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Abstract
Despite recent extensive research into ﬂuid-structure interaction (FSI) of cavitating hydrofoils
there remains insuﬃcient experimental data to explain many of these observed phenomena. The
cloud cavitation behaviour around a hydrofoil due to the eﬀect of FSI is investigated utilizing
rigid and compliant 3D hydrofoils held in a cantilevered conﬁguration in a cavitation tunnel. The
hydrofoils have identical undeformed geometry of tapered planform with constant NACA0009
section. The rigid model is made of stainless steel and the compliant model of carbon and glass
ﬁbre reinforced epoxy resin with the structural ﬁbres aligned along the span-wise direction to
avoid material bend-twist coupling. Tests were conducted at an incidence of 6°, a mean chord
based Reynolds number of 0.7 × 106 , and cavitation number of 0.8. Force measurements were
simultaneously acquired with high-speed imaging to enable correlation of forces with tip bending
deformations and cavity physics. Hydrofoil compliance was seen to dampen the higher frequency
force ﬂuctuations while showing strong correlation between normal force and tip deﬂection. The
3D nature of the ﬂow ﬁeld was seen to cause complex cavitation behaviour with two shedding
modes observed on both models.
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1. INTRODUCTION
The FSI characteristics of ﬂow over a lifting body can significantly eﬀect the performance of maritime propulsion and
control systems. Recent research into the development of
composite propellers[1, 2] and active control surfaces [3] has
taken place to exploit the ability to passively tailor geometric
aspects of the hydrofoil such as skew and pitch based on
the loading distribution [4]. Not only does this self-adaptive
behaviour give the ability to design a more energy eﬃcient
propeller, but also delay and mitigate the adverse eﬀects of
cavitation. One of these eﬀects is the unsteady loading and
induced vibration due to the shedding of cloud cavitation.
The eﬀect of unsteady cloud cavitation on the hydroelastic response of hydrofoils has previously been investigated
[5, 6, 7, 8, 9, 10], with recently Pearce et al. [11] showing
that the cavity dynamics can inﬂuence the FSI response. In
addition to the classical shed vortex induced structural response in single phase ﬂow, there is interaction between
the development of cavitation on the structural dynamics
[9, 8]. These eﬀects are highlighted in experiments by Akcabay et al. [6] where increased hydrofoil ﬂexibility was seen
to increase the cavity length as well as cause a reduction in
the cloud cavitation shedding frequency. Further research
also shows that ﬂexibility broadens the induced vibration
frequency content potentially leading to severe vibration ampliﬁcation caused by lock-in [6]. Increased vibrations also
occur when the unsteady cavity closure approaches the hydrofoil trailing edge due to high amplitude load ﬂuctuations
caused by periodic shedding of sheet-cloud cavitation. In

Figure 1. Cavitation about a NACA 0009 stainless steel
hydrofoil at σ = 0.8, Rec = 0.7 × 106 and α = 6°.
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these investigations into the eﬀect of cloud cavitation on
hydroelastic response, there is limited discussion on changes
in the cavitation pattern and shedding mechanisms due to
the hydroelastic response.
Sheet and cloud cavitation was ﬁrst extensively studied by
Knapp [12] observing the detachment/shedding of cloud cavitation from a sheet cavity. Since then, several mechanisms
have been identiﬁed as the primary instability causing periodic shedding depending on the condition. These included
growth of interfacial instabilities such as Kelvin-Helmholtz
waves [13, 14], re-entrant jet formation [15, 16, 17, 18, 19, 20]
and shock propagation [21, 22, 23]. In a recent study on cloud
cavitation about a sphere, all three mechanisms have been
observed occuring either under varying ﬂow conditions or
as a complex coupled mechanism [24].
To reduce the complexity of the cavitation dynamics,
much research into hydrofoil cloud cavitation has focused
on 2D ﬂows to limit 3D eﬀects and span-wise variations as
shown in ﬁgure 1. This is highlighted in time resolved PIV
experiments on a 3D hydrofoil by Foeth et al. [25] showing signiﬁcant cavitation stability sensitivity to 3D ﬂow effects. Span-wise variations are still observed on 2D hydrofoils
where the span-wise cavity length is seen to be proportional
to the stream-wise length [26]. This relationship can result
in span-wise cavity lengths that are compatible with the
hydrofoil geometry. In these instances, the shedding cloud
cavitation exhibits much stronger periodicity than in other
conditions [17].
Force and tip displacement measurements are presented
for a nominally rigid stainless steel and ﬂexible composite hydrofoil experiencing cloud cavitation. Synchronised
high speed photography is used to analyse the cavitation
behaviour and assess the correlation between the cavity dynamics and forces experienced. The aim of this research is
to further the understanding of cloud cavitation about a 3D
hydrofoil and how FSI can inﬂuence its behaviour.

