
model has to be tested with zero angle of attack, as better justified in Section 17, while to 
define a lift curve of the foil the angle of attack had to be increased gradually. An end plate was 
set up to lower the free-surface effects on the flow surrounding the hydrofoil, and to obtain a 
more uniform lift distribution along the foil span. However, during the preliminary testing, the 
presence of the plate was found to generate unwanted effects, which became important at 
higher speed: in particular the plate resulted to generate an important vertical force probably 
due to a misalignment with respect to the water plane, and also it generated strong turbulence 
and spray which would alter the dynamic response of the model. In addition, the supporting bar 
above the plate (See Fig.58) was shaped with a 3D printed shell with symmetric NACA profile in 
order to reduce drag and unwanted turbulence, but this covering shell resulted to have a light 
misalignment with respect to the effective foil under the plate, which, despite the spray, made 
it generating a lateral force which add to the foil lift. This out-of-control force generation was 
not acceptable during the campaign. It follows that for preliminary testing, aimed to define a 
lift curve for the model, and during high speed trials, the supporting bar and the plate are kept 
out of the water, as close as possible to the water surface in order to make the plate still useful 
to limit the spray and the pressure lost due to free surface, but avoiding extra spray and force 
generation. Concerning the flutter testing series, the issue of unwanted later force generation 
due to the supporting bar shell misalignment, represented a problem because for these testing a 
zero-angle of attack condition is to be set in order to vanish the lateral force as already 
introduced. The choice of excluding the plate might complicate the comparison of experimental 
results against numerical outcomes of a reduced order model, as it will be necessary to model 
the water surface to compute a numerical simulation to fairly reproduce the effective pressure 
distribution. Anyway the author decided to try a series of flutter testing in the configuration 
firstly conceived (immerged plate, 10 mm under water) (See Fig.58) and the measurements are 
included in the results database but they are not discussed within this thesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 58: Water tank facility and experimental set-up details. 
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15.1. Model excitation techniques 

As earlier outlined, flutter speed estimation is based on the experimental assessment of hydro-
structural damping. To allow for damping measurement, the structure needs to be excited to 
induce oscillations. To accomplish this task, Besch and Liu [60] included an internal exciter rod 
in the model arrangement, which allowed applying a torsional oscillation of known amplitude at 
model tip. In the present case, there was no place inside the model to fit an internal excitation 
system, and therefore the model needed to be excited with an 
external device: different solutions have been tested in order to 
accomplish this aim, as described in the following. The first 
configuration that has been tested was based on the idea of 
applying a torque at the model tip by means of two wires pulling 

the LE and TE of the model tip toward port and starboard side 
respectively. The wires passes through a system of pulleys to reach 
the operating platform of the towing facility (See Fig. 60) where 
they were clamped in a dynamometer (See Fig.59): the model was twisted before starting the 
course, and ones the regime speed was reached, the wires were suddenly released to induce a 
torsional oscillation.  

The critical point of this system was the fact that the wires had to operate perpendicularly to 
the model plane in order to be effective and to not add compression in the model: for this aim it 
was necessary to set up two immersed bar extending parallel to the model at tip depth, to fix 
the first set of pulley. Despite the bars were covered with a symmetric 3D printed profile to 
reduce drag and turbulence, they generated huge spray and vibrations growing with speed, and 
they broke at 5.5 m/s (See sequence in Fig.61).  

a)                           b)                          c) 

Figure 60. Experimental set up   a) In water model; b) Bars for wires pulleys fitting;  c) 
Excitation wires. 

Figure 61. Sequence showing wire-supporting bars covering failure at increasing speed (up 
to 5.5 m/s): a) proper set-up; b) starboard bar cover failure; c) port bar cover failure; d) 
final configuration. 

a)                              b)                   c)    d) 

Figure 59. Dynamometer 
for wires control. 
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Up to this speed, the system worked successfully, but a different set up had to be found to 
reach higher speeds. Another issue with this system was linked to the fact that the model, 
before releasing the wires, was towed in a twisted configuration, and at higher speed, the 
consequent angle of attack, varying at each model section, might induce significant force 
generation.  
Another unsuccessful layout that has been tested relied on the vortex wake generated by a steel 
pipe immerged vertically upstream of the model, to excite it: with this solution the model 
wouldn’t be subject to an impulse force but it would result constantly excited during the time 
the pipe was immerged (See Fig.62) 
 

The cons of this solution was mainly the turbulence and spray generated by the pipe at the free 
surface, but also the bending of the pipe at high speed which made difficult to slide it on the 
supporting bug, to move it up and down during the trial. No tests have been recorded with this 
type of excitation. (See sequence at Fig.63) 
 

 
 It can be concluded that the model cannot be excited externally at its tip, because it would 
require some extra underwater structures that, especially at high speed, interfere with the 
inflow. In the final configuration, the model was excited by means of an impulse force applied 
at the supporting plate out of the water. This solution resulted to be effective although the 

    a)              b)                                       c) 

Figure 62. Steel pipe set up to induce vortex wake: a) sliding bug; b) general view; c) spray 
generated by the pipe @ 4 m/s. 

      a)                              b)               c)          d) 

Figure 63. Spray and underwater turbulence change due to the increase in pipe immersion; 
d) pipe bending due to drag. 
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amplitude of the induced oscillation was rather low and the force was not directly applied on 
the model, and its strength was unknown and variable between trials.  

15.2. Measurements tools 

The dynamic response of the model was measured by two strain gages, one accelerometer, and 
one load cell. 
The two half bridge strain gages were respectively 
located at 272 mm and 155 mm from the root of 
the model, on the two opposite sides of the 
aluminium beam. (See Fig. 64) 
Both of the strain gages are self-compensated for 
aluminium with a thermal expansion coefficient of 
23 · 10-6 K-1, which means that the effect of a 
sample temperature change on the output signal is 
negligible. The first gage, HBM model 1-LY43-3/350 
has a single grid orientated along the span 
direction that allows for measuring the strains due 
to longitudinal bending stress of the model: within 
this thesis it is referred as bending SG. The second 
gage is a V-shaped HBM model 1-XY23-1.5/350 with 
two perpendicular grids arranged at +/- 45° 
sensible to shear deformation due to axial torsional stress. 
The PCB Piezotronics monoaxial accelerometer model 333B32 was 
fit at model root (See Fig. 65), for redundancy; its output has been 
acquired and recorded in the experimental results database, but 
not analysed within this project. 
The supporting beam of the model is clamped into a six component 
LMC-6852 Ogawa Seiki load cell which has the double task of 
system attachment point and loads recording. Unfortunately some 
of the components of the cell stopped working during the 
campaign, but it was still possible to acquire the following 
components: Fz , Fx , Mx , Mz ( Refers to Fig. 66).  Since it was not 
possible to directly acquire the component Fy, the moment Mx has 
been post processed to obtain the Lift, assuming the centre of 
pressure to be at half of the span, and accounting for the distance 
between the hydrofoil root and the cell measuring point. Obtaining 
the Lift from the moment, thus making assumption on the position 
of the centre of pressure, surely introduce a certain 
approximation: for this reason the obtained values are compared 
with the loads deducted from the strain measured with the strain 
gages, as described in Section 16.1.2. The component Fx represents 
the drag force of the hydrofoil. The component Fz has been 
monitored to verify eventual vertical Lift generated by a 
misalignment of the end plate. Data from the load cell are 
acquired via Dewe 43A hardware [79] and DewesoftX software [80] 
while strain gages and accelerometer are acquired via Simcenter 
SCADAS SCM05 hardware [81] and Simcenter Test Lab 2019 software. 

 

 

Figure 64. Strain gages; top left:bending 
gage; bottom left: torsional gage; right: 
stain gage location on beam. 
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Figure 66. Reference 
coordinate system.  

 

Figure 65. PCB 
Piezotronics monoaxial 
accelerometer. 
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 PRELIMINARY TESTING  16.

Some preliminary trials are carried out before flutter-testing the model, in order to calibrate 
the strain gages, to define a lift curve of the model, and to assess the wet frequencies at zero 
speed, as described in the following. 

16.1.1. Strain gage calibration vs. FEM model  

 
After strain gages installation, the naked model has 
been tested for static out-of-plane bending in order to 
calibrate the single grid sensor against 1D FE model 
computational. As discussed in Section 4.2 the 1D FE 
model did not include the aluminium webs, which 
resulted to give a significant contribution in torsional 
stiffness while in terms of bending, their stiffness has 
been confirmed to be negligible: the model can be 
therefore used for bending SG calibration without 
applying any correction. The model was fixed vertically 
by means of its supporting set-up and a known force 
was applied at its tip by means of a dynamometer: the 
force was gradually increased from 0 N up to 27.5 N, 
and therefore decreased back down to 0 N, as shown in 
Tab. 22, while the strain gages signal was acquired (See 
Fig.68). The testing was repeated twice but only the 
best trial is reported in this thesis.  
In the FE model, the known force is applied at the 
acting point, and the out-of-plane bending moment at 
the SG location is extrapolated defining a model point: 
by means of the section modulus of the H beam cross 
section (351.36 mm^3) and aluminium Young’s modulus, 
the strain at that specific point have been calculated, 
according to Eqs.82 & 83. 
 
