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Soft corals, such as the bipinnate sea plume Antillogorgia bipinnata, are colony building
animals that feed by catching food particles brought by currents. Because of their
flexible skeleton, they bend and sway back and forth with the wave swell. In addition
to this low-frequency sway of the whole colony, branches of A. bipinnata vibrate at
high frequency with small amplitude and transverse to the flow as the wave flow speed
peaks. In this paper, we investigate the origin of these yet unexplained vibrations and
consider their effect on soft corals. Estimation of dynamical variables along with finite
element implementation of the wake-oscillator model favour vortex-induced vibrations
(VIVs) as the most probable origin of the observed rapid dynamics. To assess the
impact of the dynamics on filter feeding, we simulated particles advected by the flow
around a circular cylinder and calculated the capture rate with an in-house monolithic
fluid—structure interaction (FSI) finite element solver and Python code. We observe that
vibrating cylinders can capture up to 40 % more particles than fixed cylinders at frequency
lock-in. Therefore, VIVs plausibly offer soft corals a better food capture.

Key words: particle/fluid flow, vortex instability

1. Introduction

Corals thrive in nutrient-poor waters, where seaweeds and seagrasses do not grow. Corals
can do this, in part, because they benefit from the photosynthesis of their symbiotic algae
zooxanthellae, but also by passively filter-feeding on food particles brought by the ambient
water flow (Ribes, Coma & Gili 1998). Soft corals adopt various strategies to intercept food
particles. For example, the sea fans Gorgonia ventalina and Gorgonia flabellum grow with
their skeleton plane perpendicular to the predominant current, hence maximising their
surface area normal to the flow (Wainwright & Dillon 1969). The bipinnate sea plume
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Figure 1. (a) Schematic of a bipinnate sea plume A. bipinnata swaying back and forth under surface wave
action, with branches exhibiting small and rapid transverse vibrations. The coral colony stands perpendicular
to the flow and encounters incoming food particles. (b) Cross-section of a branch vibrating, owing to the
vortex shedding in the wake, and facing two incoming particles. The upper particle crosses over the branch and
escapes capture, whereas the lower particle approaches the branch surface and gets intercepted. (¢) Schematic
summary of the numerical results of the particle capture efficiency, as defined in (1.1), versus flow speed.
The soft coral branch maximises the efficiency of particle capture during the lock-in phase, where the vortex
shedding frequency synchronises with the natural frequency of the branch. Art by IMPAKT Scientifik.

Antillogorgia bipinnata, in the same Gorgoniidae family as sea fans (Williams & Chen
2012), grows to form flexible colonies with an arborescent morphology, as schematised
in figure 1(a). Gosselin (2019) describes a peculiar motion of A. bipinnata: it sways back
and forth under the low frequency (~0.4 Hz) forcing of wave action. When the water
flow speed peaks in the surface wave cycle, the branches of A. bipinnata undergo high
frequency (~7 Hz) vibrations transverse to the flow. In the present paper, we show how
vortex-induced vibrations (VIVs) are responsible for the high frequency vibration of A.
bipinnata, and how the dynamics increase the food particle capture efficiency, as shown
in figure 1.

To cope with the ambient fluid flows, arborescent species, on land or underwater,
rely chiefly on their flexibility. Under a steady current, they are known to streamline
and reconfigure their shape to minimise the hydrodynamic drag and prevent breakage
(Vogel 1984; de Langre 2008; Gosselin 2019). This incentive is amongst the reasons
why soft corals, along with other species, modulate the length and stiffness of their
branches (Jeyasuria & Lewis 1987; Sanchez et al. 2007). Under oscillatory flow, such as
wave surge, their stems sway back and forth periodically and exhibit specific deformation
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profiles depending on the wave frequency and water speed (Leclercq & de Langre 2018;
Lei & Nepf 2019). As for the interaction of the flow with structures having a branching
pattern, the response is a complex motion involving series of vibrational modes with
frequencies close to each other (Rodriguez, de Langre & Moulia 2008; Rodriguez et al.
2012; Der Loughian et al. 2014). A. bipinnata exhibits all these behaviours: its main stem
reconfigures and sways with the wave surges, and its branches vibrate rapidly spanning
small transverse amplitudes.

Vortex-induced vibrations are common in a marine environment, to small and rapid
oscillations (Williamson & Govardhan 2004; Fredsge & Sumer 2006; Sarpkaya 2010). In
the case of a circular spring-mounted cylinder, VIVs can appear for Reynolds numbers as
low as 20 (Etienne & Pelletier 2012), and become pronounced when the von Karmén
vortex street establishes in the wake. As the frequency of vortex shedding gets close
to the natural frequency of the spring-mounted cylinder, the structure and the wake
dynamics synchronise and amplify. This state is known as frequency synchronisation or
lock-in (Bishop & Hassan 1964). Flexible structures may exhibit several frequency lock-in
ranges owing to the multiplicity of their natural frequencies (Chaplin et al. 2005). The
VIVs along flexible structures propagate either as travelling waves when the structure has
free endpoints (Newman & Karniadakis 1997; Facchinetti, de Langre & Biolley 2004b),
standing waves when it has pinned endpoints (Evangelinos & Karniadakis 1999), or a
mix of both modes when the flow is non-uniform (Lucor, Mukundan & Triantafyllou
2006; Violette, de Langre & Szydlowski 2007). In the living world, vortices have been
credited as a potential factor in biological processes such as spore dispersal on plants
(Kim et al. 2019) and particle feeding of starfish larvae (Gilpin, Prakash & Prakash 2017).
These larvae spend significant energy to seed vortices around their body to the detriment
of their swimming speed, but, in return, they expand their filtering area and capture more
food particles. It is also suggested qualitatively that black fly and mosquito larvae, being
suspended in water, create vortices as a strategy to drive more food up to their fans (Chance
& Craig 1986; Widahl 1992). By increasing the food particle capture rate, we believe that
VIVs might be a boon to soft corals.

