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ABSTRACT

This paper explores the dynamic hydroelastic response of a
physical model of a flexible hydrofoil. Results show that
system mass increases with immersion, system stiffness
is larger in ventilated flows than in wetted flows, and total damping is dominated by hydrodynamic damping for
the first three modes. We also presents preliminary validation of a fast unsteady fluid-structure interaction (FSI)
model capable of predicting the dynamic response to external excitations on a surface piercing hydrofoil. The fast FSI
model yields good predictions of the response to harmonic
excitations. The inverse problem uses the FSI model to infer the unknown operating conditions and hydrodynamic
load distributions, given a limited number of strain measurements. The inverse model correctly infers the mean
flow conditions in fully wetted, partially cavitating, and
fully ventilated flows. The data and methods establish a
promising precedent for the analysis and synthesis of dynamic FSI data from experiments and fast physics-based
models.
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1 INTRODUCTION

Modern marine systems are expected to operate at high
speeds in increasingly-challenging environments. At the
same time, lightweight and compliant construction materials sustain larger deformations than their metallic counterparts when subjected to fluid loading, leading to altered
performance and complex fluid-structure interactions (FSI).
As a result, marine hydroelasticity is an increasingly relevant topic. Moreover, lifting surfaces like propellers and
hydrofoils frequently encounter complex and heterogeneous
flows such as cavitation and ventilation, wherein dramatic
variations in fluid properies (i.e. density, viscosity, and
compressibility) occur on small temporal and spatial scales.
Thus arises the potential for even-more complex FSI involving liquid water, water vapor, and/or atmospheric air.
An improved understanding of the FSI of marine lifting
surfaces is critical to the design of safe, efficient, and con-

trollable marine vessels. Lock-in, resonance, and hydroelastic flutter can result in low efficiency, excessive vibration, noise, a loss of vessel control, accelerated fatigue,
and possible structural failure. These problems were recognized in the aerospace industry decades ago, leading to the
now-mature field of aeroelasticity. In marine environments,
lifting surfaces operate in a much denser fluid, at lower
Reynolds numbers, and in the proximity of the free surface – facts that make classic aeroelastic predictions (those
based upon linear frequency-domain methods) inaccurate
(Abramson, 1969). Besch & Liu (1974) also showed that
ventilation and cavitation can exacerbate these problems,
while simultaneously making the prediction of hydroelastic
instability untenable with any existing theoretical approach
(Abramson, 1969; Besch & Liu, 1974; Chae et al., 2013,
2016).
High-fidelity, time-domain FSI simulations by Ducoin et al.
(2009); Ducoin & Young (2012); Chae et al. (2016) have
shown good agreement with experimental data for 2D and
simple 3D geometries. Nevertheless, such computations
are, as a rule, too expensive to be practical design tools
for 3D flows with a free surface. Lower-fidelity methods
have shown promise as tools for rapid predictions of FSI
responses of lifting surfaces and propellers (Ward et al.,
2016; Young, 2008; Motley & Young, 2011). As a result of
their computational efficiency, lower-fidelity models offer
the potential for real-time inverse modeling of hydroelastic
systems, wherein unknown flow conditions are identified
from measurable structural response indicators (Ward et al.,
2016). Inverse modeling using coupled FSI solvers enables new techniques for indirect sensing, such that easilymeasured system responses can be used to estimate unobservable characteristics of the flow – a potentially valuable
tool for operators of marine vessels.
1.1 Multi-Phase Flows

Ventilation and cavitation are two varieties of multi-phase
flow frequently encountered by marine propulsors, hydrofoils, or other systems in which regions of low pressure
occur. When propellers or hydrofoils operate in surfacepiercing configurations, separated flows at sub-atmospheric