2. EXPERIMENTAL OVERVIEW
2.1 Model Hydrofoil Details
Geometry and mechanical properties of the hydrofoil models
has been selected based on modelling the static and dynamic
ﬂuid-structure interaction typical of propellers and control
surfaces. The chosen geometry was a symmetric (unswept)
trapezoidal planform of 300 mm span with a 60 mm tip and
120 mm root chord, providing an aspect ratio = 3.33. The
chord length was chosen to be compatible with the mounting to the water tunnel test section and to achieve a chord
based Reynolds number Rec = 0.7 × 106 . The unswept geometry, in conjunction with a span-wise alignment of the
ﬁbre orientation, was intentionally chosen to principally consider bending deformation only of the ﬂexible hydrofoil. A
modiﬁed NACA0009 section proﬁle with a thicker trailing
edge was selected for improved manufacture of the ﬂexible
composite model (see Zarruk et al [27] for further details).
The ﬂexible (composite) model was manufactured as a
carbon/glass-epoxy hybrid structure consisting of a poly-

oleﬁn scaﬀold core, T700 unidirectional carbon ﬁbre and
biaxial E-glass fabric used as the key structural components
with an outermost ﬁne E-glass basket weave layer to aid surface ﬁnish. A full lay-up sequence and construction procedure is detailed in [27] where the composite hydrofoil model
used in the present study is termed the CFRP00 hydrofoil.
The rigid (stainless steel) model was machined from a Type
316 stainless steel billet with both models manufactured to
±0.1 mm surface tolerance and 0.8 µm surface ﬁnish.
The response spectrum of both hydrofoils was determined
from both impact tests and hydrofoil loading spectra [27]
with results summarized in table 1. First mode natural frequencies were obtained in air at 96 Hz and 112 Hz, and in
water at 54 and 40 Hz for the stainless steel (rigid) and composite (ﬂexible) models respectively.
Hydrofoil Dynamic Properties
First bending mode in air (Hz)
First bending mode in water (Hz)

Hydrofoil
Rigid Flexible
96
112
54
40

Table 1. Hydrofoil natural frequencies obtained from
impact tests and loading spectra for in-air and in-water
frequencies, respectively[27].

2.2 Experimental Setup
Measurements were carried out in the Cavitation Research
Laboratory (CRL) water tunnel at the Australian Maritime
College. The tunnel test section is 0.6 m square by 2.6 m long
in which the operating velocity and pressure ranges are 2
to 12 m/s and 4 to 400 kPa absolute respectively. The tunnel
volume is 365 m3 with demineralised water (conductivity of
order 1 µS/cm). The test section velocity is measured from
one of two (high and low range) Siemens Sitransp diﬀerential
pressure transducers models 7MF4433-1DA02-2AB1-Z and
7MF4433-1FA02-2AB1-Z (measuring the calibrated contraction diﬀerential pressure) with estimated precisions of 0.007
and 0.018 m/s respectively. A detailed description of the facility is given in [28]. As shown in ﬁgure 2, two proﬁled plates
are used to clamp the model within a housing that is attached
to a 6-component force balance. The hydrofoil, located at the
mid length of the test section, extends vertically into the ﬂow
through a 160 mm diameter penetration in the ceiling. The
penetration is made fair (to 50 µm) using a disk mounted, in
this case, on the measurement side of the balance. The fairing
disk has a 0.5 mm radial clearance to avoid interference with
the force measurement.

