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ABSTRACT

The objective of this work is to advance the understanding of the hydroelastic response of lifting bodies in
separated multiphase flows such as cavitation and ventilation. Cavitation involves phase change between liquid
and vapor due to changes in the local fluid pressure; ventilation involves the transport of non-condensable gas
to the submerged portion of the body without significant phase change. Both cavitation and ventilation are
special forms of separated multiphase flows, and are relevant for a wide variety of marine propulsors, control
surfaces, energy saving and energy harvesting devices operating at or near the free surface, or at high-speeds.
Cavitation and ventilation can lead to large reduction in the mean lift/thrust, increase in drag, and cause
dynamic load fluctuations, all of which can affect the vehicle performance, stability, and control authority. In
addition, cavitation and ventilation can modify the local sound speed and refractive index of the fluid mixture, as
well as the boundary layer and vorticity dynamics. Since many lifting devices are effectively thin plates or
beams subject to high loading, flow-induced deformations may occur. These deformations/vibrations can in turn
affect the surrounding multiphase flow and lead to drastically different dynamical responses compared an
equivalently rigid structure. The two-way fluid-structure interactions significantly complicate the prediction,
measurement, and assessment of separated multiphase flows, and may even lead to potentially catastrophic
hydroelastic instabilities such as divergence, flutter, and parametric excitations. On the other hand, the fluid-
structure interaction response can be tailored by taking advantage of advances in materials, sensing and control
to improve the system performance, delay/control separation and multiphase flows, as well as related vibration
and noise issues. In this paper, we first discuss the difference between cavitation and ventilation, and their
relations to flow separation. Next, we describe the mean and unsteady hydrodynamic response of rigid lifting
bodies in cavitating and ventilated flows, including the rate-dependent hysteresis response. Next, we discuss the
influence of hydroelastic response on multiphase flows, the influence of multiphase flows on the hydroelastic
response, and hydroelastic instabilities that can result from the two-way interactions. We will then discuss
opportunities to tailor the hydroelastic response to improve performance and control multiphase flows. Finally,
we will summarize current challenges associated with the prediction, measurement, and assessment of the
hydroelastic response of lifting bodies in separated multiphase flows.

1.0 INTRODUCTION

Cavitation and ventilation are both special forms of separated multiphase flows, as the flow streamlines detach
from the body surface because of the formation of vaporous and gaseous bubbles, respectively, which create
vortices that interact with the surrounding flow. Cavitation and ventilation are relevant for a wide variety of
marine lifting bodies such as propulsors, dynamic positioning devices, control surfaces, energy saving and
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energy harvesting devices. Both phenomena tend to occur in regions of low pressure and low momentum such
as separated flows, and in regions of high vorticity such as tip vortex. Once cavitation or ventilation incepts in
the form of a small vapor- or gas-filled bubble, the bubble can quickly expand with further reduction in pressure
to fill the separated region or tip vortex, and even completely replace the local liquid flow to form a large
continuous vapor- or gas-filled cavity. If the cavitation or ventilation development is limited and exists only in
the form of a small bubble, then it will not have a significant impact on the underlying liquid flow and resulting
forces acting on the structure. However, if the cavitation or ventilation is sufficiently developed, the change in
local fluid density and pressure will modify the surrounding flow dynamics and affect the forces acting on the
structure. It is well known that cavitation and ventilation can lead to large reduction in mean lift/thrust, increase
in drag, and cause dynamic load fluctuations, noise and vibration, all of which can affect the vessel performance,
stability, and control authority. Since many lifting devices are effectively thin plates/beams subject to high
loading, structural deformations and fluid-structure interaction (FSI) can come into play, which will modify and
interact with the multiphase flow. The resulting complex two-way interactions introduce significant challenges
to the prediction, measurement, and assessment of separated multiphase flows. Flow-induced deformations and
FSI could be detrimental if not considered in the design, but they could also be advantages if intelligently
tailored to improve performance and to delay/control flow separation, cavitation, and ventilation. Hence, the
objective of this work is to advance the understanding of the hydroelastic response of lifting bodies in separated
multiphase flows such as cavitation and ventilation.

1.1 Cavitation vs. Ventilation

Cavitation inception is caused by vaporization of the free nuclei (weak points or traveling microbubbles) in the
flow when the absolute local pressure drops to below the critical pressure, which is typically assumed to be the
saturated vapor pressure of the liquid [11,26]. The actual cavitation inception pressure depends on the salinity,
temperature, water quality and material surface characteristics [11,26]. Cavitation can develop in different
forms, including bubble cavitation, sheet cavitation, cloud cavitation, tip vortex cavitation, hub cavitation, gap
cavitation, and shear cavitation. A cavity that collapses on the body surface is called a partial cavity (PC), while
a cavity that collapses aft of the body trailing edge is called a supercavity (SC). A cavity that forms in the free
wake of bluff bodies or in liquid jets is called a shear cavity, and its physics is very similar to that of tip vortex
cavity [26]. A partial cavity typically undergoes periodic growing and collapse cycles, which can lead to load
fluctuations, vibrations, noise, and erosion. Hence, most marine lifting bodies are designed to avoid cavitation
when possible. For high-speed applications where cavitation cannot be avoided, supercavitation or artificial
ventilation is typically desired to minimize cavity-induced erosion, vibration and noise by forcing the vaporous
or gaseous cavity to collapse well downstream of the body trailing edge.

Ventilation involves the entrainment of predominantly non-condensable gas into submerged regions around the
body. For shallowly or deeply submerged bodies, the free surface provides a readily available and continuous
supply of gas, which can be drawn down to low pressure and low momentum regions (e.g. separated flow
regions) around the body. Such events are called natural or atmospheric ventilation [36,78], and occur when
there is a low energy path for air ingress to ventilation-prone regions around the body. Prior to ventilation
inception, a thin layer of water, called the surface seal, separates the gas from the ventilation-prone regions on
the submerged part of the body. The surface seal is a layer of unseparated flow maintained by the constant
atmospheric pressure on the free surface and the flow momentum, while the low-pressure region on the body
acts to draw the free surface towards the body. The thin surface seal can be breached by the growth of Taylor
instabilities on the free surface [69]. Taylor instabilities are typically observed when a light fluid (e.g. air)
accelerates toward a dense fluid (e.g. water), resulting in amplification of small perturbations. The growth of the
small perturbations leads to the formation of aerated vortex cores that provide convenient air paths to ventilation-
prone regions around the body or to a low-pressure tip vortex [59,68]. The surface seal can also be breached by
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physical mechanisms such as air or water injection, or solid (debris) impingement, such that it provides a path
for air ingress [34-36,78]. Previous experimental studies have shown that waves can promote ventilation of
surface-piercing bodies [51]. Besides atmospheric ventilation, forced or artificial ventilation can also develop
via the introduction of non-condensable gas by means of blowing or pumping, such as for drag reduction and
flow control applications [1,26,37,50,60]. Unanticipated ventilation can lead to sudden and large changes to
hydrodynamic loads, resulting in loss of vehicle control and/or lateral stability, hydroelastic instabilities (e.g.
flutter, divergence, etc.), and even capsizing. For marine propulsors and dynamic positioning devices,
uncontrolled ventilation can lead to rapid racing of the propellers, leading to engine damage [40,78].