Pc ≈ P0 ,
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pressure often ingest air from the atmosphere, leading to
the entrainment of a cavity filled with non-condensable gas
at approximately the ambient pressure, or
(1)

where Pc and P0 are respectively the pressure inside of
the cavity and the ambient pressure at the free surface. In
this case, the sectional cavitation number (σc ) is identically
zero at the free surface, and at a distance z 0 below the free
surface is written,
2 z0
P0 + ρgh − Pc
=
,
(2)
ρU 2 /2
F n2h h
√
where F nh = U/ gh is the depth-based Froude number,
with U as the inflow velocity, g as gravitational acceleration, and h as the maximum depth of the body. Comprehensive discussions of ventilated flows are given by Breslin & Skalak (1959); Swales et al. (1974); Harwood et al.
(2016c); Harwood (2016); Young et al. (2017). Flow regimes
identified and formalized by Harwood et al. (2016c) include fully wetted (FW), partially ventilated (PV), and fully
ventilated (FV) flows.
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At especially high speeds, or when lifting surfaces are very
heavily loaded, the suction-side pressure may approach the
saturated vapor pressure (Pv ) of the working fluid, causing regions of the flow to vaporize in what is known as
vaporous cavitation, with the cavity pressure,
Pc = Pv .
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In this case, the cavitation number is usually written for a
section at the free surface as,
σv =

Ventilation

P0 − Pv
.
ρU 2 /2

(4)

Figure 1 shows examples of FW, PC, and FV flow.
1.2 Hydroelasticity

Hydroelasticity concerns fluid-structure interactions in dense
liquids, differentiating it from the field of aeroelasticity, in
which the fluid is a light gas. For the purposes of this work,
assume that the system under consideration is a three dimensional flexible hydrofoil. Assuming such a continuous
system to be suitably discretized, its equations of motion in
a fluid flow are written in linear form as,
n o 
n o
D
[Ms ] Ẍ + [Cs ] + [Gs ] [S]
Ẋ + [Ks ] {X}
= {FEX } + {FF L } ,
(5)
where [Ms ], [Cs ], [Gs ], and [Ks ] are the structural mass,
viscous and hysteretic structural damping, and stiffness matrices – each N ×N matrices, where N represents the number of degrees of freedom of the system. {X} is the vector
of discretized foil nodal displacements, measured relative
D
to the underformed structure. [S] is a scale matrix, defined as
|Xi |
,
(6)
Sij = δij
Ẋi

Figure 1: Top: Fully wetted (FW) flow at α = 7◦ , F nh =

2.5. Middle: Three-phase flow at α = 7◦ , F nh = 2.3,
σv = 0.355 with partial cavitation (PC) at the leading edge
and base ventilation at the trailing edge. Bottom: Fully
ventilated (FV) flow. All images show the suction side of
a surface piercing hydrofoil with a blunt trailing edge at an
immersed aspect ratio ARh = h/c = 1.0.
where δ is the Kronecker delta, such that the hysteretic
damping force acts proportionally to the displacement, but
in phase with the velocity. {FEX } is a vector of external
forces (i.e. those directly applied to the structure through a
means other than the fluid), and {FF L } is a vector of fluid
loads. The fluid loads may be decomposed to give,
{FF L } = {FSF,R } + {FU F,R } − . . .

n o
n o

[MF ] Ẍ + [CF ] Ẋ + [KF ] {X} . (7)
The mass ([MF ]), damping ([CF ]), and stiffness ([KF ])
matrices in equation 7 are associated with the fluid forces
occurring in phase with structural accelerations, velocities,
and displacements, respectively. The term {FSF,R } represents the steady component of the fluid force acting on
an equivalent rigid structure, and {FU F,R } represents the
unsteady fluid forces acting on a rigid body (e.g. vortex or
cavity shedding). The steady rigid force may be written,
{FSF,R } = − [KF ] {X0 } .

(8)

Note that {X0 } is measured relative to the displacement
vector yielding no fluid force, and should not be confused
with {X}, which is a vector of elastic deformations. In
the case of a hydrofoil, {X0 } is measured relative to the
zero-lift attitude of the hydrofoil.

Foil Tang (Clamped)

The fluid and structural matrices may be grouped as
[M ] = [Ms ] + [MF ]
[C] = [Cs ] + [CF ]

Nominal Free Surface

(9)

[K] = [Ks ] + [KF ] ,
so that equation 5 becomes
n o 
n o
D
[M ] Ẍ + [C] + [Gs ] [S]
Ẋ + [K] {X}
= {FEX } + {FSF,R } + {FU F,R } . (10)
Forces introduced from an external source, i.e. {FEX },
result in forced motion of the system, which can lead to
forced resonance. Harmonic content caused by vortex or
cavity shedding, which is grouped into {FU F,R } can drive
flow-induced vibration (FIV), flow-induced resonance, or
lock-in of the excitation source onto a nearby resonant frequency. The inertial, damping, and stiffness components of
the fluid force vary with flow speed and the frequency content of the structural motion, leading to modes of instability including static divergence (zero net stiffness), dynamic
flutter (zero net modal damping), or dynamic divergence (a
non-linear instability described by Chae et al. (2013)).
1.3 Study Objectives