2.3 Experimental Techniques
Data was obtained for a cavitation number of 0.8 and at a
velocity of 8.5 m/s which corresponds to a Reynolds number
(based on mean chord length) of 0.7 × 106 with the models
at an incidence of 6°. The cavitation number is deﬁned as
2 and Reynolds number as Re = U c/ν,
σ = 2(p − pv )/ρU∞
∞
where p is the static pressure at the test section centreline, pv
is the vapour pressure, ρ is the water density, U∞ is the test
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Figure 2. Hydrofoil model assembly showing an exploded view of the clamping housing arrangement allowing continuity of
the reinforcing ﬁbres for the CFRP models.
section velocity, c is the mean chord and ν is the kinematic
viscosity of the water. Of the total load vector measured, only
the time-varying component of the normal force is presented.
The force balance was calibrated by a least squares ﬁt between
a basis vector loading cycle and the 6 outputs giving a 6 × 6
matrix. An estimated precision on all components is less
than 0.1%.
The cavitation behaviour was recorded using high speed
photography with a HighSpeedStar8 (LaVision, Germany)
mounted on the side of the test section. The camera was
outﬁtted with a Nikkor f/1.4 50 mm lens and setup with a
magniﬁcation factor of 3.28 px/mm. High speed images were
recorded with a spatial resolution of 1024 × 1024 at 7,000 Hz
for the rigid hydrofoil where the ﬂexible foil was recorded at
1,000 Hz due to data acquisition limits.
A previous study [27] has shown the stainless steel model
to be nominally rigid with a maximum tip deﬂection of less
than 5% of the mean chord compared with 15% for the composite model. The force data for the stainless steel model
was found to be nominally invariant with Reynolds number
for α ≤ 6°. On this basis, tip bending displacement, δtip ,
was only recorded for the ﬂexible model with measurements
achieved by tracking 2.3 mm diameter white dots on the tip of
the hydrofoil. Further information on the technique used in
similar experiments can be found in [29]. This was achieved
using a HighSpeedStar5 high speed camera mounted on the
bottom of the test section. The camera was outﬁtted with a
Nikkor f/1.4 105 mm lens where images had a magniﬁcation
factor of 13.38 px/mm. Images were recorded at 1,000 Hz
with a spatial resolution of 512 × 1024.
The high speed photography was synchronized with the
force measurement acquisition by simultaneous triggering
from a BNC Model 575 Pulse Generator. Force and tunnel

ﬂow data were sampled at 7,000 Hz and 1,000 Hz, respectively.

3. RESULTS AND DISCUSSION
3.1 Force and Tip Displacement Time Series
The measured normal force, X, is presented as a dimension2 ), where A denotes the
less coeﬃcient, CX = 2X/(ρAU∞
planform area. The frequency content of the X force experienced by either hydrofoil is shown in the power spectral
density in ﬁgure 3.

Figure 3. Narrowband X force power spectral density (PSD)
for the rigid and ﬂexible hydrofoils at σ = 0.8,
Rec = 0.7 × 106 and α = 6°.
Both hydrofoils exhibit a common primary frequency at
approximately 37 Hz with secondary frequencies at 49 and
42 Hz for the rigid and ﬂexible hydrofoils, respectively . The
common ﬂuctuation at 37 Hz is linked to periodic shedding
of cloud cavitation from mid-span as made evident in spacetime plots discussed later. These plots also reveal another
shedding mechanism towards the tip of the rigid hydrofoil
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Figure 4. Sample time series of normal force coeﬃcient with selected images from high-speed imaging for the rigid (top)
and ﬂexible hydrofoil (bottom). Simultaneous normalized unsteady tip bending displacement (dot-dashed line) is also
presented for the ﬂexible hydrofoil. The 3 curves of pixel intensity are taken at 75% of the chord for span-wise locations of
0.24s, 0.47s and 0.77s from the root. Data was taken at σ = 0.8, Rec = 0.7 × 106 and α = 6°.
ﬂuctuating at 49 Hz explaining the secondary peak. Coupling
between the dynamic response of the ﬂexible hydrofoil and
the unsteady cloud cavitation is linked to the 42 Hz peak.
The slight rise in natural frequency compared to that in table