 

Static out-out-plane bending test 

Run STEP Loading Un-loading 

5 

mm N N 

2 6 4.5 

4 11.5 10 

6 17 16 

8 22 21.5 

10 27.5 27.5 

Table 22. Static out-of-plane-bending 

test: load and un-load steps.  

Figure 67. Dry static testing set up. 

Figure 68. Strain gage time history – Static out-
of-plane bending test. 
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= = ¢�¢  Eq. 82  ~ =  =�   Eq. 83 

From the comparison of experimental measurements against numerical strains, a mean error of 
3% is found as reported in Tab. 23: in particular, the numerically computed strains are lightly 
greater that that measured experimentally, as shown in Fig.69, probably due to the small 
contribution of aluminium webs, which are not included in the 1D FE model. The bending SG has 
been lately used to measure the bending deformation of the model during the in water trials, 
due to velocity dependent hydrodynamic forces generation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The double grid SG did not give out sensible output, since it does not measure span wise 
deformations due to out-of-plane bending. 
To calibrate this last SG, it would have been necessary to apply a known torque to the model, 
but the author did not have the tools to do that successfully: the double grid SG has been 
therefore directly employed to measure the dynamic response of the model, comparing it with 
the numerical outcomes as reported in Section 4.4. 

 

Static out of plane bending test data post-processing 

Force M ADINA @ SG σ   ADINA ε FEM ε Exp Num vs.Exp 

error N N*mm N/mm^2 - - 

27.5 5562 15.830 0.000229 2.27E-04 1% 

22 4.45E+03 12.665 0.000184 1.81E-04 1% 

21.5 4349 12.377 0.000179 1.76E-04 2% 

17 3.44E+03 9.788 0.000142 1.37E-04 3% 

16 3.24E+03 9.212 0.000134 1.29E-04 4% 

11.5 2326.49 6.621 0.000096 9.30E-05 3% 

10 2.02E+03 5.758 0.000083 8.17E-05 2% 

6 1213.86 3.455 0.000050 4.78E-05 5% 

Table 23. Static out-of-plane-bending test: per each load step the measured strain 

is reported and compared against calculated strain. 

Figure 69. Strain gage calibration vs. FE model-Measured strain vs. applied force. 
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16.1.2. Hydrodynamic forces measurement 

A series of trials at 2 m/s have been run at different angles of attack (3°, 6°, 9°) to define a lift 
curve to allow validation of foreseen FSI numerical models. For this series of trials, the draft was 
such as the end plate was just above the water surface, as described in Section 15.  The same 
series is repeated reducing the draft by 50% (Fig. 70) for a better understanding of the pressure 
distribution along the span.  
 

 
As already introduced, the Lift force was not directly measured, but it was obtained from the 
moment Mx measured by means of the load cell and also from the longitudinal strain εz : in both 
cases it was necessary to assume a pressure distribution along the span. The load is assumed to 
be uniformly distributed along the draft, then the resultant of the lift has been assumed to act 
at half draft: under this assumption, the lever, which allow to calculate the lift from the load 
cell measured moment, resulted to be 628 mm in full draft configuration, due to the sum of the 
half-draft (268 mm), the supporting beam (305 mm) and the cell arm (55 mm); in half draft 
configuration, the lever resulted to be 762 mm due to the sum of the half-draft (134 mm), the 
dry half span (268 mm), the supporting beam (305 mm) and the cell arm (55 mm). 
In Table 24 it is reported the results obtained from the measurement acquired from the load cell 
for full draft and half draft configuration. 
 

30
5 

m
m

 
D

/2
 

76
2 

m
m

 

S/
2 

30
5 

m
m

 
D

/2
  

62
8 

m
m

 

Figure 70. Hydrodynamic force measurement testing set up. Left) full draft;  right) half 
draft. 
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Load cell measured bending moment 

Configuration Full draft Half draft 

AoA ° 2.5 5 7.5 2.5 5 7.5 

Mean Mx N*m 1.79E+01 3.31E+01 4.75E+01 6.96E+00 1.24E+01 1.84E+01 

Lift N 2.85E+01 5.27E+01 7.56E+01 9.14E+00 1.63E+01 2.42E+01 

Table 24. Values of out-of-plane bending moments measured with the load cell during 
testing at 2 m/s at different angles of attack. 

To obtain analogous results from SG measurements, it has been necessary to employ the FE 
model to get from the measured strain to the acting load. By means of the inverse of Eqs. 82 & 
83, the moment Mx @ SG location cross section was calculated (See Tab. 25), and then a uniform 
distribution of load was modelled in ADINA TM , choosing the load such as the calculated value of 
Mx @ SG location was found numerically (See Tab.26). At this point the same solution was post-
processed to extrapolate the bending moment Mx at the attachment point, thus at load cell 
location. It has been therefore possible to compare the values of bending moments, and acting 
Lift, measured from the load cell, and extrapolated by the strain gage measurements, as shown 
in Tab. 27 and Fig. 71. 
 
 

Strain measurements post-processing 

Configuration Full draft Half draft 

AoA ° 2.5 5 7.5 2.5 5 7.5 

ε  SG - 0.0000796 0.0001290 0.0001994 0.0000545 0.0001027 0.0001454 

σ @ SG N/m^2 5493449.09 8903656.38 13756633.37 3760312.35 7085653.59 10030033.31 

Mx@SG N*m 1.93 3.13 4.83 1.32 2.49 3.52 

Table 25. Measured strains during testing at 2 m/s at different angles of attack, and 

relative calculated moments @ SG location. 

 

FE model loading  

Configuration Full draft Half draft 

AoA ° 2.5 5 7.5 2.5 5 7.5 

w N/m 52.00 84.28 130.22 34.50 65.01 92.02 

Lift resultant N 27.87 45.17 69.80 9.37 17.65 24.98 

Mx@SG ADINA N*m 1.92 3.10 4.80 1.32 2.49 3.52 

Mx@cell ADINA N*m 17.30 28.02 43.29 7.08 13.33 18.87 

Table 26. Moments @ load cell location obtained on FE model assuming uniform distributed 

load such as Mx @ SG node equals measured value. 
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From the comparison, it can be noticed that: 
 

- The lift measured at half draft configuration is about 30% of the lift measured at full 
draft configuration although it was expected to be 50%, since the lift is supposed to be 
directly proportional to the lateral immersed surface of the foil, which is halved in half 

draft configuration. This result is probably due to the fact that in the second 
configuration the end plate is far away from the free surface, and therefore a significant 
loss of pressure due to the spray at water surface is experienced.  

- At half draft configuration, the comparison of the two measurements shows little errors, 
and the lift obtained by means of SG measurements is slightly greater than that 
measured with the load cell. 

- In both configurations, the measurements obtained with the load cell have a linear trend 
while the strain measurement did not: the lowest error between the two acquisition 
systems is observed at 2.5° while the highest error is reported at 5°. 

- In full draft configuration, a maximum error of 14% is observed at 5°. 
 
 
 

Load Cell vs. SG measurements  

Configuration Full draft Half draft 

AoA ° 2.5 5 7.5 2.5 5 7.5 

Load Cell Lift N 28.47 52.72 75.65 9.14 16.34 24.18 

SG Lift N 27.87 45.17 69.80 9.37 17.65 24.98 

Error - 2% 14% 8% -2% -8% -3% 

Table 27. Comparison of lift resultant obtained from SG and load cell measurements. 

 

Figure 71. Lift moment curve at 2 m/s measured experimentally. 



103 

16.1.3. Wet natural frequencies measurements 

The first in-water trial has been the measurement of the wet dynamical response of the model 
at none velocity. The response is acquired after the application of an impulse force applied at 
the supporting plate. The first bending and torsional wet natural frequencies have been 
identified by means of a FFT of the time history signal, as shown in Figs. 72 and compared with 
the measured dry natural frequencies, as shown in Table 28.  

 
 
In the frequency spectrum, the peak at 3.5 Hz, representing the first bending mode, is more 
pronounced than the one at 14.2 Hz, which resulted to be the coupled bending-torsional mode. 
The in-plane bending mode did not appeared because of the strain gages set up which did not 
allows to measure the strains associated with this type of mode.  
 

Coupled modes Dry Wet V=0 
Bending frequency [Hz] 4.88 3.5 
Torsional frequency [Hz] 20.6 14.2 

Table 28. Dry vs. wet coupled bending and torsional natural frequencies measured 

experimentally. 

When comparing the dry and wet natural frequencies of the model, it can be observed that the 
fluid added masses slow down the model response, as expected. The bending frequency is 
lowered by 28%, while the coupled torsional mode is lowered by 31%. These results are rather 
similar to those discussed in [55]. 

 FLUTTER TESTING PROCEDURE 17.