1.2  Relations between Cavitation, Ventilation, and Flow Separation

Both cavitation and ventilation are strongly connected to flow separation. The separated region provides
temporary shelter from the oncoming flow for the vapor or gas bubble to incept and expand in low pressure
conditions. Changes to the separated region, such as flow reattachment due to transition to turbulence, can cause
the bubble to be swept away. Moreover, for cases with attached turbulent boundary layer with no separation, no
attached cavity can exist on the body; hence, cavitation can only appears in the form of traveling bubble
cavitation originating from free nuclei carried by the flow or in the form of spot cavitation attached to isolated
roughness elements [26]. Similarly, past experiments have shown that at least a very small amount of separation
is necessary for an entrained gas bubble to be attached to the body surface and expand due to low surrounding
pressure [13,34,35,36,68]. The interaction between cavitation/ventilation and separation can be two ways, as
explosive growth of a vapor or gas bubble can trigger transition to turbulence, or replace the liquid flow
altogether. The connection to separation have also motivated numerous researchers to explore methods to control
cavitation/ventilation by eliminating or controlling the extent of the separated region by geometry optimization,
as well as passive or active flow control strategies.

2.0 HYDRODYNAMIC RESPONSE IN SEPARATED MULTIPHASE FLOWS

In this section, we first review the steady-state and dynamic response of rigid lifting bodies in cavitating and
ventilated flows. The hydroelastic response of marine lifting bodies will be presented in Section 3.0.

2.1  Hydrodynamic Response in Cavitating Flows

A key parameter that governs the hydrodynamic performance of rigid marine lifting surfaces in cavitating flows
is the effective cavitation parameter,

O Po=Pe_ 2 PP U "
w_za’ o= 0_5pr2_aC Fizlh;ac_ OsprZI Plh_m; o — 0 pg

a is the angle of attack. o is the classical cavitation number defined by the absolute free stream pressure P, at a

submerged depth of h from the free surface, the cavity pressure E., and the fluid dynamic pressure O.Sprz. Pr

is the fluid density, U is the inflow velocity, and g is the gravitational constant. F,,, = s the submerged

Jon

depth-based Froude number. In field tests and in atmospheric test facilities, P, = P,.,,. In model-scale tests
where the maximum inflow or carriage speed is lower than full-scale speed, a depressurized facility (e.g.
cavitation tunnel or depressurized wave basin) is typically needed to satisfy i similarity by lowering the
absolute tunnel pressure P,. For vaporous cavitation, P. is equal to the saturated vapor pressure, P,.
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To illustrate the influence of vy on the hydrodynamic performance, sample results are shown in Figs. 2-1 to 2-3
for a stainless steel (SS) hydrofoil with modified NACA 0009 cross section and a linearly tapered planform. The
loaded span of the hydrofoil is s = 0.3 m and the mean chord is ¢ = 0.09 m. The effective aspect ratio of the
hydrofoil is Az = 2s/¢=6.7, as the foil is cantilevered at the root. The test results were obtained from the
Cavitation Research Laboratory (CRL) variable pressure tunnel at the University of Tasmania with Reynolds

number Re = ? = 0.8 x 10° and @ = 6°. Details of the experimental setup and procedure can be found in
i

[61-64,76,77].

The variation of the ratio of the measured mean lift (C;), drag (C), and moment (C,,) coefficients as a function
of i are shown in Fig. 2-1. The symbols correspond to the mean values, and the error bars represent the
amplitude of the instantaneous load fluctuations caused by unsteady cavity shedding. Sample snapshots showing
leading edge partial sheet cavitation, unsteady sheet-cloud cavitation, and supercavitation are shown on the right
of Fig. 2-1. The variation of the measured normalized maximum cavity length (L. 4./ ¢) at the foil midspan as
a function of v is shown as symbols in Fig. 2-2. Semi-empirical equations for C;, Cp, Cy, and L a5/ fOr
hydrofoils with thin symmetric sections and A, > 4 are given in Eqns. (2)-(6). The predicted values using
Eqns. (2)-(6) are shown as lines in Figs. 2-1 and 2-2, which agreed well with experimental measurements. The
semi-empirical equations for the Strouhal number corresponding to Type | and Type Il cavity shedding
frequencies are given in Egns. (7)-(8) and will be explained next.

3-D lift coefficient a2l 2)
C.=ala; all = —Dazu
1+:2
TI'AR
2-D lift slope a?? = +max(0.5,2 — 5.19¢ 10¥) ®)

Maximum cavity length Lemax _ 2 326e-0316% (4)
CM = CLE
_epwtesc  epy —egc an 0.85 — L max/€ (5)
B 2 2 0.25

3-D moment coefficient
erw = 025, € = 0.05
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c ) 0.075 N c?
Dwet == (log(Re) —2)2 " mAg’

3-D drag coefficient (6)
P
Cp = Cpyet 1+85_Ze 252 |; §=2.5
Type | cavity Strouhal Sty = 1€ _ 0.12 for 1.2 <P <3.0 (7
number: U
Type Il cavity Strouhal _fac 3 (8)
number: Sty =—-=0. 0052y + St,

Cavitation first incepts in the form of bubble cavitation, which transitions to a thin leading edge partial sheet
cavity at yp~10. Stable leading edge partial sheet cavitation transitions to unstable sheet-cloud cavitation at
P~5, when, the maximum cavity length at midspan is near 40% of the chord length (see Fig. 2-2). The mean
C,, increases slightly with the growth of the partial cavity because of the increase in effective camber, while the
amplitude of the load fluctuations increases significantly due to periodic growth and collapse of the sheet-cloud
cavities. As i further reduces, C; and C,, decrease, and Cp increases, until the cavity reaches near the foil

trailing edge, i.e. L‘:"ﬂrvl, at y~2. The mean C; and C,, reach a plateau, the mean Cj decreases, and the

c

amplitude of the load fluctuations drops drastically, when stable supercavitation develops with LC’% =15 at

Y < 1. As shown in Figs. 2-1 and 2-2, good general agreement is observed between measured and predicted
values obtained using Eqgns. (2)-(6). Nevertheless, the specific value of i) when flow transitions between the
various cavitation regimes can vary with foil geometry, and can be influenced by 3-D effects, flow unsteadiness,
foil motions and deformations.

As summarized in [63,64,77], the periodic shedding of vaporous cavities have been attributed to three
mechanisms: (1) growth of interfacial instabilities such as caused by formation of Kelvin-Helmholtz waves
[11,10,26], (2) formation of a re-entrant jet at the rear of the cavity that moves upstream and pinches the cavity
interface, allowing it to breakoff and shed downstream as a cavitating cloud/vortex [14,25,39,42,43,67,61-63],
and (3) shockwave formation and propagation caused by changes in sound speed of the local fluid mixture
[11,26,30,58,61-63].