1 is attributed to reduction in added mass with the presence
of vapour cavities.
Figure 4 shows a short time series of CX , the unsteady
′ /c, and pixel
tip bending displacement to chord ratio, δtip
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intensity, I, for both the rigid and ﬂexible hydrofoils. Pixel
intensity was taken along the span, s, at 0.24s, 0.47s and
0.77s from the root and at 75% of the local chord for both
hydrofoils. Frames taken from the synchronised high speed
video show one full shedding cycle at the dominant frequency
with the ﬁrst and last frames coinciding with the maximum
force of the primary frequency component. For both hydrofoils, the primary frequency corresponds to a full length
cavity being shed. The maximum force occurs just after the
attached cavity breaks oﬀ and a new cavity has just formed.
The minimum force coincides with maximum cavity length.
Analysing pixel intensity of the rigid hydrofoil we see a
rise, plateau and fall at the middle pixel (0.47s) during the
shedding cycle shown. The top pixel (0.24s) shows similar
behaviour and duration but slightly trails the middle pixel
intensity in time. The bottom pixel (0.77s) exhibits peaks
for a much shorter duration compared to the other pixels
and primarily occurs when the top and middle pixels are low.
These pixel intensity traits suggests there are two shedding
modes at the top-middle and the bottom that alternate over
time. The ﬂexible hydrofoil shows similar trends but due to
low temporal resolution, deﬁnitive conclusions cannot be
made at this stage.
Comparing the force signals, the rigid hydrofoil exhibits
a slightly lower mean CX to that of the ﬂexible hydrofoil,
0.5406 and 0.5497, respectively. However, the rigid hydrofoil exhibits more unsteadiness with the ﬂexible hydrofoil
appearing to almost dampen some of the lower amplitude
ﬂuctuations. This is reﬂected in the CX RMS values of 0.0354
and 0.0311 for the rigid and ﬂexible hydrofoil, respectively.
The unsteady displacement of the ﬂexible hydrofoil is seen
to vary signiﬁcantly over time having a strong correlation
with CX as expected.

Figure 5. Space-time plot of a single shedding cycle of the
rigid hydrofoil . showing the key components of the
shedding cycle at σ = 0.8, Rec = 0.7 × 106 and α = 6°. The
ﬂow direction from top to bottom.

atively thin cavity, resulting in a thin jet that initially (see
stage 1 growth in ﬁgure 5) has insuﬃcient momentum to
break through to the cavity detachment point due to friction of the adjacent layers [16, 30]. A suﬃciently thin cavity
3.2 Shedding Mechanisms and Cavity Dynam- may also have signiﬁcant interactions between the upper and
lower interfaces of the cavity as surface perturbations beics
come predominant leading to small-scale vapour structures
Through analysis of the high speed videos, it is evident that
being shed instead of a large-scale cloud [19]. This can be
the primary shedding mechanism is the classical re-entrant
seen in chord-wise space-time plots (ﬁgure 6) of several shedjet. A typical shedding process can be seen in the space-time
ding cycles where there is signiﬁcant variation between each
plot of the rigid hydrofoil (ﬁgure 5) generated from a line of
cycle. The interaction of surface perturbations manifest as a
pixels extracted at a position 100 mm along the span (i.e. at
rough opaque surface, seen at the top of ﬁgure 6, compared
0.33s). Once the cavity forms, it initially grows at a constant
the transparent region shown in ﬁgure 5. Comparison of the
velocity during stage 1. At a certain point (t ≈ 0.01), the
rigid and ﬂexible hydrofoils sees that shedding variations
re-entrant jet starts to propagate forward as indicated by a
over time exist for both hydrofoils but aren’t as severe for
second curve forming in the cavity. At the same instant, the
the ﬂexible hydrofoil.
cavity shifts into its second growth phase with a reduced
cavity growth speed. As the re-entrant jet approaches the
The span-wise space-time plots taken 10 mm upstream
cavity detachment, it starts interacting with the upper surface
of mid-chord for both hydrofoils (ﬁgure 7) illustrates how
of the cavity (t ≈ 0.2). This is indicated by the white streaks
the cloud cavitation varies along the span over time. It is
from the secondary curve of the re-entrant jet in ﬁgure 5. observed that there is signiﬁcant span-wise variation for
Shortly after, the jet reaches the cavity detachment, breaking
both hydrofoils with no uniform (i.e. across the whole span)
oﬀ the attached cavity, forming a cavitation cloud that is
shedding observed. This complex cavitation behaviour is
then advected downstream. Following cavity break-oﬀ, a
due to the interaction of multiple eﬀects. This includes spannew cavity forms soon after and the cycle starts again.
wise ﬂow disparity over the hydrofoil due to the tapered and
At the ﬂow conditions examined here (Rec = 0.7 × 106 , swept geometry causing changes in re-entrant jet direction.
σ = 0.8 and α = 6°), the NACA0009 hydrofoil forms a rel- Additionally, the nature of the vertical mounted hydrofoil
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Figure 6. Chord-wise space-time plots from high speed images taken 100 mm along the span for the rigid (top) and ﬂexible
hydrofoil (bottom) at σ = 0.8, Rec = 0.7 × 106 and α = 6°. The ﬂow direction is top to bottom.