Flutter is a destructive phenomenon occurring when the overall damping of the structure 
becomes negative: as flutter is approached with a progressive decrease of flow-dependent 
damping, up to the point that the overall damping vanishes, the strategy of the experimental 
campaign is to get as close as possible to the zero-damping condition, by increasing gradually 

Figure 72: a) Model torsional strain time history measured at V=0 m/s condition, after 
impulse force application, b) Model frequency spectrum at V=0 m/s, after impulse force 
application. 

               a)                            b)    
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the towing speed with small increments in the neighbourhood of the expected flutter velocity 
range.  
The hydrofoil has been tested at speed ranging from 2 to 8 m/s. At each run, once a condition of 
stable velocity and deformation was reached, a series of impulse forces was applied to the 
supporting yellow plate, in order to induce an oscillation on the model. The oscillation was 
recorded by means of the already introduced torsional and bending strain gages, which provided 
local strains time history, separately for the first bending and torsional natural modes analysis 
(out-of-plane bending and torsional coupled modes). As discussed in Section 15, different 
excitation techniques have been tested, but only one resulted to be successful up to 8 m/s. 
However, the outcomes of the first series of trials, where the model was excited by pulling the 
model tip up to 5.5 m/s, are included in the result database. To experimentally monitor the 
damping, a specific numerical tool is employed to estimate the hydro-structural damping by 
analysing the time history of the model response, at each testing velocity, incrementally varied 
to get as close as possible to the flutter limit. Initially, the author planned to monitor directly 
the damping decrease during the trials, and therefore being able to increase safely the velocity, 
choosing the velocity step size, without encountering the instability. However, the employ of 
the numerical tool for damping analysis of the signals was less intuitive and reliable than 
expected, and it was not possible to do the evaluation of the damping during the trials. For this 
reason, the trials have been done in a blind way, increasing the speed in step of 1 m/s up to 6 
m/s and from 6 to 8 m/s the velocity increments were reduced up to 0.25 m/s. The acquired 
signals have been post processed afterward. Because of these circumstances, the flutter velocity 
analytically predicted with Theodorsen represented the only reference the author had during 
the trials. 
Before flutter testing, the model should be accurately aligned with the carriage direction to 
obtain a null angle of attack following Theodorsen theory assumptions: finding the 
‘hydrodynamic zero’ condition was also necessary to avoid the generation of unwanted (lateral) 
lift force, which might lead to static bending failure at high speed, or to the onset of divergence 
instability. The alignment of the model with the carriage direction has been done iteratively by 
searching the yaw angle at which the generation of lateral fluid force (lift) vanished when 
towing the model at different speeds. However, the yaw control system did not allow finding the 
condition of perfect alignment, and the author ended up with accepting the condition of best 

alignment, leading to the presence of a lateral force in the flutter testing series. This did not 
represent a problem in terms of model failure, nor in terms of divergence phenomenon onset, 
but it induced, at high speed, a significant out-of-plane bending deformation, which surely had 
an effect on the physical model behaviour. As discussed in Section 18, the effect of the bending 
deformation on the flutter instability approach is still unclear.  
The model has not been tested at speed greater than 8 m/s in order to avoid model destruction 
because of the strong bending observed during the last trial: the author decided to not try to 
reach the instability condition, and to preserve the model for future testing.  
In the following section the author reported the results from only one series of testing, however 
the following four testing series have been run and the acquired data are included in the result 
database: 
 

- Series 1: the end plate was just above the water surface, and the model was excited by 
means of an impulse force at the supporting yellow plate (Testing speeds: from 2 to 7 
m/s in steps of 1 m/s + from 7.5 to 8 m/s in steps of 0.25 m/s) 
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- Series 2: repetition of Series 1, same condition of Series 1, but different ‘hydrodynamic 
zero’  ( Testing speeds: from 2 to 6 m/s in steps of 1 m/s + from 6.5 to 7.5 m/s in steps 
of 0.25 m/s) 

- Series 3: Immersed plate (100 mm under water), and the model was excited by means of 
an impulse force at the supporting yellow plate ( Testing speeds: 3, 4, 5 m/s + from 5 to 
7.75 m/s in steps of 0.25 m/s) 

- Series 4: Immersed plate ( 100 mm under water), and the model was excited by means of 
tip cables tension ( Testing speeds: 2, 3, 3.5, 4, 4.5, 5, 5.5 m/s) 

 
In the following section, the post-processing of the signals acquired during Series 2 is presented 
and discussed. In the Series 2, the model has been tested up to 7.5 m/s, however the author 
decided to take the last two trials of Series 1 to reach the maximum tested velocity of 8 m/s. 
This was possible since the two series referred to the same configuration, out of the fact that 
between the two series, the model has been removed and replaced from its set-up, and 
therefore the possibility of having set a lightly different alignment exists. 

 EXPERIMENTAL OUTPUTS POSTPROCESSING 18.

The analysis of the dynamic response of the model at different speeds allowed studying the 
dependency from the flow velocity of frequencies and damping of the natural bending and 
torsional coupled modes of the structure. In addition, the post-processing of the span-wise 
strains allowed evaluating the out-of-plane bending deformation due to the hydrodynamic force 
generated by the model itself while towed at different speed. 
For damping evaluation of the torsional mode, the signal of the double grid SG has been 
analysed, while to study the damping of the bending mode, the signal of the bending SG was 
post-processed. In both cases, the acquired signal was disturbed by a series of unwanted 
vibrations, occurring at different frequencies and coming from the testing facility: for this 
reason, to properly post-process the acquisitions, it was necessary to clean up the signals, by 
applying time and frequency filters. Observing Figs. 73 & 74 in the following, it can be noticed 
that at low speed, the model behaves in a stable way, returning to the undisturbed 
configuration after the application of the impulse force. As the speed increases, the effect of 
the imperfect alignment of the model induces a significant asymmetric pressure distribution that 
induces the generation of an hydrodynamic force, which deforms the model in out-of-plane 
bending (Figs. 73) and torsion (Figs.74) simultaneously. This effect of model misaligned resulted 
in two ramps in both the SG signals, corresponding to the acceleration and deceleration phases, 
and a flat offset in the stationary part of the course (example: 5 m/s, 6.75 m/s and 7.75 m/s). 
In these cases, the author decided to wait this force to be stabilised, before exciting the model 
with the impulse forces. However, in other cases, the force did not stabilised, and the 
deformation kept rising, even when the towing car reached the testing speed, and enter the 
stationary phase: in these cases, it was necessary to hit the model although its deformation was 
deriving, to make the course in some way useful. ( examples: 6 m/s, 6.5 m/s, 7 m/s, 7.25 m/s 
and 7.5 m/s). This behaviour was firstly interpreted as static divergence, which is that condition 
of instability at which the model bending amplitude increases indefinitely without oscillating, 
under linear restoring forces. However, the several repetitions of the trials confirmed that the 
behaviour was not occurring over a specific limit speed, as it would be for divergence instability, 
but it was happening or not, with a random logic. The interpretation of the author is that, for 
some specific underwater circumstance, due to the water state of the basin, the model 
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alignment, the unwanted vibrations coming from the facility, and the acceleration of the car, 
the model spent more time to get stabilised under the acting hydrodynamic forces, and the 
course length was not sufficient to reach a stable condition. A third unexpected behaviour was 
observed at 8 m/s: once the testing velocity was reached, the model deformation looked to be 
stabilised, and the first impulse force was applied. The SG signals, after decaying, converged to 
a value higher than that assumed before the impulse, as if the shock left a residual deformation; 
the second hit did not have the same effect, as shown in Fig.73. The signals of the two strain 
gages followed the same trend. 
 

The analysis of the acquired signals, brought to consider that the hydro dynamical damping was 
surely affected by the flow speed; on the other hand, also the structural damping of the model 
was indirectly affected by the velocity: the hydro dynamical forces due to the flow velocity act 
on the model inducing deformation that alter the structural damping. Splitting the components 
of hydrodynamic and structural damping is not a feasible task; however, it was possible to make 
considerations upon the global damping dependency from the flow speed, associating the 
damping trend to the deformation trend, to observe common behaviour. 

Figure 73. Bending gage signal time history at all tested velocity from 2m/s to 8 m/s. 
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18.1. Time windowing 

 First of all, the signal acquired at each velocity has been windowed in time, to analyse 
separately the response to each of the impulses: since the impulse force has been applied on the 
supporting plate, the induced oscillations were damped very quickly by the system, and the 
decaying period resulted very short. However, cutting the signal too short after the impulse 
resulted to falsified the analysis, inducing to a distorted frequency spectrum, where remained 
solely a peak at about 16 Hz. More in details, the shorter was the time window, the more the 
signal was emptied from its frequency content. For sake of example, Fig.75 shows the effect on 
the frequency spectrum, of time window size for a chosen velocity signal, at a fixed impulse. It 
is clear that the bending frequency peak, occurring around 3 Hz, together with all the others 
unknown frequencies, are less and less visible, when shortening the time window about the 
impulse, while the peak at about 14 Hz remains visible but its height is smoothed. For time 
windows shorter than 2 seconds, even the peak at 14 Hz disappeared and the only visible peak 
remained at about 16 Hz. The fact that the unknown frequency content of the signal 
disappeared when shortening the time window about the impulse was expected, because the 

Figure 74. Torsional gage signal time history at all tested velocity from 2m/s to 8 m/s. 
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external inputs are physically excluded from the record. However, the fact that the bending 
frequency is not dominant in the decaying period, led to think that the applied impulse force 
excited the torsional mode rather than the bending mode, which in turn was more excited by 
the carriage facility vibrations. It follows that the longer is the time window, the more clearly 
the bending mode peak shows in the frequency spectrum but also, the longer is the time 
window, the more unwanted frequencies are included in the analysis. However, for some of the 
trials, the time between two following impulses was limited to 3 seconds, and therefore a longer 
window was not applicable.  