With increasing use of non-metallic construction materials
in modern marine systems, the hydroelastic responses of
propellers, hydrofoils, and control surfaces have become
important considerations. However, hydroelasticity presents
a number of challenges not present in aeroelasticity. In this
paper, we will demonstrate some of the dynamic hydroelastic characteristics of a hydrofoil in multi-phase flows using
experimental data, and we will present a fast FSI model
for simulating the hydrofoil’s response. The specific objectives of this paper are as follows: (i) Characterize the
dynamic loads and vibratory characteristics of a flexible
surface-piercing hydrofoil in wetted, ventilated, and cavitating flow regimes experimentally; (ii) Use experimental
data to validate the forward FSI model of the forced vibration response of the hydrofoil in wetted flow; (iii) Demonstrate the ability of the inverse FSI model to correctly infer the in situ operating conditions and hydrodynamic load
distributions of a flexible SP hydrofoil in wetted, cavitating,
and ventilated flows, based on limited strain measurements.

Flow

Figure 2: Coordinate system and geometry of surfacepiercing hydrofoil.

The coordinate system was oriented with X aligned with
the longitudinal axis of the flow channel, pointing upstream.
Y was directed to the foil’s starboard side, and Z was directed vertically downward, with the origin located at the
intersection of the mid-thickness plane, mid-chord plane,
and root plane of the foil. The hydrofoil was yawed about
the Z axis, such that a positive yaw angle resulted in a positive lift force along the Y axis. The coordinate system and
variables of interest are shown in figure 2.
The hydrofoil possessed a uniform semi-ogival section with
a semi-circular fore-body and rectangular after-body. The
section chord was 27.9 cm (11 in), with a thickness of 2.79
cm (1.1 in) and a leading edge (LE) radius of 2.8 mm (0.11
in). The hydrofoil was machined from Type 1 PVC in two
symmetric pieces, with the mid-thickness plane as the symmetry plane. Sensor channels were machined into the interior faces and the halves were joined and waterproofed
by chemical welding. An aluminum strip 2.79 cm wide by
0.64 cm thick (1.1 in by 0.25 in) was attached to the trailing
edge (TE) in order to increase the bending strength of the
strut and to shift the elastic axis toward the TE (to increase
the effect of hydroelastic coupling).

Similar models have previously been tested in the towing
tank at the University of Michigan (Harwood et al., 2016c,b).
For this work, experiments were performed in the freeNote that the forward and inverse FSI models have been surface cavitation channel at CNR-INSEAN in Rome, Italy.
previously validated with experimental data for hydrody- The test section of the channel is 10 m long by 3.6 m wide
namic loads, deformations, and cavity patterns in FW and and filled to a depth of 2.25 m. The pressure above the free
FV flows (Harwood et al., 2016c; Ward et al., 2016, 2017). surface may varied from 1 bar down to 40 millibar. Water is
recirculated by two axial flow impellers with a maximum
2 METHODOLOGY
combined rating of 870 kW (1170 HP). Four flow speeds
(U ) were tested: 1.6 m/s, 2.5 m/s, 3.3 m/s, and 4.2 m/s at
2.1 Description of Experiments
a single tip immersion depth equal to one chord length. A
Experiments were performed with a vertical surface-piercing PIV survey of the flow in the neighborhood of the hydrofoil
strut, cantilevered at the root and piercing the free surface.