Re-entrant jet driven cavity shedding are commonly referred to as Type Il oscillations or partial cavity instability
or cloud cavity instability [11,18,23,25,29,30,70]. The shedding is caused by the upstream motion of the re-
entrant jet flow. As indicated in Eqgn. (8), the mean-chord based Strouhal number for Type Il re-entrant jet
driven cavity shedding, St,, is dependent on the maximum cavity length, and hence the effective cavitation
parameter i [14,77]. The formation of the re-entrant jet is important for Type Il shedding, as placement of a
small obstacle to block the upstream motion of the re-entrant jet will modify the cavity shedding process to result
in the breakup of smaller vapor structures [25]. It should be noted that re-entrant jet driven shedding of sheet-
cloud cavitation tends to be the most regular and coherent regime of cavity shedding [26], and Eqn. (8) is meant
to predict the dominant shedding frequency. The actual frequency response may be multi-modal, as thin cavities
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tend to shed in the form of multiple small clouds rather than a single large cloud, and 3-D effects may lead to
shedding of multiple clouds along the span (such as observed in the middle, right photo in Fig. 2-1) [25,61].
Moreover, for lifting bodies with non-zero sweep or skew, the direction of the re-entrant jet, which is normal to
the cavity closure line, will have a spanwise component that will modify the cavity shedding dynamics [25,26].
The cavity shedding process can also appear chaotic due to interaction with shock waves generated by collapse
of larger cavities with higher vapor fraction elsewhere along the body surface [61,73].

SS hydrofoil, a = 6°, Re (million) = 0.8

 CL(exp)
0.9* - —CL (ﬁt) | a = 60
T & CM(exp) | o=15
====CM (fit) =716
® 10*CD (exp)| |
= = 10*CD (fit)
|
a=6°
1 =09
P =430
W~ o g — — — _
N e |
a=6"
0—- 1 1 1 a': 04
0 5 10 15 20 )
" P =191

Figure 2-1: Variation of the measured mean lift (C), drag (Cp), and moment (Cyy)

coefficients as a function of the effective cavitation parameter 1 (as defined in Eqn. (1)). The
symbols represent the mean values, and the error bars represent the amplitude of the
instantaneous load fluctuations caused by unsteady cavity shedding. The lines represent
the values predicted using Eqns. (2)-(6). Sample snapshots representing leading edge partial
sheet cavitation, unsteady sheet-cloud cavitation, and supercavitation are shown on the

right. All the results correspond to a SS hydrofoil with Ap = 6.7 at

Re = 0.8x10% a, = 6°. The experimental setup and additional results can be found in
[61-64,76,77].

Shockwave-driven cavity shedding are commonly referred to as Type | oscillations, or transitional cavity
instability [18,23,29,30,63,64,70,77]. Type | shedding is primarily driven by shockwave propagation when the
local flow speed exceeds the sound speed of the liquid-vapor mixture, which typically occurs when

Lemax o 075, Past experimental studies have shown that Type | oscillations yielded a near constant cavity
sheddlng frequency of between 10-12 Hz for most hydrofoils regardless of geometry [18,23,29,63,64,70,77].
For cavities with 2222 < o, 75, the void fraction tends to be too low such that the speed of sound of the mixture

is still higher than the local flow speed, and hence Type Il re-entrant jet shedding governs. As shown in recent
experimental studies, Type | and Type Il cavity shedding can occur simultaneously on a lifting body or a bluff
body for a limited range of effective cavitation parameters [63,64,73,77].
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Figure 2-2: The variation of the measured normalized Figure 2-3: Frequency spectra of the measured
maximum cavity length (L¢ jqx/€) at the foil midspan instantaneous lift coefficients, along with the predicted

. Type | and Type Il cavity shedding frequencies
as afun_ctlo_n of . All the results correspogd to aSOS obtained using Eqns. (7) and (8), respectively. All the
?_%/drofonhwllth Ap I=t6.f'zhat Re E (f) thlho ,a.=767 * results correspond to a SS hydrofoil with Ag = 6.7 at

e graph is areplot of the results first shown in [77]. Re = 0.8x106,a = 6°. The graph is a replot of the
results first shown in [77].

The frequency spectra of the measured instantaneous lift coefficients for various cavitation number or ) for the
SS hydrofoil is shown as contours in Fig. 2-3, along with the predicted Type | and Type Il shedding frequencies
obtained using Eqgns. (7) and (8), respectively. In general, the peaks of the frequency spectra fall along the
predicted lines for Type | and Type Il shedding. Note that the contour plot gives the appearance of isolated
peaks because only a limited number of cavitation numbers were examined, and the frequency resolution was
limited. Repeated measurements of the frequency response of the lift spectra with finer frequency resolution,
along with post-processing of the high-speed video recordings of the same SS hydrofoil showed a more
continuous band of peaks along the same Type | and Type Il cavity shedding frequency curves, but also an
additional higher frequency band due to secondary Type Il re-entrant jet cavity shedding near the foil tip caused
by 3-D effects, as well as higher frequency structural excitations [61].

In addition to cavities forming on the suction side of the body surface, cavitation can also develop behind a bluff
body or a lifting body with a blunt trailing edge if the pressure drops to near the vapor pressure. As shown in
recent experimental studies in [73], sufficiently high vapor fraction in the wake can lead to the formation of
shockwaves, which will modify the global wake structure, including the vortex shedding frequencies and the
spacing between vortices. In particular, she found that there exists two primary modes in cavitating wake flow: a
sinusoidal mode that acts like a dipole caused by oscillating vortices shed from the top and bottom sides of the
body trailing edge, and a pulsating mode that acts like a monopole caused by compressibility effects. The
pulsating mode is responsible for increasing the shedding frequency of the cavitating wake with decreasing
cavitation number until a peak develops, after which the shedding frequency decreases rapidly with further
reduction in cavitation number [73]. Following the same logic, cases with artificial supercavitation (such as by
injection of non-condensable gas) or fully ventilated flow should exhibit different wake dynamics because of the
change in compressibility of the wake.

2.2  Hydrodynamic Response in Ventilated Flows
The hydrodynamic performance of rigid lifting surfaces in ventilated flows is also governed by the effective
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cavitation parameter defined in Egn. (1), with P, as the cavity pressure. In the case of natural or atmospheric
ventilation, B. = P, so o, = 0. In the case of artificial or forced ventilation, P, = B, + Fy, where By is the

pressure of the injected non-condensable gas, so P, < P. < P,.

As noted in [13,34-36,59,68,72,78], there exists four primary flow regimes on a partially or shallowly
submerged body: fully wetted (FW), partially ventilated (PV), partially cavitating (PC), and fully ventilated (FV)
flows. Sample photographs of each of the flow regimes are shown in Fig. 2-4. Following the definitions used in
[36,78], FW flow is defined as when the flow is fully wetted on both the suction and pressure sides of the body,
although the separated region aft of a body with a blunt trailing edge may be base-ventilated or base-cavitating.
PC and PV regimes are respectively defined as when a vaporous and a gaseous cavity are present, but does not
cover the full submerged span of the body, and when the cavity is unstable because of the upstream motion of
the re-entrant jet [36,78]. Cavitation and ventilation can occur simultaneously, although on different regions of a
submerged body [75,34,35]. Cavitation can promote ventilation, as observed in [34,35,59,68]. Once the PC
extends to beyond ~40% of the body length, the instability created by the partial cavity shedding and interactions
with Taylor instabilities tend to promote transition to FV flow [35,36]. The FV regime is defined as when a
stable gaseous cavity envelops the suction side of the body. It should be noted that transition from FW to FV
flow can occur very rapidly, i.e. less than a second, which could lead to sudden loss of control and lateral
stability, and even capsizing of the vessel, particularly at high speeds.