 
After time windowing, the obtained signals have been also filtered by means of frequency 
windowing: in next sections, it will be highlighted that, filtering in frequency a signal which has 
been filtered in time with two different time windows, lead to two different filtered signals, and 
therefore to two different decays, characterised by different values of damping ratio. It follows 
that the size of the time window affects the calculation of the damping ratio. This represented a 
limit to the used method, since the aim of the author was to find an absolute value of damping 
ratio per each velocity, to observe the flow-dependent decrease in model damping and to find 
the condition of zero-damping, where the structure should experience flutter instability. 
The applied strategy has been to choose a time window of 3 seconds, not to short, to avoid 
signal distortion, nor too long to be applicable to all of the impulses, and all of the signals 
acquired with the double grid SG, have been filtered with 3 seconds time windows, in order to 

Figure 75. Time window size effect on filtered signal frequency spectrum; a) 10 sec; b) 6 sec; 
c) 4 sec; d) 3 sec; e) 2 sec; f) 1 sec. 

  a)                         b)         c) 

  d)                         e)         f) 
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make the obtained results comparable. Concerning the bending SG, in certain cases, a time 
window of 3 seconds did not allow identifying the bending mode peak in the frequency 
spectrum, and therefore a longer window has been applied. This did not introduce any problems 
in terms of results comparison, since the signals of the bending SG have been used uniquely for 
first mode frequency study but they have not been post-processed to calculate the damping.  

18.2. Model response 

Per each test, the model has been hit three times to induce oscillations: it follows that per each 
velocity, the SG signals recorded three impulses, as shown in Fig. 76. At velocity greater than 
7.25 m/s it was not possible to impress three times the impulse force, because of the time 
available during the run to travel the basin length at high speed: in these cases, the model was 
therefore hit two times. 

Each impulse induced a decaying oscillation, and therefore it has been possible to analyse each 
of these separately, by time windowing, multiplying the available data to post-process (See 
Fig.77 for example case at 6.5 m/s). Unfortunately, when comparing the decaying oscillation 
due to each of these impulses, some differences were found, in terms of natural mode 
frequencies and calculated damping, also because the impulse force was applied by hand, with 
no way to calibrate nor its strength, nor its direction, and therefore the model was excited 
differently at each hit. In addition, one of the reasons behind the above cited differences is that 
the signal acquired with the strain gages at speed greater than zero contained the vibrations of 
the whole system, including supporting structures and towing car propulsion system and 
motions. During the carriage course, the external vibrations were not constant, but often due to 
local rails imperfection, or facility engine turning and therefore different external contributions 
were included during each time window, affecting the acquired signal. Despite the noise, it was 
possible to identify the two natural modal frequencies of the model under interest in the 
frequencies spectrum of the acquired signals at each velocity step, and it was possible to study 
their dependencies from the flow speed. However, it happened that the frequency spectrum 
obtained from different impulses at the same velocity, showed modal peaks at different 
frequencies: in these cases, the author had to discard those signals that led to out-of-trend 
frequencies, assuming them to be falsified for some reasons. The author acquired this awareness 
of judging the signals, after having analysed several responses, and observed the effect of 

Figure 76.Signal split to isolate impulses by means of time windowing.  
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different time windowing. (See Fig. 77 for example case at 6.5 m/s). In some cases a different 
criteria is employed: for the test at 7 m/s, the third impulse has been chosen, as shown in 
Fig.78, although it led to a torsional frequency of 14.0 Hz which resulted to be an out-of-trend 
value: this choice is justified by the fact that the damping ratio calculated for the third impulse 
decay was in-trend with the rest of the series, while the others impulses would have led to out-
of-trend values of damping, as shown in Section 18.4.  

 
The frequency spectra of the signals acquired with the double grid SG have been analysed to 
study the dependency of the torsional mode frequency from the flow speed, as shown in Tab. 29 
and Fig. 78, while the frequency spectra of the signals acquired with the single grid SG have 
been analysed to study the dependency of the first bending mode frequency from the flow 
speed, as shown in Tab. 30 and Fig.79. In Tab. 29 the torsional frequencies found from all of the 
impulses are reported, and the selected impulses are highlighted in green. In Fig. 78, the 
frequency spectra of the chosen impulse are reported. Per each impulse, after time windowing, 
the signal has been filtered in the frequency domain, about the found peak,and the obtained 
decaying signal is later analysed with the logarithmic decrement (LD) method, in order to 
calculate the damping ratio. When plotting the damping ratio against velocity, the author had 
several values per each velocity, each one corresponding to a different impulse. For this reason, 
an impulse per velocity has been chosen in order to obtain a fair trend of the damping ratio 
against flow velocity. The best combination of impulses has been found in order to also obtain a 
smooth trend of frequency agains flow velocity. As shown in Fig.78, in the case of torsional 
mode, it was rather easy to identify the modal peak in the frequency spectrum, and therefore to 
state its dependency from the velocity, because the energy content of the peak was much 
higher than that of others frequencies. In the case of first bending frequency, it was more 
complicated to identify the modal peak, especially at higher speeds, since the bending mode 
was strongly damped by the flow and the power of its peak in the frequency spectrum was very 
weak. As speed was rising, the bending mode got lost between the peaks of unwanted vibrations, 
which appeared and became more powerful at higher speeds (See Fig. 79). In certain signals, it 
was not possible at all to find the bending mode of the model. At none velocity the bending 
mode showed clearly in the frequency spectrum, as reported in Section 16.1.3, and the wet 
frequency is stated to be 3.5 Hz. Starting from this reference value, the same mode is sought in 
the frequency spectra of the signals acquired at V greater than zero, but for certain tests, no 
peaks are found around 3.5 Hz. In between 6.5 Hz and 7.5 Hz appeared a peak quite strong, 
which might look like a natural mode of the model, because of its regular presence in the 
spectra, but the author decided that it was too far from 3.5 Hz to be taken as the first bending 
mode of the model. In Fig. 79 the frequency content of a chosen decay signal per speed is 
shown, for better understanding of the problem. In the graphs the author highlighted, when 
existing, the peak at about 3.5 Hz, and when the searched peak was not present, the closest 
peaks are highlighted, even if they are not accounted for in the bending mode frequency study. 

Figure 77. Example of impulse choice for 6.5 m/s signal. 
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The found values of bending frequencies are reported in Tab. 30, where the cases represented in 
Fig. 79 are highlighted in green: they have been chosen as the decays where the bending natural 
mode of the model showed the more, despite a trend of first mode frequency against flow speed 
has not been found. 
 

 
Test Speed Impulse 

Tors. 

Freq. 

- m/s - Hz 

R_23 0   14.2 

T_76 

 

2 

 

1 14.3 

2 14.3 

3 14.1 

T_77 

  

 3 

 

1 13.9 

2 13.9 

3 13.9 

T_78 

  

4 

  

1 14.1 

2 13.9 

3 13.9 

T_79  5 

1 13.9 

2 13.9 

3 13.5 

T_80 

  

6 

  

1 13.8 

2 13.8 

3 13.8 

T_81 

  

6.5 

  

1 14.3 

2 13.9 

3 14.1 

T_82 

  

6.75 

  

1 14 

2 13.8 

3 13.9 

T_83  7 

1 13.9 

2 13.5 

3 14.0 

T_84 

  

7.25  

 

1 13.9 

2 13.9 

3 13.9 

T_85 
7.5 

 

1 13.9 

2 13.9 

T_72 
7.75 

 

1 13.7 

2 13.5 

T_75 
8 

 

1 13.6 

2 13.9 

Table 29. Coupled bending-torsional mode natural frequencies obtained from signals at 

each velocity step, per each impulse. 

Figure 78. Frequency spectra of chosen impulses, 
torsional mode frequency peaks. 
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Therefore, the first aim of signal analysis was to identify bending and torsional mode 
frequencies to study their dependency from the flow speed: this task was done on the originally 
acquired signal, without the need of signal post-processing apart from time windowing aimed to 
select the different decaying oscillations. 
 

 
Test Speed Impulse 

Flex 

Freq. 

 m/s - Hz 

R_23 0 -  3.5 

T_76 

 

2 

  

1 3.7 

2 3.7 

3 3.7 

T_77 

  

3 

  

1 3.7 

2 4.5 

3 4.1 

T_78 

  

 4 

 

1 - 

2 4.2 

3 3.4 

T_79 5 

1 4.3 

2 5 

3 3.3 

T_80 6  

1 3.2 

2 3.8 

3 - 

T_81 6.5  

1 4.6 

2 5 

3 5 

T_82 6.75  

1 4.2 

2 4.8 

3 5 

T_83 

  

7 

  

1 4 

2 3.5 

3 3.4 

T_84 

  

7.25  

 

1 5 

2 - 

3 4.6 

T_85 
7.5 

  

1 5.1 

2 4.6 

T_72 
7.75 

 

1 4.3 

2 3.7 

 T_75 
 8 

 

1 - 

2 - 

Table 30. Coupled out-of-plane bending mode natural frequencies obtained from signals at 

each velocity step, per each impulse. 

Figure 79. Frequency spectra of chosen impulses, 
bending mode frequency peaks. 
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In particular, it can be noticed that the bending mode is strongly affected by the velocity rather 
than the torsional one, as expected: the response at the bending frequency, which is clearly 
dominant at V = 0, is strongly damped by the velocity, and it becomes very weak in the 
frequency spectrum at higher velocities. The peak of torsional mode remained dominant at all 
the tested condition, and the value of torsional modal frequencies is slightly affected by the 
velocity, showing a decreasing trend, while for out-of-plane bending, a trend has not been 
found. 