Yaw Clamp

(not detailed here) later revealed that the combined bias and
random error in absolute flow speed was less than 2% for
each speed. A small crossflow component was found with
a mean value of 2.18◦ (such that the effective yaw angle of
the foil was increased) and a standard deviation of 1.7◦ .
The fixturing and instrumentation of the hydrofoil are shown
in figure 3. The hydrofoil was instrumented with a 6-DOF
load cell (ATI Omega 190) to measure forces and moments
in each coordinate direction with an estimated measurement uncertainty of ±2.6%. The deformations of the foil
were measured using shape-sensing spars and accelerometers inside of the hydrofoil. The spars consist of slim
aluminum beams instrumented with strain gauges and installed along the span of the hydrofoil at two chordwise
locations. A process of least-squares fitting and integration
yielded polynomial estimates of the bending and twisting
motions of the hydrofoil along the span. RMS errors for the
range of loading cases tested were approximately ±1 mm
in bending and ±0.25◦ in twisting. The design and characterization of the spars are described in detail by Harwood
et al. (2016a,b); Harwood (2016). Charge-type accelerometers were installed at the end of each aluminum spar to
measure accelerations at the tip of the hydrofoil.
Excitation for modal testing was provided by an electrodynamic shaker (2007E mini-shaker, manufactured by The
Modal Shop). An AC-coupled force and acceleration transducer was used to measure the excitation signal at the drivepoint. A high-velocity air-injection nozzle was used to
trigger ventilation by injecting a small quantity of air at
the junction of the leading edge and free surface (Harwood
et al., 2016c). Data were recorded using multiple National
Instruments multi-function input/output cards, all of which
were phase locked and synchronized to a master reference
clock. Exposures of the high-speed video cameras (Photron
FastCam series) were synchronized to the A/D sample clock.
All system inputs, including shaker frequency and air injection, were controlled from the host data-acquisition PC
running National Instruments LabVIEW R software.
2.2 Description of Forward FSI model

The fast FSI model used in this work is composed of two
coupled sub-models: a fluid model and solid model, briefly
described in this section. A more complete description is
given by Ward et al. (2016, 2017).
The fluid model is a discretized lifting-line solver modified
by Harwood et al. (2016c) to include nonlinear section-lift
models, large angles of attack, and ventilating or cavitating
sections. The submerged portion of the hydrofoil is discretized into NF panels, with trailing vorticity shed from
the panel-ends. Foil section geometric angles of attack, effective angles of attack (including induced downwash), and
lift coefficients (respectively {α}, {αef f }, and {Cl2D })
are defined at the panel centers. The governing equation is
based upon the lifting line theory of Prandtl (1918); Glauert
(1943), and accounts for induced downwash caused by interactions between foil sections. The effective angles of
attack are related to the sectional lift coefficients by any desired section-flow model. For FW flow, XFOIL was used
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Figure 3: Labeled depiction of hydrofoil model and fixture.

Shape sensing spars, with the locations of the individual
strain gauges and accelerometers, are shown as translucent
colored strips running along the span of the foil.
(Drela, 1989). For PC and FV flows, linear free-streamline
theory (Tulin, 1953; Acosta, 1955) was used. The solution
is determined by iteration. Convergence yields the distribution of sectional lift, drag, and moment coefficients along
the hydrofoil’s span, as well as cavity lengths (when applicable).
For the solid solver, the hydrofoil is modeled as a cantilevered beam in bending and torsion. The geometric span
of the hydrofoil is discretized into NS 1D beam elements
with NS + 1 nodes. Each node is prescribed three degrees
of freedom: δy , θx , and θz , where δ indicates translation
and θ indicates rotation along/about the subscripted axis.
In equation 10, [Ms ] and [Ks ] were computed using energy methods. Section structural and material properties
were obtained from experiments. [Cs ] was approximated
with Rayleigh proportional damping, using experimentally
measured modal frequencies and damping ratios for the hydrofoil vibrating in air.
The fluid and solid discretizations are independent, so steady
forces are mapped from the lifting line model to FEM nodal
forces using the work-equivalence method. The twisting
motions of the hydrofoil increase the geometric angle of attack of the hydrofoil sections, so sub-iteration is performed
at each timestep to achieve convergence of the total geometric angle of attack (initial angle plus elastic twist).
Unsteady effects are presently limited to monotone harmonic motions through the use of a generalized form of
Theodorsen’s function (Theodorsen, 1935; Yates, 1966).
Unsteady forces at each hydrofoil section are mapped to
nodal forces as functions of the nodal displacements, velocities, and accelerations.
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Figure 4: Organization of FSI model. The width of the grey

shading qualitatively represents the dimensionality of data
at each stage of the modeling process. The fast FSI model
reduces the dimensionality of the search space in for the
inverse problem.
2.3 Description of Inverse FSI model