AR, =1
0.8 H & Fw, Fah=3, HARWOOD EXP
—FW, Fnh=3, PRE
< FV. Fnh=3, HARWOQOD EXP
0.7 H--FV, Fnh=3, PRE
FW, Fnh=4, BRESLIN EXP
FW, Fnh=4, PRE
0.6 H * Fv.Fnh=4, BRESLN EXP L]
FV. Fnh=4, PRE A
E W FW, Fnh=6, BRESLIN EXP :
= 0.5 H—Fw. Fnh=6 PRE i
=] O FV. Fnh=6, BRESUN EXP i
= e PV, F=6, PRE i »
D o4t i oo
% Fully Wetted | 5T
8 03F m%}ﬂ»m“’ a
- m}
1
Fnh=3
© 02t
0.1 Ff :
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0 1 1 L L 1
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o g (deg)
Figure 2-4: Sample snapshots of the four primary flow Figure 2-5: Hysteresis response of the lift

regimes on a surface-piercing hydrofoil: fully wetted ¢oefficient as a function of ¢« and Fnh for two

(FW), partially ventilated (PV), partially cavitating (PC), diff t face-pierci hvdrofoil ith
and fully ventilated (FV) flows. Flow goes from right to eren surtace-piercing ydrofotis wi

, h I :
left, and the free surface is at the top. See [34,36] for Rp =.= 1. The symbols indicate experimental

details about the experimental setup and results. data, and the lines indicate the predicted values
obtained using semi-empirical relations given in
[19]. The graph is taken from [19].

The dynamics between cavitation and ventilation can be very different because of the differences in
compressibility between vapor and gas. Periodic shedding in PC and PV flows are driven primarily by the
upstream motion of the re-entrant jet, and hence the cavity shedding frequency should depend on the cavity
length, which in turn depend on i, like that shown in Eqgn. (8). It is important to note that for partially or
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shallowly submerged bodies, PC and PV flows tend to be 3-D in nature because of spanwise variations caused
by pressure release at the free surface and free tip, and by hydrostatic pressure gradient effects. Consequently,
the cavity length and shedding frequency will vary along the span (such as shown in Fig. 2-4), which prevents
tonal frequency response caused by coherent cavity shedding. In case of atmospheric ventilation, the FV cavity
tends to be stable when the turbulent cavity closure region is sufficiently downstream of the body trailing edge.

Besides atmospheric ventilation, where the gas source is from the free surface, artificial or forced ventilation by
injecting gas to form/extend the cavity is a technique used for drag reduction and flow control of marine vehicles
and lifting bodies [1,26,37,50,60]. The dynamics of forced ventilation depends on the cavity compliance

parameter, ——, defined in Eqgn. (9), which is a measure of the relative contribution of gas to the cavity dynamics.
%g

izﬁ_lj _PDCI_PD. _Pc_Pv. (9)

o, = VO, = ,0=0,—0
Too05pU? T8 0.5p.0° v g

Note that ,, and g, are respectively used to denote the cavitation number defined based on the vapor pressure

and the relative pressure difference between the cavity pressure and the vapor pressure. The cavitation
compliance parameter, and hence o, is a function of the gas injection rate and F,, , which controls the form,

extent, and shedding frequency of the artificial cavity. This interdependency is quite complicated, and interested
readers should refer to [50,60,78] for a more extended discussion of this topic.

2.3 Rate-Dependent Hysteresis Response of Cavitating and Ventilated Flows

One particularly challenging aspect concerning the prediction, measurement, assessment, and control of
cavitation and ventilation is the nonlinear rate-dependent hysteresis response, where the hydrodynamic
performance depends on its history and flow speed. For cavitating flows, it is well known that the desinence
cavitation parameter (the cavitation parameter at which cavitation disappears) is higher than the inception
cavitation parameter because of hysteresis effect. This means that the flow speed or the angle of attack needs to
be lower, or the submerged depth needs to be greater (and hence higher absolute hydrostatic pressure), than the
value at cavitation inception. The same is true for ventilation. The typical rate-dependent hysteresis response of
the mean lift-coefficient €, versus angle of attack & of a surface-piercing hydrofoil is shown in Fig. 2-5, which is
taken from [19]. At a given submergence depth and speed, as the angle of attack increases, the lift coefficient
climbs along the FW curve until the natural ventilation develops, at which point the lift coefficient will drop
rapidly. The ventilated cavity stabilizes when FV flow develops, which is when the cavity envelops nearly the
entire suction surface such that the re-entrant jet flow is no longer directed upstream. Once FV, further increases
in & will lead to increase in the extent of the ventilated cavity and increase in the C;, but along the FV curve,
which has a much lower slope than the FW curve. Moreover, once FV, decreases in @ will cause the €, to
decrease along the FV curve until the ventilated cavity begins to wash off, which is when the re-entrant jet has an
upstream component that acts to destabilize the cavity [36]. Finally, with further reduction in a, FW flow will
be recovered, but at a much lower angle of attack than the ventilation inception angle. Note that for some foil
geometries, @ may need to be reduced to a negative value in order for the gas cavity to wash off [13]. The flow
is bi-stable between the bifurcation angle, where the FW and FV curves intersect, and the natural ventilation
inception angle; any external perturbation (e.g. gas, water, or debris impingement) can cause the flow to
transition from FW to FV flow within the hysteresis loop. Moreover, the natural ventilation inception angle and
the rewetting angle both tend to occur at lower a or lower Cy, as E, increases [19], as illustrated in Fig. 2-5.
The ventilation inception angle also tends to occur earlier with decreases in the vaporous cavitation number,
g, 1.e. when the lifting surface is operating closer to the free surface or at higher speeds. In other words,
cavitation tends to accelerate ventilation inception [59,68].

STO-MP-AVT-307 5-9



sal

Hydroelastic Response of Lifting Bodies in Separated Multiphase Flows organization

3.0 HYDROELASTIC RESPONSE IN SEPARATED MULTIPHASE FLOWS

Although advances have been made in the understanding of the hydrodynamic response of separated multiphase
flows, very little work has examined the hydroelastic response and stability in multiphase flows. This is because
traditional marine lifting surfaces are typically made of heavy and stiff metallic alloys to withstand the high
hydrodynamic loads. Consequently, the hydrodynamic and structural analyses can be decoupled, which greatly
simplifies the design and analysis. However, rigid and fixed geometry lifting surfaces suffer from performance
decay when operating away from the design conditions, which can occur quite often for marine vehicles with
diverse operating profiles. Given the recent interest to enhance the efficiency and reduce harmful emissions of
maritime transports, lighter structures with improved performance over a wider range of operating conditions is
desired.