18.3. Frequency windowing 

The signals acquired with the double grid SG, after being windowed in time as explained, have 
been filtered in frequency as well, in order to clean it up from unwanted vibratory content, and 
isolate the torsional component of the decaying oscillation. The size of the frequency window 
affected the resulting filtered signal and therefore the damping ratio. As it was worth for time 
windowing, a suitable window size has been chosen and repeated for all of the signals, in order 
to make the results of damping ratio comparable and to allow for damping vs. flow speed 
plotting. 
The first principle for frequency window sizing has been to centre the window on the torsional 
mode frequency peak; to choose the breath of the window different trials have been done, as 
explained in the following. 
The first point for choosing the breath of the frequency window was linked to the fact that for 
each signal, the mode peak had a different shape, as shown in Fig. 78, being more or less large, 
and more or less sharp. The first step has been to decide if it was more rigorous in terms of 
result comparison, to choose a fixed window size regardless of the breath of the peak, or to fix 
the quality of the window proportionally to the peak shape. In other words, the first approach 
has been to set frequency windows having a size proportionated to the peak breath, and study 
the effect of changing the window size, as a fraction of the peak breath (i.e. taking 1 peak 
breath, 3/4 of peak breath, 1/2 of peak breath, etc.). However, it has been found to be more 
rigorous, in terms of results comparison, to choose a window size and apply it to all of the 
signals, regardless of the breath and the shape of their torsional mode peak in the frequency 
spectrum. To choose the window size, a few signals have been selected (in particular for the 
selected signal, only the impulse previously selected has been analysed) and filtered with 
frequency windows having the following sizes: +/- 0.2, +/- 0.3 Hz, +/- 0.5 Hz , +/- 0.75 Hz, +/- 1 
Hz, +/- 2 Hz about torsional mode peaks. In the present thesis, only the study at 5 m/s is 
reported as shown in Fig. 80, working on the 1st impulse. In Fig. 80, per each frequency window, 
the signal obtained after time and frequency filtering is reported. It can be observed that the 
larger is the frequency window, le less oscillations resulted in the filtered signal decay. In 
addition, for small frequency windows (< 1 Hz), the signal is distorted, and the smaller is the 
window, the more the decay differs from an ideal exponential decay. For better understanding 
of this issue, the author reported the wavelet of the filtered signal for three of the cases 
presented in Fig.81, together with the comparison between the original and the filtered signals. 
In Figs.81 it can be noticed that, when the signal is filtered with a frequency window of 0.4 Hz 
(+/-0.2 Hz), the result is not physically meaningful: in the resulting wavelet, the frequency 
content is extended over a period of time longer than the real time of excitation, and for this 
reason, when comparing the original signal with the filtered one, it can be noticed that the 
filtered signal keeps oscillating longer than the original one. This last effectively keeps 
oscillating, but not because of the impulse force, thus because of the facility vibrations which 
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excite the model during the whole course. With larger frequency windows (1 Hz and 2 Hz) the 
result is more realistic: the wavelet shows a more concentrated frequency content and the 
filtered signal better corresponds to the original one. For frequency windows greater than 2 Hz, 
others peaks would be included in the filtering, vanishing the sense of the filtering. 
After this analysis, the author decided to filter all the signals with a frequency window of 1 Hz. 
In Fig.82, the filtered signals for the chosen impulses at each velocity are reported.  

Figure 81. Top: Frequency window size effect on signal wavelet; bottom: original vs. 
filtered signals. 

Figure 80. Frequency window size effect on filtered signal.  
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Figure 82. Filtered signals for all tested velocities from 2 m/s to 8 m/s. 
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18.4. Logarithmic Decrement Method 

 
The application of the Logarithmic Decrement Method (LDM) to an ideal free damped vibration 
signal, easily allows calculating the damping ratio of the oscillation amplitude decay: the 
logarithmic decrement is defined as the natural logarithm of the ratio between any two 
successive peaks of the oscillation, and it represents the rate of decay of an under-damped 
system (ζ < 1). 
 
For j = 2 to n 
 

3 =  Mé �ý>YZý> �   Eq. 84 

� =  3��XZpÁ 3��Ã�  =  3#q��p3�    Eq. 85 

 
 
In the case of an ideal oscillation, any two of the decay peaks can be selected for the 
calculation, and the result does not change. However, in the case of a real oscillation, as in the 
present case, the decay is not a perfect exponential, and therefore the mean value of 4 over the 
decay period is used for the calculation, instead of a single delta, and the number of peaks 
included in the calculation affects the obtained result of damping ratio Î. 

� =  35#q��p3�  Eq. 86 

It follows that the choice of the number of peaks to apply the LD method to the filtered signal, 
affects the obtained damping: this represents a strong limit of the method, since for the present 
case, the author was interest in finding an absolute value of damping, to observe the flow-
dependent decrease in model damping and to find the condition of zero-damping, where the 
structure should experience flutter instability.  
To deal with the fact that the damping calculation was sensible to the number of peaks for LD 
method application, the author decided to do a qualitative analysis of the damping dependency 
from the flow velocity, renouncing for the present, the absolute result of damping, but being 
able to confirm a trend. This was done by repeating systematically the procedure discussed in 
the following at each velocity, with the aim of obtaining a series of damping vs. speed curves, 
expected to be parallel. Obtaining a series of parallel curves signified confirming the damping 
dependency from the speed, and in some way to target the goal of the experimental campaign. 
The author decided to apply the LD method several times at each filtered signal, changing each 
time the number of decaying peaks included in the calculation. It should be considered that, as 
shown in Fig. 82, each filtered signal was characterised by a different number of decaying 
oscillation, than it would have not been correct to fix a number of peaks to be accounted for in 
the calculation, to be applied to all of the velocities, because in some cases the whole decay 
would have been included, and in others cases, a part of the decay would have been 
unaccounted for. The author found more rigorous the following scheme (Fig.84): 

N1

N2 

NÞ
N… 

Figure 83.Logarithmic Decrement method 
scheme. 



117 

 

- Series 1°: the LD method is applied from the highest peak, up to the lowest peak of the 
decay 

- Series 2°: the LD method is applied from the second peak, up to the lowest peak of the 
decay 

- Series 3°: the LD method is applied from the third peak, up to the lowest peak of the 
decay 

- Series 4°: the LD method is applied from the fourth peak, up to the lowest peak of the 
decay 

- Series 5°: the LD method is applied from the fifth peak, up to the lowest peak of the 
decay 

It follows that, per each of the impulses, the LD method has been applied five times to the 
filtered signals, including at each time a different number of decaying peaks following the above 
scheme: the LD method has been applied to 170 configurations ((5 times x 3 impulses) x 9 speeds 
+ (5 times x 2 impulses) x 3 speeds + 5 times (@ V=0)). Per each of these 170 configurations, the 
damping ratio is calculated by means of Eqs. 84 & 86 and reported in Tab. 31. It should be 
remembered that per each tested speed, only one impulse has been chosen: the choice has been 
driven by the value of calculated damping ratio, in order to obtain per each series a curve with a 
smoothed trend, taking also into account the value of torsional natural mode frequency. It 
should be remembered that, as already introduced in Section 18.2 and shown in Tab.31, many of 
the impulses led to different values of torsional frequency, although they referred to the same 
velocity, probably because of unwanted and unknown practical issues during some of the trials. 
Choosing the impulse in terms of natural mode frequency, in most of the cases led to discard the 
impulses that induce a decay with an out-of-trend logarithmic damping, giving an extra 
confirmation of the results. 
To better explain this tricky procedure, before presenting the final results, the author reported 
in the following a series of unsuccessful combination of impulses to show the importance of the 
impulse choice and to report the whole process covered to reach the final results. 
First, the author proposed in Fig.85 a plotting of all of the 170 results, for better understanding 
of the need of doing a selection. Before going further with result analysis, it is possible to state, 
even observing the whole cloud of results, that the model torsional mode damping ratio tends to 
grow with speed, up to a maximum value between 6 and 7 m/s, and then tends to decreases for 
higher speeds. 