Figure 4 depicts the flow of information through the modeling stages for the fast FSI model. The width of the grey
shading indicates (qualitatively) the dimensionality of the
data present at that stage of the model. Inverse modeling
involves making inferences about a set of unknowns from
a measured set of output data. For example, inverse FEM
(iFEM) would seek to identify load distributions on the
hydrofoil from the resulting deflections of the model, either simulated or measured experimentally at a finite number of locations. Often, the number of measurements is
smaller than the number of unknowns driving the structural
response (as shown in figure 4). As a result, uniqueness and
existence of the solution are not guaranteed. Ward et al.
(2016, 2017) showed that the forward FSI model could
serve as an effective physics-based constraint for the inverse problem by reducing the dimensionality of the search
space. In this work, the lifting-line model economizes the
inverse problem by mapping a small number of variables
(α, F nh , ARh ) to a subspace of load distributions which
may reasonably be expected to result from the flow over a
hydrofoil. Thus, as illustrated in figure 4, the number of
measurements can be made greater than the number of unknowns sought, improving both the efficacy and robustness
of the inverse model. This approach is very sensitive to the
accuracy of the forward model, so care is required in the
use of a limited-fidelity model such as lifting-line theory.
In this work, measurements of the foil bending deflections,
{δ}, obtained from the shape-sensing spars, are used to infer the angle of attack α and immersed aspect ratio ARh ,
while the Froude number F nh is defined a priori. A twostage univariate optimization is performed to identify α and
ARh . Harwood et al. (2016a,c); Harwood (2016) showed
that the natural frequency of the flexible hydrofoil varies as
a function of the immersed span, but does not vary strongly
with the speed or angle of attack. The immersed aspect
ratio is first inferred by minimizing the error in the natural frequency (the structural wetted frequency of the experimental model is assumed to be known). A second optimization stage seeks to find the yaw angle to minimize
the Euclidean norm of the error in modeled bending deflections, relative to measured deflections. The fmincon
function (with SQP algorithm) was used in MATLAB R for

the optimization. In its present state, the inverse FSI model
is configured for steady-state flows. Future work will incorporate unsteady hydrodynamic loads and wake memory
effects to permit on-line identification of time-varying flow
conditions from instantaneous structural measurements.
Further details of the FSI and inverse FSI models, along
with validation studies for each, may be found in Ward
et al. (2016, 2017) 3 EXPERIMENTAL HYDROELASTIC
RESPONSE
3.1 Response to Ventilation Transition

Figure 5 shows the measured hydrodynamic loads, reconstructed hydrofoil deformations, and photos of the hydrofoil in FW and FV flow regimes. Transition from wetted
flow to ventilation was initiated by injecting a small quantity of air into the flow at the leading edge to disrupt the
free surface seal. The time histories show that the flow is
not strictly steady, but the prevailing flow features are unchanged within each regime, so we choose to describe the
data as two consecutive quasi-steady flows. With reference
to equation 10, the steady-state equilibrium of the system
may be written as,
h
i
−1
{X} = − ([Ks ] + [KF ]) [KF ] {X0 } .
(11)
The elements of [KF ] are negative for typical lifting-sections
(where lift acts through a point upstream from the elastic
axis). Informally speaking, for fixed {X0 } and [Ks ], an increase in the magnitude of the negative fluid stiffness terms
will result in an increased elastic deformation {X}. With
reference to equation 7, it is apparent that as the elements
of [KF ] become increasingly negative, the total fluid force
{FF L } will increase.
In figure 5, the integral lift and yawing moment (in the top
axes), as well as the measured bending and twisting at the
foil tip (bottom axes) are reduced by the onset of ventilation. The reconstructed mean deflections of the hydrofoil,
depicted by the shaded surfaces to the right, indicate that
the deflections everywhere on the foil decrease with ventilation. Thus, it may be concluded that the with ventilation, the magnitude of the (negative) fluid stiffness is decreased and the total system stiffness is thus increased. We
may make the equivalent statement that the fluid disturbing
force is reduced in FV flow, relative to FW flow.
3.2 Modal Parameterization and System ID

The dynamical system parameters associated with the model
in equation 10 were quantified by applying experimental
modal analysis techniques to the flow-channel data. A singleinput multi-output (SIMO) model was identified using the
shaker motor excitation force as the input and the reconstructed deflections and measured accelerations as the outputs. From these data, estimates were made of the frequency response function (FRF) matrices, where
H1 =