Many advances have been made in the aerospace and wind energy industry to use advanced materials and
active/passive control strategies to improve the performance of aerodynamic lifting surfaces. Examples include
rotor craft and turbine blades made of anisotropic composites, which have the advantage of higher specific
strength, improved damping properties, reduced electromagnetic signatures, and better fatigue characteristics
compared to traditional metallic alloys [54]. Moreover, the intrinsic bend-twist and extension-twist coupling
behavior of composites have been used to improve the damping, enhance stability, and reduce dynamic load
variations of wings and rotor blades [27,31-33,57,66,71,74]. More recently, adaptive composite wind turbines
have been shown to improve the fatigue life and overall energy capture with decreased blade loads and enhanced
stall characteristics [44,45,48,49].

Composites can also be used to improve the performance of marine lifting surfaces in addition to providing the
benefits of reduced weight, improved resistance to sea water corrosion, and higher damping. For marine
propulsors and turbines, passive pitch adaptation through material bend-twist coupling can reduce or negate the
need for large and expensive hydraulic actuators used for controllable pitch devices, thus reducing related
operational and maintenance issues. Additionally, adaptive lifting surfaces are better suited for complex inflows,
which is typical of marine propulsors and turbines because of the presence of the free surface, waves, currents,
and interactions between hull, propulsion, and rudder. The rapid change in flow conditions coupled with the high
fluid loading render most active actuation devices ineffective at high speeds. Hence, it would be desirable to take
advantage of passive load-dependent shape morphing capability of anisotropic composites to improve
performance. Recent experimental and numerical studies have shown that passive pitch adaptation of composite
marine propeller blades can be used to delay and/or reduce cavitation, and increase fuel-efficiency, compared to
their rigid counterparts when operating at off-design conditions and/or non-uniform inflows [79]. Similar
advantages have been found numerically for marine turbines [8,52,55], where adaptive blades were shown to
improve performance, reduce structural loads, and reduce or delay cavitation. Nevertheless, most of the past
work did not consider the dynamic response and stability in multiphase flow. Hence, the objective of this
section is to summarize recent research on the two-way interactions between hydroelastic deformations of lifting
surfaces and multiphase flows.

3.1 Influence of Hydroelastic Response on Multiphase Flows

The interplay between elastic body deformation and multiphase flows was studied in [2-4,9,12,15,16,21,22,61-
64,76,77,80-82]. In general, the studies showed that deformations that yield nose-up twist, which will increase
the effective angle of attack, lead to higher hydrodynamic loads, accelerated flow separation and stall, earlier
cavitation/ventilation inception, longer cavities, and lower cavity shedding frequencies compared to a rigid
hydrofoil with the same unloaded geometry. The opposite is true for deformations that lead to nose-down twist
[3,5,6,76-79,82].
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To illustrate, sample results are shown in Fig. 3-1 for the cavitating response of three hydrofoils with identical
unloaded geometry: one stainless steel (SS) hydrofoil and two composite hydrofoils. The SS hydrofoil is the
same as described in Section 2.1, where the results are shown in Figs. 2-1 to 2-3. The two composite hydrofoils
are both made of epoxy resin reinforced with the same nominal layup of carbon fiber reinforced polymers
(CFRP) and glass fiber reinforced polymers (GFRP). The only difference between the two composite hydrofoils
is the orientation of the structural CFRP layers, which are oriented +30° and -30° from the spanwise axis for the
P30 and N30 hydrofoils, respectively. The fiber orientation is defined positive towards the foil leading edge.
All three hydrofoils were tested in the in the same cantilevered configuration with the same mounting and setup
at the Cavitation Research Laboratory variable pressure tunnel at the University of Tasmania. Details of the
experimental setup and procedure can be found in [61-64,82,76,77].
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Figure 3-1: (a) Variation of the measured lift coefficient (Cy) against the cavitation number (&)
for three hydrofoils with identical unloaded geometry and setup. (b) Variation of the
measured lift coefficients normalized by their respective fully wetted values (Cy, ,,..¢), and the
measured normalized maximum cavity length (anu,/’c), against the effective cavitation
parameters ( = @ /2¢¢) for all 3 hydrofoils, where @ pp = @, + 28y, /T with By;, as
the tip twist angle in FW flow. Also shown in solid lines are the predicted values using
Equation (2)-(4). Hﬁp is equal to 0°, -1.2°, and +3.36° for the SS, P30, and N30 hydrofoils,

respectively, at Re = 0. 8x10°, a, = 6°. Graphs taken from [76].

The results shown in Fig. 3-1 are taken from [76] for Re = Y _ 0.8x 10% and & = 6° for varying cavitation

Vf
numbers, . The plot on the left of Fig. 3-1 shows that the mean €, for the N30 and P30 hydrofoils are
respectively higher and lower than the SS hydrofoil in FW flow, i.e. when o > 3. The corresponding measured

tip twist angle, Otip for the SS, P30, and N30 hydrofoils are respectively 0°, -1.2°, and +3.36° in FW flow at

Re = 0.8x10°%, a, = 6°. Nose-up twist is defined as positive. Compared to the SS hydrofoil, the fluctuations
in €, is observed at higher values of g, which is indicative of earlier cavitation inception, for the N30 hydrofoil
because of the nose-up twist. For the same reason, the normalized maximum cavity lengths (L ,,.../c) are
longer for the N30 hydrofoil compared to the SS hydrofoil at the same & and «. Conversely, the P30 hydrofoil
exhibited delayed cavitation inception and shorter cavity length compared to the SS hydrofoil because of the
nose-down twist.
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The plot on the right of Fig. 3-1 show that the normalized lift coefficient relative to the mean FW values,
C1/Cy ves» and the normalized maximum cavity lengths, L ... /c, at the midspan for all three hydrofoils can be

2601 . .
=, where @ p5 =, + % is the effective

Seff

angle of attack. a, is the geometric angle of attack and &,,,, is the tip twist angle in FW flow. &,;,, was not

measured in cavitating flow because of challenges associated with flow-induced vibrations. The 2/ m factor for
8, 1S Used to account for the spanwise variation in twist, which is assumed to take the shape of a half sine

curve, which goes from zero at the root to g, at the tip. ~ The lines in Fig. 6 correspond to the predicted values
using the semi-empirical relations shown in Eqns. (2)-(8) by replacing a with a, . Good general agreement is
observed between predictions and measurements.

collapsed on the same trend lines when plotted against » = ;

Comparisons of the observed cavitation patterns of the SS, P30, and N30 hydrofoils are shown in Fig. 3-2 along
with the predicted cavitation patterns obtained by using Eqgns. (2)-(4). To obtain the 3-D cavitation patterns, we
assumed elliptic loading distribution, and the local 2-D or sectional effective angle of attack is defined as
a () = a, + 8(y) + a;(y). 0(y) is the twist angle at spanwise coordinate y. a;(y) is negative and is the
induced angle of attack caused by the 3-D downwash. The predicted spanwise variation of the Type | and Type
I cavity shedding frequencies obtained using Eqgns. (7)-(8) with (i) are shown on the bottom of Fig. 3-2.
The contour of the measured frequency spectra of the instantaneous lift coefficient for the P30 and N30
hydrofoils across a range of o values are shown in Fig 3-3; the corresponding contour for the SS hydrofoil is
shown in Fig. 2-3. The predicted Type | and Type Il cavity shedding frequencies are shown as black dashed
lines and red dashed-dotted lines, respectively, in Figs. 2-3 and 3-3.