Figure 7. Span-wise space-time plots from high speed images 10 mm upstream of the mid-chord for the rigid (top) and
ﬂexible hydrofoil (bottom) at σ = 0.8, Rec = 0.7 × 106 and α = 6°. The ﬂow direction is left to right.
results in cavitation number gradient along the span as well
as buoyancy eﬀects on the cavities.
A level of consistency is seen in the periodicity of shedding, but the shedding behaviour of each event varies with
clear re-entrant jet observed in some, but not in others. Analysis of the rigid hydrofoil reveals the existence of two shedding
modes along the span at frequencies of approximately 37 Hz

and 50 Hz for the upper and lower parts of the hydrofoil,
respectively, calculated from space-time plots. The ﬂexible
hydrofoil also shows signs of two shedding modes, 37 Hz
and 42 Hz, with two crescent cut-outs along the span-wise
length of the cavity observed, similar to the rigid hydrofoil.
Non-dimensionalizing these frequencies using a cavity length
based Strouhal number, St = f Lc /U∞ , where Lc is the maxi-
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mum cavity length, the rigid frequencies equate to 0.33 and
0.37 for the upper and lower parts, respectively, compared to
0.33 and 0.32 for the ﬂexible hydrofoil.
Comparing the span-wise space-time plots, the ﬂexible
hydrofoils secondary shedding mode at the bottom doesn’t
appear to have as strong a periodicity as the rigid hydrofoil. This could be due to the force induced tip displacement
imposed by the larger shedding cavity from the top interfering with the lower shedding physics. These observations
coincide with frequencies present in the X force spectrum
(ﬁgure 3) supporting the strong correlation between cavity
dynamics and forces.

4. CONCLUSIONS
Preliminary results are presented for the eﬀect of FSI on cloud
cavitation about a hydrofoil. The normal force, tip bending displacement and cavitation behaviour were compared
for a nominally rigid stainless steel and ﬂexible composite
NACA0009 hydrofoil at Rec = 0.7 × 106 , σ = 0.8 and α = 6°.
The bending deformations of the ﬂexible hydrofoil were
seen to dampen some of the higher frequency ﬂuctuations
in the normal force measurements while showing a strong
correlation between tip displacement and normal force.
A re-entrant jet was identiﬁed as the primary shedding
mechanism showing changes in growth and jet speed at various stages in the shedding cycle. Due to the thin cavity,
surface perturbations were seen to have signiﬁcant interaction, sometimes resulting in small-scale vapour pockets
being shed instead of large-scale cloud cavitation.
The cavitation behaviour is observed to be highly complex due to the 3D nature of the ﬂow leading to signiﬁcant
span-wise ﬂow disparity. Both hydrofoils exhibited fairly
consistent periodic shedding but varying behaviour between
each event. Two shedding modes appeared to form along
the span with either hydrofoil showing two curved regions
in the cavity trailing edge typical of a re-entrant jet. This
results in two shedding frequencies for either hydrofoil with
both having a primary frequency of 37 Hz and secondary
frequencies of 50 Hz and 42 Hz for the rigid and ﬂexible
hydrofoil, respectively. These diﬀerences are attributed to
force induced tip bending displacements aﬀecting the cavity
dynamics due to changes in the ﬂow ﬁeld. This is supported
by the fact that the observed shedding frequencies matched
those present in the X force spectrum.
The ﬂuid-structure interaction phenomena observed for
a ﬂexible 3D hydrofoil experiencing cavitation is highly complex. This complicated behaviour makes it diﬃcult to predict
the performance of real world applications such as composite
propellers. Further investigation into the phenomena in a
wider range of conditions will allow more detailed and accurate predictions, permitting improved designs of control
surfaces and marine propulsors.
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Grenoble, France, 1998.

[27]

G. A. Zarruk, P. A. Brandner, B. W. Pearce, and A. W.
Phillips. Experimental study of the steady ﬂuid-structure
interaction of ﬂexible hydrofoils. Journal of Fluids and
Structures, 51:326–343, 2014.

[28]

P. A. Brandner, Y. Lecoﬀre, and G. J. Walker. Design considerations in the development of a modern cavitation
tunnel. In 16th Australasian Fluid Mechanics Conference,
pages 630–637, 2007.

[29]

Y. L. Young, N. Garg, P. A. Brandner, B. W. Pearce, D. Butler, D. Clarke, and A. W. Phillips. Load-dependent bendtwist coupling eﬀects on the steady-state hydroelastic
response of composite hydrofoils. Composite Structures,
2017.

[30]

P. F. Pelz, T. Keil, and T. F. Groß. The transition from
sheet to cloud cavitation. Journal of Fluid Mechanics,
817:439–454, 2017.