XP S(F, X)
AP S(F )

(12)

is known as the H1 estimator of the FRF. The FRF is a
complex-valued ratio of the output signal (X) to the input
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Figure 6: Wet-to-dry modal frequency ratios for each of the

Figure 5: Flexible hydrofoil at α = 7◦ ; F nh = 2.5;

ARh = 1.0 in FW and FV flow regimes. Transition from
(a) wetted to (b) ventilated flow was triggered by the brief
injection of air at the leading edge (indicated by the gray
shaded portion of the time histories). Measured forces at
the root and deflections at the tip of the hydrofoil are shown
as functions of time in the upper left. The mean foil deflections in each regime are shown on the right (with the
Y-axis magnified), and photos of the flow in each regime
are shown at the bottom. Fluid loads and tip deflections are
measurably larger in the FW regime than in the FV regime,
indicating that the magnitude of the fluid stiffness (corresponding to the steady fluid disturbing force) is smaller –
and thus that the overall system stiffness is larger – in the
FV regime.
signal (U ) as a function of frequency, and is known as the
compliance FRF when X is a displacement (as is the case
when the shape sensing spars are used) and the inertance
FRF when an acceleration is used (as is the case when considering accelerometers at the tip of the hydrofoil).
Theoretically, the FRF represents a 2D slice through the
complex Laplace space described by s = iω + σ. Thus, a
transfer function in the s-plane can be fitted to the FRF. The
resulting transfer function is typically modeled as the ratio
of complex-valued polynomials known as the rational fractional polynomial model (Richardson & Formenti, 1982),
and an optimal (in a least-squares sense) fit was obtained
using the tfestimate function in MATLAB R . Assuming that Hermitian symmetry of the FRF approximately
holds, partial fraction expansion (using the residue function) yields a modal superposition of the form,
 ∗ !
N
X
Rn
[Rn ]
[H] (s) =
+
.
(13)
s
−
p
s
− p∗n
n
n=1
Equation 13 represents a superposition of the N linear nor-

first four observed modes in each flow regime. Results are
aggregated for 0◦ ≤ α ≤ 12◦ , 1.0 ≤ F nh ≤ 2.5, and
ARh = 1.0. Raw results are plotted as open symbols and
closed symbols indicate mean values.
mal modes of the system. [R] is a complex-valued residue
matrix containing the nth mode shape, pn is the complexvalued pole defining the damping and natural frequency of
∗
the nth mode, and the asterisk () indicates a complex conjugate quantity. Finally, the modal quantities are given by
the following:
ωo,n = ||pn ||
ωn = Im (pn )
Re (pn )
||pn ||
Θ = Im ({Rn })

ξe,n =

Undamped natural frequency (14)
Damped natural frequency (15)
Effective damping ratio (16)
Unscaled mode shape (17)

Here, {Rn } represents any single column of the residue
matrix [Rn ].
Figure 6 shows the ratio of wetted modal frequency to the
dry natural frequency for the first four observed modes of
the hydrofoil at ARh = 1.0. Modal frequencies decrease
with increasing immersion depth, indicating increased fluid
inertia (shown by Harwood et al. (2016a) for a range of
ARh ). Ventilation causes an increase in modal frequencies, indicating a reduction in fluid inertia (along with the
increase in system stiffness noted in figure 5.) Raw data
are plotted as open symbols, with the mean indicated by a
closed symbol and the sample standard deviation indicated
by error bars.
Total equivalent modal damping coefficients (as a percentage of critical damping) for the first three modes are tabulated in table 1 for three conditions: dry, still water (zero
forward speed), and with forward speed. More extensive
data are tabulated by Harwood (2016), but the conclusions
remain the same. The structural damping coefficient is approximately 1.5% for all modes. Partial immersion in still
water at (ARh = 1.0) does little to change the damping,
relative to the dry case. However, the damping is dramati-
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Table 1: Equivalent viscous damping ratios ξe , representing
the sum of material damping ξs , quiescent fluid damping
ξhs , and hydrodynamic damping ξhd .
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Figure 7: FRF at the tip of the hydrofoil’s LE in a quiescent

fluid (ARh = 1.0; F nh = 0) and in FW flow (ARh = 1.0;
F nh = 2.0; α = 2◦ ). Experimental data were obtained
with excitation from the shaker motor with a stepped logarithmic frequency sweep.
cally altered by forward speed. For mode 1, the damping is
very small (or negative) in the PC and FV flow regimes, hypothesized by Harwood (2016) to be a spurious artifact of
low-frequency flow-induced vibrations. For modes 2 and
3, however, damping increases with the forward speed.
4 FORWARD FSI MODEL - DYNAMIC FLOWS