Figure 84. LD method application series: variable number of peaks included in the 
calculation. 
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Torsional mode damping ratio variation vs. flow speed/impulses /LDM peaks  

Configurations Peaks series - Damping ratio 

Test Speed Impulse 
Torsional 

frequency 
1° 2° 3° 4° 5° 

- m/s - Hz % % % % % 

Run_23 0 last 14.2 0.87 0.66 0.46 0.32 0.22 

T_76  2 

1 14.3 1.78 1.37 1.04 0.71 0.50 

2 14.3 1.63 1.30 0.98 0.75 0.51 

3 14.1 1.75 1.40 1.11 0.87 0.65 

T_77 

  

 3 

 

1 13.9 1.54 1.16 0.99 0.43 0.16 

2 13.9 1.86 1.64 0.97 0.63 0.33 

3 13.9 1.88 1.51 1.20 0.93 0.69 

T_78 

  

4 

  

1 14.1 2.18 1.62 1.31 1.02 0.77 

2 13.9 1.92 1.62 1.32 0.98 0.70 

3 13.9 1.94 1.54 1.40 0.95 0.86 

T_79  5  

1 13.9 2.19 1.72 1.37 1.04 0.75 

2 13.9 1.98 1.53 1.18 0.87 0.61 

3 13.5 2.28 1.80 1.44 1.13 0.87 

T_80 

  

6 

  

1 13.8 2.05 1.63 1.32 1.05 0.80 

2 13.8 2.62 2.10 1.60 1.31 1.04 

3 13.8 1.39 1.05 0.83 0.53 0.31 

T_81 

  

6.5 

  

1 14.3 1.89 1.42 1.13 0.83 0.54 

2 13.8 2.79 2.17 1.74 1.40 1.13 

3 14.1 2.79 2.10 1.68 1.33 1.04 

T_82 

  

6.75 

  

1 14 1.43 1.08 0.79 0.54 0.31 

2 13.8 2.25 1.74 1.34 1.01 0.75 

3 13.9 2.19 1.73 1.37 1.06 0.81 

T_83  7 

1 13.9 2.67 2.02 1.71 1.28 1.07 

2 13.5 1.86 1.17 0.77 0.37 0.31 

3 14.1 1.75 1.41 1.02 0.73 0.49 

T_84 7.25  

1 13.9 1.41 0.97 0.60 0.29 0.2 

2 13.9 1.25 0.97 0.70 0.48 0.26 

3 13.9 1.46 1.19 0.91 0.66 0.44 

T_85 
7.5 

  

1 13.9 1.42 1.14 0.85 0.64 0.38 

2 13.9 0.69 0.40 0.17 0.05 0.01 

T_72 
7.75 

  

1 13.7 1.25 1.01 0.71 0.55 0.34 

2 13.5  1.87 1.57 1.31 1.00 0.83 

T_75  8 
1 13.6 1.54 1.34 1.05 0.82 0.66 

2 13.9 1.2 0.87 0.65 0.52 0.28 

Table 31. Bending-torsional mode damping ratio calculated for the five series at each 

velocity step, per each impulse. 
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The first example in the following shows a random selection of impulses: as it can be observed in 
Fig. 86.the trend of damping ratio vs. velocity is not smoothed, and a series of out-of-trend 
values are included. However, it should be highlighted that per each velocity, a certain trend is 
confirmed: going from series 1° toward series 5°, therefore excluding progressively the highest 
peaks in the application of LD method, the value of calculated damping decreases, for a fixed 
signal. This behaviour is observed in all of the 34 analysed impulses. From Tab. 32 it can be 
noticed that for this combination of impulses also the associated torsional mode frequencies do 
not follow a smooth trend. 
 

Speed Impulse 
Torsional 

frequency 

m/s - Hz 

0 last 14.2 

2 1 14.3 

3 1 13.9 

4 1 14.1 

5 2 13.9 

6 3 13.8 

6.5 2 13.8 

6.75 1 14 

7 1 13.9 

7.25 2 13.9 

7.5 1 13.9 

7.75 1 13.7 

8 1 13.6 

Table 32. Example 1: chosen impulses coupled bending-torsional mode frequencies. 

Next examples are aimed to highlight that the choice of the impulses is the result of the 
concurrent evaluation of modal frequency and damping value: choosing the impulse by taking 
into account only the smoothness of the damping results, without caring about the modal 
frequency extrapolated by the frequency spectra, might have led to the following combination 
(See Tab.33 and Fig.87). In this case, the damping trends resulted fairly smoothed, but when 
observing the natural frequency associated to the impulse, a trend is not found. 

Figure 86. Example 1: random impulse choice.  

Figure 85. Complete set of 170 resulting damping values. 
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If the impulse choice would have been done searching a trend for the torsional frequency against 
velocity, without caring about the damping trend, the results in Tab. 34 and Fig.88 would have 
been obtained. This combination is critical only because of the impulse chosen at 7 m/s, 
because it generates a clearly out of trend value in the damping curves which, out of this point, 
resulted nicely smoothed and followed a clear trend. Actually, it can be stated that the case of 
7 m/s represents a sole exception to a general principle: choosing the impulses searching a trend 
in the torsional mode natural frequency dependency from the flow speed, leads to the best 
results also in terms of damping ratio trend. In other words, the impulses that did not respect a 
law in the torsional frequency dependency from the flow speed, are to be discarded, considering 
them to be affected by some unwanted and unknown occurrence during the trials. 
However, it should be highlighted that for some of the tested velocity, as for example V = 6 m/s 
an V = 3 m/s (See Tab.31) the same torsional mode frequency emerged from the all of the 
impulses, despite each of the impulses leads to an oscillation having different logarithmic 
decrement and therefore, referring to example 3, different combinations could analogously 
respect the torsional frequency trend. In Tab. 35 and Fig. 89, example 4 is aimed to show this 
issue: comparing Tab. 34 and Tab.35, no differences are found in the frequency trend, despite 
the combination of impulses is different and the obtained damping curves resulted clearly 
unfair. 
 
 
 
 
 
 
 
 

Speed Impulse 
Torsional 

frequency 

m/s - Hz 

0 last 14.2 

2 2 14.3 

3 3 13.9 

4 2 13.9 

5 3 13.5 

6 2 13.8 

6.5 3 14.1 

6.75 2 13.8 

7 3 14.1 

7.25 3 13.9 

7.5 1 13.9 

7.75 1 13.7 

8 2 13.9 

Table 33. Example 2: chosen impulses coupled bending-torsional mode frequencies. 

Figure 87. Example 2: impulse choice searching 
damping curve smoothness. 
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Speed impulse 
Torsional 

frequency 

m/s - Hz 

0 last 14.2 

2 3 14.1 

3 3 13.9 

4 2 13.9 

5 1 13.9 

6 2 13.8 

6.5 2 13.8 

6.75 2 13.8 

7 1 13.9 

7.25 3 13.9 

7.5 1 13.9 

7.75 1 13.7 

8 2 13.9 

Table 34. Example 3: chosen impulses coupled bending-torsional mode frequencies. 

Speed Impulse 
Torsional 

frequency 

m/s - Hz 

0 last 14.2 

2 3 14.1 

3 1 13.9 

4 3 13.9 

5 1 13.9 

6 1 13.8 

6.5 2 13.8 

6.75 2 13.8 

7 1 13.9 

7.25 2 13.9 

7.5 2 13.9 

7.75 1 13.7 

8 2 13.9 

Table 35. Example 4: chosen impulses coupled bending-torsional mode frequencies. 

 

 

 

 

Figure 88. Example 3: impulse choice searching 
frequency trend smoothness. 

Figure 89. Example 4: impulse choice searching 
frequency trend smoothness. 
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18.5. Experimental results discussion and flutter prevision 

 

Finally, the best combination of impulses was found to be that reported in Tab. 36 and Fig.90 
 
 

Torsional mode damping ratio variation vs. flow speed 

Configurations Peaks series 

Test Speed Impulse 
Torsional 

frequency 
1° 2° 3° 4° 5° 

- m/s - Hz % % % % % 

Run_23 0 last 14.2 0.87 0.665 0.46 0.32 0.22 

T_76 2 3 14.1 1.75 1.40 1.11 0.87 0.65 

T_77 3 3 13.9 1.88 1.51 1.20 0.93 0.69 

T_78 4 2 13.9 1.92 1.62 1.32 0.98 0.70 

T_79 5 1 13.9 2.19 1.72 1.37 1.04 0.75 

T_80 6 2 13.8 2.62 2.10 1.60 1.31 1.04 

T_81 6.5 2 13.8 2.79 2.17 1.74 1.40 1.13 

T_82 6.75 2 13.8 2.25 1.74 1.34 1.01 0.75 

T_83 7 3 14.1 1.75 1.41 1.02 0.73 0.49 

T_84 7.25 3 13.9 1.46 1.19 0.91 0.66 0.44 

T_85 7.5 1 13.9 1.42 1.14 0.85 0.64 0.38 

T_72 7.75 1 13.7 1.25 1.01 0.71 0.55 0.34 

T_75 8 2 13.9 1.2 0.87 0.65 0.52 0.28 

Table 36. Final experimental results: bending-torsional mode damping ratio calculated for 

the five series at each velocity step, for the chosen impulses. 

Figure 90. Torsional mode damping vs. speed results for the five analysed series. 
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Observing the results in Tab.36 and Fig.90, the following considerations can be formulated: 
 

- The damping ratio of the model torsional mode, calculated with the LD method, showed 
a clear trend in terms of dependency from the flow speed: for all of the series, the 
damping grows with the speed up to 6.5 m/s, where it reaches a maximum value. For 
greater velocity, the trend is inversed and the damping decreases toward zero with 
growing velocity, as expected. This is the main finding of the experimental campaign, 
which was aimed to approach the flutter instability of the tested model, occurring at 
that condition where the damping vanishes because of the surrounding flow speed. Then 
the damping trend observed experimentally confirmed the fact that the model, at 6.5 
m/s entered a pre-flutter condition, where the structure was still stable, but its damping 
decreased with rising speed, approaching the instability limit. 