As shown in Fig. 3-2, the cavity extent is longer, and the Type Il re-entrant jet cavity shedding frequency is
lower, for the N30 hydrofoil because of the nose-up twist compared to the SS hydrofoil for the same flow
condition. The opposite is true for the P30 hydrofoil. In addition, while only Type Il re-entrant jet shedding is
predicted for the SS and the P30 hydrofoils, Type | shockwave driven shedding is also predicted for the N30
hydrofoil because 1 is low enough with the increase in a, ¢ ¢ such that the vapor volume fraction is high enough

for shockwaves to form. For all 3 hydrofoils, the peaks are much more intense for the Type | shockwave driven
cavity shedding compared to the Type Il re-entrant jet cavity shedding. This is probably because the Type Il
cavity shedding frequency varies along the span with the cavity length, and hence not coherent, compared to the
Type | cavity shedding frequency, which is constant at ~11 Hz throughout most of the span.

In general, the peaks of the lift frequency spectra fall along the predicted Type | and Type Il cavity frequency
curves in Figs. 2-3 and 3-3. The peaks of the Type Il re-entrant jet cavity shedding have much lower amplitude
for the P30 and N30 hydrofoils than the SS hydrofoil. This is probably because composite hydrofoils have
higher damping. For the P30 hydrofoil, there is a strong peak near 32 Hz, which is suspected to be due to lock-
in of the Type Il cavity shedding frequency with the harmonic of the Type | shockwave driven cavity shedding
frequency and with the fundament natural frequency of the P30 hydrofoil in supercavitating (SC) conditions. As
shown in Fig. 3-2, the cavity is collapsing just aft of the trailing edge for the N30 hydrofoil at &, = 6° and
o = 0.6, where both Type | and Type Il cavity shedding mechanisms are present. At 32 Hz, the Type Il re-
entrant jet cavity shedding frequency is nearly three times the Type | shockwave cavity shedding frequency.
Moreover, although the FW natural frequency of the N30 hydrofoil is near 30 Hz, the SC natural frequency is
higher because of reduction in added mass caused by replacement of water with vapour on the suction side. The
combined effect is believed to be responsible for the high intensity peak near 32 Hz, which was audible during
the experiment.
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Figure 3-2: Comparisons of the observed (top) and Figure 3-3: Contour of the frequency spectra of
predicted (middle) cavitation patterns, and the predicted the measured instantaneous lift coefficients for
Type | and Type Il cavity shedding frequencies (bottom), the P30 (top) and N30 hydrofoil (bottom), along

obtained using Eqns. (2)-(8) with ) = /2a,;y, for the with the predicted Type | and Type Il cavity
shedding frequencies obtained using Eqns. (7)

SS, P30, and N30 hydrofoils at i ]
Re = 0.8x10% @, = 6°, and ¢ =0.6.  Graphs 2" (8). respectively, with 3 =a/2a.s,
taken from [76]. Re = 0.8x10% a = 6°. The graphs are

replotted based on the data first shown in [76].

3.2 Influence of Multiphase Flows on Hydroelastic Response

As evident via the results shown in Figs. 3-1 to 3-3, the hydroelastic response affects the multiphase flow, and
the resulting loads acting on the structure. In turn, the multiphase flow also affects the hydroelastic response.
Previous experimental and numerical studies showed that the natural frequencies of partially submerged or
shallowly submerged bodies decreases with increasing immersion because of increase in fluid added mass
[28,34,35,41,47,53,81]. Moreover, the ratio of the wet-to-dry frequencies depend on the mode shape because the
fluid inertial forces vary with the displacement direction. The system natural frequencies and damping
coefficients also vary with flow speed because the fluid forces vary with flow speed, and the effect is more
apparent for lightweight marine structures because of the lower solid-to-fluid added mass ratio [5,6,15,16,20,35].
In addition, the presence and increasing extent of cavitation and ventilation will tend to increase the natural
frequencies because of reduction in added mass caused by water being displaced by much lighter vapor and gas,
respectively [2,4,35,81].
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The influence of the flow conditions on the natural frequencies of a surface-piercing hydrofoil is shown in Fig.
3-4. The hydrofoil has a rectangular planform with uniform cross sections, and was cantilevered from the top.
The hydrofoil is made of PVC with a thin Aluminum strip (0.6 cm thick x 2.79 cm wide) affixed to the blunt
trailing edge (TE) to increase the bending rigidity for sustained testing. The span is $=0.914 m and the chord is

c=0.279 m. The submerged depth of the hydrofoil is h, and the submerged aspect ratio is AR, = % The

experimental studies were conducted at (1) the Physical Model Basin (PMB) at the Aaron Friedman Marine
Hydrodynamics Laboratory (MHL) at the University of Michigan in Michigan, USA, and (2) the free surface
variable pressure recirculating water channel at the Italian National Research Council - Institute of Marine
Engineering (CNR INM) in Rome, Italy. Details of the experimental setup and results can be found in [34-36].
Sample flow patterns for the reinforced PVC hydrofoil with ARy, = 1 are shown in Fig. 2-4.
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The measured 1% mode is bending, the 2" mode is twisting, while the 3" mode is the 2™ bending with some
twisting. AR;, = 0 corresponds to the dry condition. In general, the natural frequencies decrease with increasing
submerged aspect ratio, AR,. For 2 = AR, = 2.2, the natural frequencies for modes 2 and 3 coalesced in FW
and quiescent condition. Although towing tank studies did show a slight dependence of the natural frequencies
with forward speed, the change was small because the maximum speed was limited to 6.2 m/s [34,35,81]. As
shown in Fig. 3-4, the natural frequencies are higher in FV flow compared to FW flow, and the frequencies for
modes 2 and 3 separated in FV flow at AR, = 2.
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The significance of frequency coalescence is illustrated in Fig. 3-5. The measured time histories and frequency
spectra of the lift, drag, and moment coefficients (C., Cp, and Cw) at o= 5° in FW flow are shown in Figs. 3-5(a)
and 3-5 (b), respectively. Similar results for oo = 20° in FV flow are shown in Figs. 3-5 (¢) and 3-5 (d). All the
cases in Fig. 3-5 are for AR, = 2.0 and Fn, = 1.5 in calm water conditions, and have been shown in [81]. Based
on the complex flow dynamics in FV conditions, one would expect the load fluctuations relative to the mean
value to be higher in FV flow than in FW flow. However, the opposite is observed in Fig. 3-5. This is because
of dynamic load amplification caused by coalescence of modes 2 and 3 in FW flow (as evident via Fig. 3-5(b).
In FV flows, modes two and three separated (as shown in Fig. 3-5(d)) because of changes in added mass caused
by ventilation, which lead to significant reduction in amplitude of the dynamic load fluctuations compared to
FW flow. Similar conclusions were observed for the measured time histories and frequency response of the tip
deformations [81]. A more detailed presentation of the results will be presented in an upcoming paper by the
author [80].