As described above, the unsteady FSI model predicts unsteady fluid forces for harmonic motions of the hydrofoil
in FW flow. Figure 7 shows the frequency response functions (FRFs) of the hydrofoil at an immersed aspect ratio
of ARh = 1.0. Results of the unsteady FSI model and
experimental data are shown for immersion in still water.
Experimental data only are showed for FW flow with forward speed (F nh = 2.0). Two observations may be made.
First, the unsteady FSI model does a reasonable job modeling the fluid forces (it was shown by Ward et al. (2017)
that the FEM model is able to recreate the dry vibration
spectrum with good accuracy). Second, experimental spectrum with forward speed is much noisier (particularly at
low frequencies in the neighborhood of the first bending
mode), but the locations of modal peaks are unchanged, reinforcing the assertion that the matrix [MF ] does not vary

excitation at the first resonant mode. The dynamics of the
structure in water are adequately approximated by the LLFEM forward FSI model when the Theodorsen function is
used to approximate the fluid mass, damping, and stiffness
matrices.
strongly with the speed, but that [CF ] and {FU F,S } are
speed-dependent. Note that [KF ] varies with U 2 , but is
much smaller than [Ks ], so the dependence of system stiffness upon speed appears negligible.
The instantaneous bending deflections of the hydrofoil, measured at the tip at the elastic axis, are shown in figure 8 for
a test case at α = 0◦ , F nh = 2.0, ARh = 1.0 in FW flow.
Note that the data shown in figure 8 are taken from previous
towing-tank tests of the same hydrofoil. Harmonic excitation was provided by the shaker motor in a linearly-swept
sine wave from 1–7 Hz, and the excitation force is shown in
the top axes. Experimental measurements and predictions
of the unsteady FSI model show good agreement for δtip .
5 INVERSE FSI MODEL - STEADY FLOW

Results of the iFSI model optimization in FW, PC, and FV
flow regimes are tabulated in table 2. Inferred flow conditions are generally within the experimental uncertainty.
The small mean and large standard deviation of θtip lead
to large proportional error in all regimes. We expect that
errors in the FV regime can be minimized by carefully refining the modeled cavity lengths (a topic of future work).
The accuracy of the iFSI model is promising nonetheless.
For the case of PC flow only, the low aspect ratio and zeroload conditions at the free surface and free tip necessitate
a correction to the sectional cavity lengths, which we hypothesize to result from spanwise flow in the re-entrant jet.
The correction takes the form of Lc,3D = 0.4Lc,2D , where
Lc,2D is the cavity length predicted by 2D linear theory and
Lc,3D is the sectional cavity length on the low-aspect ratio
foil (the difference is illustrated in figure 9). The correction
is implemented within the sectional flow sub-model called

Table 2: Results of steady-state iFSI model in tabular form for FW, PC, and FV flow regimes. Experimental bending
deflections along the span were provided to the iFSI model, from which the other listed quantities were inferred. The
flow conditions are as follows. FW: α = 10.28◦ ; F nh = 2.0; ARh = 1.0. PC: α = 12.36◦ , F nh = 1.8, ARh = 1.0,
σv = 0.592 (at the free surface). FV: α = 10.28◦ , F nh = 2.0, ARh = 1.0.