- The torsional natural mode frequency of the model resulted to be lightly affected by the 
velocity: from 0 m/s up to 6.75 m/s the torsional frequency decreased gradually from 
14.2 Hz up to 13.8 Hz, probably due to the increasing speed, and the increasing pressure 
field around the foil surface. At 7 m/s, as above explained in the present section, an out-
of-trend choice has been done to optimise the damping trend smoothness, and the modal 
frequency resulted to be 14.1 Hz. For speed greater than 7 m/s, the frequency assumes 
the value of 13.9 Hz, with the exception of the case at 7.75 m/s where the torsional 
frequency resulted to be 13.7 Hz. It should be stated that for this velocity, the acquired 
signal came from a different testing series, as already explained, and the analysed signal 
resulted critical and unstable, making its analysis challenging. 
It can be concluded that, assuming the cases of 7 m/s and 7.75 m/s as exceptions, the 
torsional frequency of the model decreases from 0 m/s up to 6.75 m/s and then increases 
again up to 8 m/s: a possible hypothesis to explain this trend is that a certain 
dependency between the frequency trend and the damping trend exists, explaining the 
fact that in both cases, the trend is inversed between 6.5 m/s and 6.75 m/s. Since at 
speed greater than 6.75 m/s an important model deformation has been reported, it can 
be assumed also, that the increase in natural frequency above this speed was due to an 
increase of model stiffness linked to its deformation rather than depending directly from 
the damping trend. It should be highlighted that the frequencies are detected with 
graphical output, with a precision of about 0.15 Hz: it follows that smaller changes in the 
frequency have not been detected. 

- The five curves resulted to be quasi-parallel: this result is very important as well, 
because it confirms five times the trend of the model torsional mode damping speed 
dependency. Per each velocity, it can be stated that going from series 1° toward series 
5°, therefore excluding progressively the highest peaks of the decaying oscillation, in the 
application of LD method, the value of calculated damping decreases. 

- The fact that the number of peaks included in the calculation of the damping ratio 
affects the results represents an issue because it was not possible to find an absolute 
value of damping per each velocity, and therefore the author was prevented from being 
able to state a limit speed for flutter occurrence of the tested model. With the present 
results, it is however possible to make a prevision of the velocity range where the 
phenomenon should be expected.  

- At 7 m/s the slope of the damping vs. speed curve presents a sharp change: this fact 
prevented the author from finding an exact flutter speed by extending the dropping-
damping curves up to the V axis, as it was preview from the experimental strategy. An 
hypothesis to explain the change in damping slope, is based on the fact that the model 
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misalignment induced the generation of unwanted lateral force which, at high speed, 
deformed the model and therefore affect its stiffness and its structural damping. 

- Under the above mentioned assumption it can be assumed that: if the model would have 
been better aligned to the towing direction, and no significant lateral deformation had 
occurred, the slope of the damping curve would have been more regular. In particular, 
the slope of the curve after the maximum at 6.5 m/s, would have been constant, and 
therefore the flutter speed would have been predictable per each series, by extending 
the curve up to the V axis as shown in Figs 91a. In that case, the flutter speed would 
have been expected between 7.5 and 8 m/s. Extending the obtained damping curves, 
following the slope of the last part of the trend, the flutter occurrence is predicted to be 
between 10 and 11.5 m/s as shown in Fig.91b. This is an interesting issue because in the 
case of comparison against numerical FSI simulation of the present results, the angle of 
attack set to the foil in the numerical model, will be responsible for hydrodynamic force 
generation, thus for deformation, affecting the damping decay in pre-flutter phase. 

 
To investigate the above mentioned hypothesis, the measured strains are plotted as a function 
of velocity in Fig. 92, in order to observe the increasing deformation. The curve is plotted by 
calculating, per each velocity, the mean value of strains acquired with the bending SG in the 
period of run at constant testing speed, included between the two ramps, out of impulse disturb 
(Refers to Section 18 for further details). The maximum and minimum values of the 
measurement family per each velocity are reported in the graph, to show the spreading of the 
measured values. It should be noticed that there are some points of discontinuity in the 
deformation curve, which might be due to mechanical adjustment of the attachment clamp 
under load, but also it should be considered that the curve is built with experimental values, 
and an error in the measurements is to be contemplated. In particular, between 6.5 and 6.75 
m/s the strains did not increase significantly; from 6.75 m/s and 7 m/s the increase in bending 
strains became steep and it presents a few changes in slope up to 8 m/s. It could be assumed 
that this steep increase in model deformation is responsible for the change in damping slope. 
Under this assumption, it can be concluded that the greater is the out-of plane bending 
deformation, the slower the damping decreases with the flow velocity. This result would be 
extremely interesting, if confirmed by numerical FSI simulations, since modern sailing boat 
hydrofoils are systematically designed to operate in a specific deformed configuration. 

Figure 91. Flutter limit experimental prevision for a) un-bended and b) bended mode. 

a)         b) 
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 CONCLUSIONS 19.

The experimental campaign has been run at towing tank No.1 of the CNR-INM (Institute of 
Marine Engineering) headquarters in Rome during the spring 2022.  
The main aim of the present experimental campaign was to find the flutter limit speed of the 
relatively low mass ratio hydrofoil model introduced in the Main Body of this thesis: the flutter 
condition is experimentally evaluated by monitoring the system damping at increasing speeds 
while towing the model in the basin.  
In Section 15 the experimental set-up is presented, describing the issues encountered to define 
the employed procedures, and giving details of the measuring tools that have been used. A 
special attention is dedicated to the excitation techniques experienced to induce oscillation in 
the model. Before flutter testing the model, some preliminary testing have been run, in order to 
calibrate the instruments, to define the wet dynamic response of the model at none velocity, 
and also to define a lift curve of the model, by towing it at 2 m/s at different angles of attack, 
as reported in Section 16. These low speed trials allowed also gaining confidence with the 
model, with the set-up and the acquiring system, before testing the model at higher speeds. In 
Section 17 the flutter testing procedure is described and in the last section, the acquired data 
are presented, post-processed and discussed. 

19.1. Experimental procedure 

The hydrofoil model has been tested at speed ranging from 2 to 8 m/s, increasing gradually the 
speed run by run: at each course, once a condition of stable velocity was reached, a series of 
impulse forces was applied, in order to induce oscillations on the model. The oscillation was 
recorded by means of the strain gages, which provided local strains time history: these signals 
have been lately post-processed to extrapolate their frequency content and the damping ratio of 
the decay, after having filtered the signals in time and frequency. The size of these windows 
was kept constant between trials to allow results comparison since the calculation of the 

Figure 92. Model deformation vs. velocity. 



126 

damping was found to be affected by the filtering. Signal filtering was however essential to 
clean up the acquired signals which resulted to include a lot of noise coming from the facility, 
showing a series of unknown and unwanted oscillations which interfered with the natural mode 
of vibration of the model, object of interest for this research. The Logarithmic Decrement (LD) 
method has been applied for damping analysis of the filtered signals: since the oscillations were 
not ideal exponential decays, the application of the LD method was critical because the damping 
calculation resulted sensible to the number of peaks accounted for. The need of studying the 
effect of the number of peaks in damping calculation of a real decaying oscillation, led to 
investigate the reliability and applicability of the LD method on real oscillations, showing a non-
perfectly-logarithmic decay. The method gave important results because it allowed evaluating 
qualitatively the damping, but it did not allow calculating an absolute value of model damping 
per each speed. 

19.2. Experimental findings 

- The application of the LD method to the model real oscillations resulted critical because 
of damping dependency from the number of peaks accounted for. For this reason, the 
author decided to do a qualitative analysis of the damping dependency from the flow 
velocity aimed to confirm an expected trend: five series have been studied, to 
investigate the effect of the number of peaks included in the application of LD method 
on the calculated damping. For each series, a different number of peaks has been 
included in LD method application and the damping vs. speed curve was obtained: a set 
of five damping vs. speed parallel curves was found. Obtaining a series of parallel curves 
signified confirming the damping dependency from the speed, and in some way to target 
the goal of the experimental campaign. 

- It is clear from the results that the global torsional damping firstly raises with velocity up 
to 6.5 m/s due to the increasing hydrodynamic pressure, and then it drops toward zero, 
probably approaching flutter instability: this trend is qualitatively in agreement with the 
one discussed in some of the references. Remembering that the condition of vanishing 
damping corresponds to the flutter instability limit, this result is very significant since it 
represents an experimental estimation of the flutter condition.  

- The experimental strategy previewed to not reach the flutter condition to preserve the 
model, however the idea was to get as close as possible to the zero-damping condition by 
gradually increasing the speed, and then graphically finding the limit by extending the 
found trend, to cross the velocity axis at the limit speed. However, the slope of the 
damping vs. speed curve in the damping-dropping phase was found to be variable. 

- The slope of the damping curves resulted to be variable between the velocity steps, 
especially in the part of curve following the damping peak at 6.5 m/s, probably because 
of the model deformation, which became important at that speed. This deformation was 
due to unwanted model misalignment, which induced the generation of velocity 
dependent lateral hydrodynamic forces. The fact that the damping curve slope showed 
some discontinuity approaching the V axis resulted to be an issue for flutter prevision: by 
extending the curves following the first slope found from 6.5 to 7 m/s, thus considering 
the un-deformed model, the flutter limit speed can be estimated to be between 7.5 and 
8 m/s. Following instead the slope of the last part of the damping curve, the flutter of 
the deformed model is predicted to occur between 10 and 11.5 m/s. Further 
experimental runs and numerical simulations would be the only way to increase the 
knowledge about these issues.  



127 

- The dependency of the natural modes frequencies of the model from the flow speed has 
been also studied and the following has been observed: concerning the out-of-plane 
bending natural mode frequency, a trend has not been found, mainly because the mode 
was strongly damped by the velocity, and the excitation method was actually not 
effective for bending oscillation; in addition, in the frequency spectrum of the signals, 
the bending mode peak was surrounded by several external variable unknown 
frequencies. For all these reasons, the frequency analysis of the signal was critical when 
searching the bending response of the model; it follows that, apart from some exception, 
per each velocity, a values of bending frequency has been found, but its dependency 
from the velocity did not followed a smoothed trend, and the reliability of the finding is 
not confirmed. 