As shown in Figs. 3-4 and 3-5, ventilation changes the modal characteristics, and hence dynamic hydroelastic
response. Similar observations were made in the response of flexible hydrofoils in unsteady cavitating flows via
experimental and numerical studies presented in [2,4,63,64]. These studies show that unsteady cavitation leads
to temporal variations in the fluid inertial, damping, and de-stiffening forces, which leads to modification and
modulation of the frequency response. In turn, the elastic foil deformations modified the cavity dynamics. As
illustrated in [2,4,63,64], the Type Il re-entrant cavity shedding frequency for a flexible hydrofoil can deviate
significantly from the rigid values, and instead lock-in to the foil fundamental natural frequency, its harmonics or
subharmonics due to parametric excitations.

3.3  Hydroelastic Instabilities in Multiphase flows

As outlined in the examples above, two-way interactions between multiphase flow and structural deformations
can lead to flow-induced vibrations and even hydroelastic instabilities. Resonance is an externally excited
instability, which occurs when the external excitation frequency (e.g. propeller rotation frequency, engine
excitation frequency, or wave excitation frequency) matches with one of the system natural frequencies. Flutter
is a self-excited instability that occurs when the system damping of one of the modes goes to or below zero. The
natural frequencies and damping coefficients vary with speed and operating condition because of changes in the
fluid added mass, damping, and de-stiffening force, which are components of the fluid force in phase with the
structural acceleration, wvelocity, and displacement. Experimental measurements of the changes in the
generalized fluid forces with speed and with the cavitation and ventilation, as well as resulting change in natural
frequencies and damping coefficients can be found in [35]. Periodic growth and collapse of unsteady
cavitation/ventilation will further add to the periodic fluctuations of the system parameters. The resulting
temporal change in the system mass, damping, and stiffness properties will lead to parametric excitations. In
addition to modulation of the system natural frequencies, the change in the system damping can lead to
instabilities. Flutter is one example where the flow feeds energy to further drive the structural vibrations.
Parametric resonance can also develop when the cavity modulation frequency is near a multiple of the
parametric excitation frequency, which will result in exponential growth of the oscillation amplitudes and
eventual material failure, as demonstrated in the numerical study presented in [4].

In addition to dynamic instabilities, static instability in the form of static divergence can also develop when the
deformations grow without bounds because of loss in effective stiffness caused by the fluid de-stiffening force
exceeding the structural elastic restoring force. Experimental and numerical studies by [2,3,22,34,35] suggested
that cavitation and ventilation tend to delay static divergence due to reduction in the mean lift and moment, but
may instead accelerate flow-induced vibrations and flutter. In addition, recent numerical studies [5-6] showed
that a new low-frequency bending-dominated mode (also called divergence root or divergence mode) can
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emerge at high speeds. The emergence of the new mode is because of the memory term in the unsteady fluid
loads caused by the shed vortices in the wake, which has a damping component that grows with p U and a fluid
de-stiffening component that grows with ps U?. This new mode can lead to single-mode flutter when the
damping of this new mode drops to zero. The emergence of this new mode and single-mode flutter have been
observed for strut-pod systems in water [5,9], and for aircraft wings [24], but it can occur more readily (and at
much lower speeds) for lightweight lifting bodies in water [5-6,38]. In addition, the new mode can lead to
earlier divergence when both the frequency and damping of this new mode goes to zero, while the frequencies of
the original structural modes (modes that exists in vacuum) are still positive. This type of divergence can be
dangerous, as it can happen with little warning and it only develops at sufficiently high speeds [38].

4.0 TALORING THE HYDROELASTIC RESPONSE IN MULTIPHASE FLOWS

In the previous section, we illustrated the complex two-way interactions between the hydodroelastic response
and multiphase flows. The results illustrated how the hydroelastic response can change the multiphase flow,
including the impact on separation, stall, cavitation and ventilation. We also illustrated how multiphase flows
can in turn modify the system vibration characteristics, which will lead to different dynamical response
compared to an equivalent rigid structure, and may even lead to hydroelastic instabilities. The objective of this
section is to illustrate how the hydroelastic response can be tailored to control flow-induced vibrations and avoid
hydroelastic instabilities in multiphase flow.

For a given geometry, the flow-induced excitation frequencies of a rigid lifting body caused by vortex or cavity
shedding can be determined by using semi-empirical relations such as presented in Eqgns. (2)-(8), or via
experimental and numerical studies. The external flow excitation frequencies such as caused by wind, waves,
propeller, etc. can also be determined. Hence, the next step in the design process is to select and design the
material and structure to avoid dynamic load amplifications and hydroelastic instabilities. This can be conducted
using a coupled FSI solver that can predict the variation of the system modal characteristics with flow
conditions. Note that the modal characteristics and instability mechanisms can be very different between in-air
and in-water operations. This was already demonstrated in Fig. 3-4 for a reinforced PVC surface-piercing
hydrofoil. To show another example and to illustrate how the material can be tailored to affect the dynamic
response, comparisons of the measured dry and wet modal frequencies of cantilevered composite hydrofoils with
varying Carbon-UD angles (¢) are shown in Fig. 3-6. Similar trends were predicted using high-fidelity and low
fidelity coupled FSI solvers in [46] and [5], respectively. All the hydrofoils have the same unloaded geometry
and are made of the same material, as explained in Section 2.1. As illustrated in Fig. 3-6, the natural frequencies
vary with ¢, which implies that the foil natural frequencies can be tailored by changing ¢, without any changes
to the structural geometry or material. The structure can be designed such that the natural frequencies are well
separated from each other and from the flow excitation frequencies. However, such tailoring should be
conducted using the in-water modal frequencies, as they are substantially different than the in-air values, as
illustrated in Fig. 3-6.
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To avoid hydroelastic instabilities, the critical speed boundaries must be known, which again are very different
between in-air and in-water operations and can only be predicted using a coupled FSI solver. Examples of the
predicted static divergence and flutter boundaries of CFRP plates in-air and in-water for varying fiber orientation
angle (8) and sweep angle (1) are shown in Fig. 3-7. The critical speeds are generally much lower in water
compared to in air. This is because the fluid loads are much higher in water, where the density is about 1000
times higher than air.  For the composite plate in air, the highest critical speed corresponds to a foil with a
forward sweep of 1 = —57 and the fibers aligned along the spanwise direction (¢ = 07). For the plate in water,
a backward swept hydrofoil (4 = 0°) with fibers aligned toward the inflow (6 = 0°) is needed to avoid
divergence and flutter.
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Figures 3-1 to 3-5 demonstrated how the mean and unsteady hydrodynamic response, cavitation pattern and
cavity shedding frequencies, can changed by tailoring the material. Figures 3-6 and 3-7 showed how the system
vibration frequencies and hydroelastic stability boundaries can be modified by tailoring the material. These
results suggest that there is an opportunity to passively tailor the hydroelastic response of lifting bodies in
multiphase flow by taking advantage of advances in materials and the understanding of the FSI response. In
addition, it is also possible to use active strategies to control multiphase flow. Recent experimental studies by
[35] discovered that ventilation formation and elimination can be controlled by applying very small amplitude
excitation forces (less than 5% of the lift) at the modal frequencies. In particular, the excitation of the first
bending mode in water was found to encourage ventilation inception, while excitation of higher order bending
and twisting modes was found to encourage ventilation washout and rewetting. More research is needed to
develop sensing and control strategies to actively control multiphase flow and hydroelastic response. Research
is also needed to study the interactions between elastic modes of lifting surfaces and rigid body modes of high-
speed marine vehicles, where body-freedom flutter [17,24] and other system instabilities can develop.