α
ARh
CL3D
CM3D
δtip , m
θtip , ◦

EXP

FW
iFSI (Steady)

Error

EXP

PC
iFSI (Steady)

10.28
1.0
0.257
0.061
0.012
0.23

9.81
1.005
0.257
0.062
0.012
0.28

-4.6%
0.005
0.0%
0.5%
1.6%
22.3%

12.36
1.0
0.366
0.075
0.014
0.16

12.875
1.005
0.339
0.070
0.014
0.31

(no correction)

Flow

(with correction)
Figure 9: Observed cavity profile, overlaid with results of

iFSI for PC flow at α = 12.35◦ , F nh = 1.8, ARh = 1.0,
σv = 0.592. The over-prediction of cavity lengths resulted
in an under-prediction of the yawing moment. Both errors
are corrected by the simple rescaling of the cavity lengths
along the span.
from the lifting-line solver, so other quantities that depend
upon cavity length (e.g. Cl2D , Cm2D ) are computed based
on the corrected cavity length Lc,3D . The modeled cavity
length distribution is shown overlaid onto an experimental photo in figure 9. The predictions of cavity-lengths are
improved considerably by the 3D correction.
6 CONCLUSIONS AND FUTURE WORK

Experiments were performed in a free-surface cavitation
channel with a flexible surface-piercing hydrofoil to investigate changes in the parameters of a hydroelastic system
model in wetted, ventilated, and cavitating flow regimes. In
ventilated flows, the system stiffness is larger, showing that
the negative fluid stiffness is reduced by the onset of ventilation. Modal frequencies of the hydrofoil were reduced by
immersion in water, relative to the dry modal frequencies,
as a result of increased fluid inertia. The onset of ventilation and (to a lesser extent) of partial cavitation caused an
increase in modal frequencies – an effect of increased system stiffness and decreased system mass. A fast, physicsbased FSI model was proposed to provide low-cost predictions of the fluid forces and structural responses of the
hydrofoil with reasonable accuracy in wetted, ventilated,
and cavitating flows. Moreover, the FSI model is used to
solve the inverse problem of inferring the flow conditions
of the hydrofoil (α and ARh ) from measured bending deflections. In so doing, the hydrodynamic load distributions
are also obtained (normally an ill-posed problem). The

Error

EXP

FV
iFSI (Steady)

Error

4.2%
0.005
-7.3%
-6.8%
2.9%
101.9%

10.28
1.0
0.231
0.027
0.012
0.13

11.262
1.005
0.258
0.037
0.012
0.24

9.6%
0.5%
11.6%
38.1%
1.7%
85.5%

forward FSI model predictions of hydrofoil structural motions in response to harmonic excitations in FW flows are
good. The iFSI model yields good steady-state results for
the yaw angle α and immersed aspect ratio ARh in all three
flow regimes. iFSI predictions of hydrodynamic loads and
bending and twisting deflections are good overall. A correction was required to modeled cavity lengths in the PC
flow regime.
This work represents a part of a larger undertaking to apply
experimental modal analysis techniques and physics based
modeling to complex fluid-structure interaction problems
in multi-phase flows. The combination of these tools can
yield fast and accurate reduced-order models useful for design space analysis and real-time plant modeling. Additionally, experimental data for multi-phase FSI problems
are uncommon, and the dataset described herein is a valuable tool for validation of FSI simulation codes.
Future work for publication includes more-complete quantification of dynamical system parameters in a wide range
of flow conditions. A more-rigorous quantification of the
fluid and solid contributions to generalized mass, damping,
and stiffness is slated for journal publication later this year.
Capabilities for general (non-periodic) unsteady structural
motions and velocity fluctuations are expected to be added
to the unsteady FSI model in future developments.
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DISCUSSION
Question from Dr. Luca Savio

The tests were performed in an open water channel where
the position along the test section may lead to differences
in the water surface. Have you checked your results by
moving the experimental setup along the channel?
Author’s Closure

Tests were performed at a fixed location only. Test-totest variations in the water depth were noted visually and
corrected by adding or removing water in the channel as
needed. Flow non-uniformity originating at the channel inlet may also cause variation in the flow along the channel
length. Rather than test at multiple locations, we quantified
the flow at the fixed test location through a separate SPIV
study, which was executed following the conclusion of the
regular test campaign and removal of the hydrofoil. SPIV
measurements were made in a 400 mm square visualization
plane centered at the location of the hydrofoil’s tip, which
allowed us to quantify statistics of the flow encountered by

the hydrofoil. A mean crossflow angle of approximately
2◦ was present at all speeds, and fluctuations in the inflow
angle are thought to contribute to low-frequency dynamics
of the hydrofoil. We are confident that the flow quality sur-

vey is sufficient to describe the conditions at the location
of the experiment within the channel. More details will be
published shortly in a journal paper.