- Differently, the torsional natural mode was easier to identify in the acquired signals, and 
its analysis led to more sensible results: the torsional frequency was lightly affected by 
the velocity and a light decrease was observed in the range from 2 to 6.75 m/s. For 
higher velocity the frequency rises again probably because of the steep increase in model 
deformation which might be responsible for an increase in model stiffness, and thus in 
model natural frequency.  
 

The campaign is to be considered successful because a drop of the damping is experimentally 
observed at pre-flutter region, as expected, even if it was still not possible to process this result 
to predict a precise flutter velocity.  

19.3. Future work & recommendations 

- In future campaigns, it is recommended to treat the model alignment as a very important 
issue, because at high speed, a very little angle of attack might induce strong lateral 
forces, which could lead to bending failure, or just affect the damping and the natural 
frequencies of the structure. To obtain a rigorous model-to-fitting alignment, the use of 
an electronic device is recommended and special attention during the model construction 
is necessary to guarantee strips alignment of the model itself.   

- It could be interesting to run new series of trials with the model here discussed, trying to 
reach a better alignment and therefore avoiding lateral deformation. In this case, it 
could be possible to tow the model at higher speed and tighten the flutter condition, 
obtaining a more precise estimation of the zero-damping speed.  

- Towing the model at known angles of attacks, inducing the generation of a hydrodynamic 
load, might also permit investigating the damping dependency from the hydrofoil 
deformation and it would provide precious data for numerical FSI models validation. 

- Proceeding with smaller increment steps, it would permit to add more points at the 
present curves and to get as close as possible to the flutter in a still safe condition. 

- The model excitation resulted to be a critical task: the author recommends properly 
previewing this issue for future experimental trials. An active device is suggested, in 
order to excite the model with known load and frequency, obtaining wider oscillations 
and allowing the application of different methods for damping calculation.  

- A stiff supporting set-up is recommended in order to avoid introducing vibrating modes in 
the system, which do not characterise the model itself.  

- Towing the hydrofoil model in a water tank led to a series of inconveniences that would 
not be faced running the trials in a circulation tunnel: strong unwanted vibrations coming 
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from the moving facility, free surface effect, limited length of the run, underwater 
images not possible without extra immerged structures. 

- It could be interesting to study experimentally the occurrence of flutter phenomenon for 
structures having a mass ratio lower than the one of the model discussed within this thesis 
(õ ó 0.93). To do that the mass of the experimental model could be reduced gradually by 
drilling the lead blocks: repeating the experimental runs several times, a trend for flutter 
speed dependency from the mass ratio could be defined for lighter hydrofoils. 
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PART C 

FLUID STRUCTURE INTERACTION NUMERICAL SIMULATIONS 
 
 
The need of rigorous methods to predict fluid-elastic phenomena, has led to the development of 
Fluid Structure Interaction (FSI) analyses, making it one of the most challenging numerical 
computational simulation in the scientific world. Stemming from the structural design of 
aircrafts and missiles, the application of FSI has expanded intensely in the last century. 
Nowadays FSI analyses are applied in a wide range of domains. In the specific field of yacht 
engineering, FSI numerical simulations represent nowadays the most rigorous method to predict 
and control the effect of flow speed on a flexible structure, but they remain a complex, time 
consuming, and skill demanding approach. Wang, in 2008 declared: ‘FSI systems, in particular, 

those with highly deformable immersed structures, still pose unique challenge to applied 

mathematics and computational mechanics communities.’ [82] 
In the case of aero/hydro elastic instability problems, such as fluttering, FSI approaches allow to 
identify the limit state, i.e. the critical speed at which such phenomenon occurs, as well as 
analysing the evolution of the phenomenon up to the structure failure.  
Within this project, no FSI numerical simulations have been run to predict the flutter occurrence 
of the pilot case, thus no numerical results will be discussed. However, this section represents 
an important component of the thesis structure, and it is dedicated to give an overview on the 
application of FSI simulations in the domain of yacht appendages design, commenting the 
circumstances where a FSI computational can find the correct place in the design process. The 
impact on the design performance and the burden associated to 2D and 3D simulations are 
analysed giving some general guidelines for simulation set-up. 
In the context of the Design strategy, numerical simulations represent a method applicable to 
elite design processes, where a rigorous computational is needed, especially in the last stages of 
the design spiral. To develop FSI simulations, high skill are needed, and expensive computational 
means might be necessary, for this reason, their use is critical. If in some way numerical results 
make more rigorous and effective the design process of, for example, a yacht appendage, it is 
also important that an engineer uses more accessible means to obtain analogous results, at least 
in the first stages of the design process. For this reason, the author of this thesis firstly 
concentrates on simplified analytical approaches validation against experimental findings.  
It should be considered that different levels of numerical simulations exist: first of all a main 
difference exists between 2D and 3D simulations. Let us take the pilot case of this thesis as 
example for doing some considerations. Simulating a hydrofoil response in water, by means of a 
2D simulation, means modelling the structure as a reduced order model, composed by a typical 
section of the hydrofoil and constrained by a number of springs corresponding to the number of 
degrees of freedom to be accounted in the simulation. In the case of the investigation of 
bending-torsional coupled motion, two springs would be necessary, in order to simulate the out-
of-plane bending and torsional stiffness of the effective model. The stiffness of these springs 
represents the only footprint of the three dimensionality of the as-built model. The solid mass of 
the model, in a 2D simulation should be concentrated in the typical section, keeping the effect 
of mass inertia, essential in the fluid-elastic response of the model. Actually, the same 
representation of the solid structure analysed with Theodorsen is treated. A 2D solid model 
should be interfaced with a 2D fluid domain, which appears as a flat plate of water having unit 
depth. The real advantage of numerical approach in the case of 2D fluid-structure analysis is 
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that the flow can be solved by means of Navier-Stokes equations resolution, instead of dealing 
with potential flow theory, which, in the case of heavy and viscous fluid as water at high speed, 
faces its limits. It is clear that the computational burden required for 2D model computing is 
significantly lighter than that needed to compute a 3D model of the same case: such a 2D 
simulation could be run on a good laptop in a computational during few hours. Modelling a 
hydrofoil and the surrounding fluid domain with 3D elements is a different matter that the 
author has not preview to include in its Design strategy, which is addressed to those engineers 
interested in more simplified methods. Anyway, what it is significant in the evaluation of a 
method is the ratio between computational burden and results quality: all along the design 
spiral of a yacht, or any other product, this ratio should be minimised. 
A numerical FSI computational of the pilot case could allow the validation of the wet natural 
frequencies of the model at none velocity, by means of a Fourier analysis of the numerical 
model response time history. Increasing the speed, the model response at all the tested velocity 
in the pre-flutter region could be compared with the one measured experimentally, giving a 
feedback on the filtering process applied to the experimental acquired signals. It should be 
highlighted that the facility vibrations, which strongly affected the acquired signal, will 
obviously not be present in the numerical simulation. An issue that has to be considered while 
gradually increasing the speed of the simulation is that the increase in flow velocity is normally 
associated with an increase in numerical instability because of the increasing energy to be 
handled by the solver. This represents the main issue that makes a FSI simulation at high speed 
challenging and uniquely by means of experience and knowledge about the simulation setting 
parameters, a reasonable solution can be reached. Surely, the fact of having some experimental 
measurements available for numerical outcomes judgment is a huge advantage, which permits 
to adjust the simulation setting to make the numerical model working properly, and to reach 
reasonable results. Actually running numerical simulations without reference results, which 
allow validation of the model, does not give any guarantee on the outcomes. To numerically 
simulate the flutter limit, where the structure enters a condition of physical instability, and it 
starts showing un-damped oscillations, it is fundamental that the numerical model setting is 
such as the increasing energy that the structure start to draw from the flow because of flutter 
occurrence, is handled properly by the solver. Otherwise, the numerical instability could hide 
the effective physical behaviour of the structure hindering the aim of the user. 
During the experimental campaign, a series of low velocity testing has been done, by changing 
the angle of attack of the model, and these results can be employed for a first validation of a 
numerical FSI simulation.  
Last but not least, the issue of model deformation experienced during the experimental testing 
is now discussed: the bending and torsional deformation of the structure was due to an 
unwanted misalignment of the model with respect to the carriage direction, and it was found to 
affect the damping of the system. The critical point is that the model was though aligned to the 
flow, but the yaw control system was not sufficiently precise to reach a real zero, or the model 
segments were not perfectly aligned between each other’s: simulating the trials by means of 
numerical computational, the issue of the unknown angle of attack has to be faced to expect 
comparable results. However the dependency of the global damping from the structure 
deformation under the hydrodynamic load generated by itself, can be investigated 
independently from the experimental cases, ones the numerical models will be validated. 
The above commented numerical simulations will be run based on this pilot case, to enrich the 
analytical vs. experimental results comparison, and to complete the structure of the Design 

Strategy conceived by the author to rely on three pillars, analytical, experimental and numerical 
approaches. 
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[40] G. A. (George A. Baker and J. L. Gammel, The Padé approximant in theoretical physics. 
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