5.0 SUMMARY & FUTURE WORK

The objective of this work is to advance the understanding of the hydroelastic response of lifting bodies in
separated multiphase flows, with focus on cavitating and ventilated conditions. We first summarized the
differences between cavitation and ventilation, and their relations to flow separation in Section 1. In Section 2,
we summarized how cavitation and ventilation affect the mean and unsteady hydrodynamic response of rigid
lifting bodies in cavitating and ventilated flows, including the rate-dependent hysteresis response. In Section 3,
we reviewed the influence of hydroelastic response on multiphase flows, the influence of multiphase flows on
the hydroelastic response, and hydroelastic instabilities that can result from two-way FSI. In Section 4, we
demonstrated how the system modal characteristics and hydroelastic stability boundaries of composite
hydrofoils can be tailored by adjusting the fiber orientation angle or sweep angle. We also explained how small
excitations can be applied to control the inception and washout of multiphase flows. Although we have
improved our understanding of the hydroelastic response and stability of lifting bodies in separated multiphase
flows, much more work is still needed to better understand the complex interplay between structural
deformations and multiphase flows and associated potential hydroelastic instabilities. To do so, we need to
advance our current ability to predict, measure, and assess the hydroelastic response in multiphase flows.

5.1 Current Challenges and Future Work

One of the current challenges to measurement and assessment is the ability to perform time-synchronized
measurements of the velocity and void fraction distribution of multiphase flow over rigid and flexible bodies.
Such information is needed to determine the detailed interplay between boundary layer development, flow
separation, cavitation, ventilation, structural deformations and vibrations. It is a challenge because the refractive
index is modified in the presence of cavitation or ventilation, which challenges optical measurement techniques,
and the problem is made even more complicated by structural deformations and vibrations. Only recently were
researchers able to measure the void fraction of the flow mixture using x-ray densitometry, which lead to the
important finding that shockwave formation and propagation is an important driver of cavitation collapse in
addition to re-entrant jet formation and propagation [73]. Moreover, cavitation and ventilation can occur in the
form of a discrete bubble(s), many interacting bubbles, or as one large continuous bubble, all of which can
change spatially and temporally in the flow. Moving fluid-solid interfaces create another challenge. However,
recent advances in 3-D flying shape sensing [34,35] or motion capturing systems, and Digital Image Correlation
techniques [56], can be used to measure the structural dynamics.
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Another challenge in measurement and assessment of cavitation and ventilation is their stochastic nature. For
example, the inception of tip vortex cavitation requires the chance encounter of a free cavitation nucleus with the
moving tip vortex. Hence, the probability of cavitation inception depends on the size and density distribution of
cavitation nuclei in the flow, as well as flow conditions that govern the size, strength, and movement of the tip
vortex. Needless to say, the problem gets more complicated if the structure is moving or deforming. Similar
problems exist for ventilation, as atmospheric ventilation inception is often triggered by chance encounters with
flow disturbances that break the surface seal to provide low energy paths for air ingress. Hence, the flow tends
to transition more readily from fully wetted to fully ventilated states in full-scale because of the rough sea
surface, while such transition would be delayed in laboratory conditions with calm water surface, leading to
much more explosive type of transitions [59] and different structural responses. In addition, transition to
turbulence, cavitation and ventilation inception all depend on the background turbulence level, which can be
very different between laboratory and full-scale conditions.

Prediction of the hydroelastic response in separated multiphase flows can be even more daunting. The flow
solver must be able to correctly capture the temporal and spatial evolution of the various fluid phases with very
different density, viscosity, and compressibility. It is also challenging to predict the dynamic change between
the discrete and continuous forms of multiphase flow, and its dependence on nuclei size and density distribution,
as well as background turbulence. The simultaneous existence of cavitation and ventilation, the complex
transitions between the various flow regimes, and the history-dependent nature of the hysteresis response all post
significant challenge to currently available flow prediction methods. The problem is made even more
complicated by the need to consider the constitutive material behaviour, the FSI response, and potential
hydroelastic instability and material failure mechanisms.

Prediction, measurement, and assessment of the hydroelastic response in multiphase flow are also complicated
by the many non-dimensional parameters that may influence the system response. The Froude number is the
ratio of flow inertial force to gravitational force, which affects the susceptibility to cavitation and ventilation, as
well as the trajectory of the vapor or gas filled bubbles. The Reynolds number is the ratio of flow inertial force
to viscous force, which affects the development of the wall boundary layer and flow separation, and hence
cavitation and ventilation. In addition, viscosity affects the cavitation inception pressure. The Weber number is
the ratio of the flow inertial force to surface tension force, which affects the strength of the surface seal, the
structure of surface sprays, and the pressure difference between inside and outside of the bubble, all of which can
affect cavitation and ventilation inception. The Mach number is the ratio of flow speed to the sound speed of the
fluid mixture, and governs the relative importance of compressibility effects, which influence the collapse
dynamics of cavitation bubbles and subsequent interaction with adjacent bubbles, vortices, and material surface.
Water quality affects the size and distribution of cavitation nuclei, which in turn affects the susceptibility to
cavitation inception. The surface roughness can affect the boundary layer development by triggering transition
to turbulent and encouraging the growth of the boundary layer, which will in turn affect the inception and
stability of cavitation and ventilation. Temperature can affect heat transfer at the interface, and hence bubble
growth rate and collapse dynamics. The heat generated by the collapse of cavitation bubble may increase or
accelerate material damage. The combination of all of these effects make scaling cavitation and ventilation
much more challenging than just satisfying similarity in .

In addition to all the parameters that affect the multiphase flow, there are additional parameters that affect the
material and fluid-structure interaction response. The steady-state hydroelastic response and stability is
governed by the Cauchy number, which is the ratio of the elastic restoring force to fluid disturbing force. For
anisotropic material and 3-D structures, geometric similarity and kinematic similarity are also needed, which
requires the material/structural bend-twist and extension-twist coupling to be the same between the model and
the prototype. The problem is even more challenging for dynamic hydroelasticity problems, as the ratio of the
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fluid-to-solid inertial, damping, and stiffness forces to be the same between the model and the prototype, which
can make it extremely challenging, if not impossible, to find suitable model-scale materials that satisfy all the
similarity requirements [78,79]. Even if a material could be found such that the static and dynamic hydroelastic
similarity conditions are met, the material failure mechanisms and failure loads are likely to be different and
cannot be scaled. Hence, multiple scaled model tests and numerical simulations may be needed to examine the
various scaling effects.

The above brief summary outlines the current challenges associated with the prediction, measurement, and
assessment of the hydroelastic response of lifting bodies in separated multiphase flows. Such advances are
needed to improve our understanding of the governing physics and to develop innovative means to take
advantage of advances in materials and manufacturing, sensing and control to improve system performance,
delay/control cavitation/ventilation, minimize flow-induced vibrations and noise, avoid hydroleastic instabilities,
and enable in situ flow and structural health monitoring.
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