Soft corals are colonies of polyps, which are small tubular organisms with tentacles, a
mouth and a digestive system (Fabricius 2011; Veron 2011). They are passive filter feeders
(Ribes et al. 1998), waiting passively for water currents to carry its particulate nutritional
content (e.g. detritus, organic debris, phytoplankton, protists). When an edible particle
comes close to a polyp, the tentacles stretch and catch the particle (encounter phase),
then retain it by activating spines or secreting mucus (retention phase) (Shimeta & Koehl
1997). The study of particle capture is important to evaluate the filtering efficiency of such
species and connect it with the flow properties. In the particle filtering literature, especially
in the field of fluid mechanics and chemistry, encounter and retention are combined into
a single phase termed ‘capture’ or ‘interception’. Multiple studies have considered the
particle capture of a fixed circular cylinder (Weber & Paddock 1983; Palmer et al. 2004;
Haugen & Kragset 2010; Espinosa-Gayosso et al. 2012, 2013). Weber & Paddock (1983)
and Palmer et al. (2004) defined the capture efficiency as

N
n=—, (11)
Ninit

where N is the rate of captured particles, and N,-m, is the rate of particles released from an
opening the same size as the cylinder. Theoretical (Weber & Paddock 1983), experimental
(Palmer et al. 2004) and numerical (Haugen & Kragset 2010; Espinosa-Gayosso et al.
2012, 2013) results agree that the capture efficiency increases with the cylinder-based
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Reynolds number and the particle size. The experiments of Palmer et al. (2004) show, in
addition, that cylinders with a rough surface capture particles more efficiently than those
with a smooth surface. Surprisingly, data on particle capture by vibrating collectors are
scarce. Even the handful of papers that have examined the effect of collector motion (Krick
& Ackerman 2015; McCombe & Ackerman 2018) were imposing oscillation frequencies
and amplitudes, not always covering the vibration parameter range encountered in the
living world. Field experiments on a timothy grass revealed that it captured and germinated
more pollen than transverse-tethered and stream-wise-tethered grasses (McCombe &
Ackerman 2018). This example indicates that it is important to allow the collector to be
free to move instead of imposing oscillations. Not only is the motion more realistic, but
the vibration amplitude and frequency vary simultaneously with the flow and cylinder
parameters, and so cannot be decoupled. Although the idea that vibrations could improve
particle capture was already suspected (Niklas 2015), there are no explicit mention of VIVs
in the particle interception literature, and the variation of the capture efficiency with the
relevant dynamical parameters remains unclear owing to the absence of quantitative data.

Understanding more about corals is critical as they form the basis of ecosystems that
are home to countless fish and invertebrates. These coral reef ecosystems are under the
multi-pronged threat of global warming: ocean acidification, water temperature rise and
more frequent hurricane passage. All coral species are not affected to the same degree by
these threats, as soft coral species seem to fare better in these changing environmental
conditions (Inoue et al. 2013; Tsounis & Edmunds 2017). The existing hydrodynamic
studies of corals are mostly limited to the hard reef-building kind (Monismith 2007). The
biological role of soft coral flexibility in their fluid—structure interaction remains relatively
unexplored.

This paper intends to fill this gap and prove that VIVs can increase the capture rate
of a cylindrical branch. For this aim, we divide the ensuing work into two parts. We
first present qualitative and quantitative arguments that put forward VIVs as the most
probable source of the fast motion of soft coral branches. In the second part, we model the
branch as a circular spring-mounted cylinder that is free to oscillate in the transverse and
stream-wise directions, and compute its interaction with fluid flow using two-dimensional
direct numerical simulations. We integrate the trajectories of particles advected by the
flow, calculate the rate of capture, and then compare this latter with the case of a fixed
cylinder. Finally, using the results of the capture rate, we propose a link between the
morphology of soft corals and the predominant local water speeds.

2. Origin of vibrations

Gosselin (2019) reported a vibrating bipinnate sea plume A. bipinnata on a SCUBA
dive off of Isla Mujeres near Cancun, Mexico on March 25th 2015, at approximately
10 m depth. The vibrational dynamics was similar to that seen in an online recorded
video (YouTube 2013). Using the software IMAGEJ (Schindelin et al. 2012), we assessed
from that video that the flow velocity was Uy ~ 10 cm s~! and the wave period was
Tyave ~ 5 s. With a branch diameter of D ~ 2 mm (Bayer 1961; Cairns 1977), and
given the water kinematic viscosity was vy ~ 107 m? s~!, the Reynolds number and
the Keulegan—Carpenter number in the stream-wise direction were Re = UgD/vy ~ 200
and KC = UyTyyqve/D ~ 250, respectively, which meant that the flow was under a vortex
shedding regime (Fredsge & Sumer 2006). Finally, from an estimated value of the
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Figure 2. Numerical deformation profiles of elastic rods of lengths L = 1, 5 and 8 cm subjected to VIVs in a
unidirectional flow. The vertical line in the left of each case indicates the initial configuration of the rod. On the
middle and the right are the lateral and frontal profiles, respectively. The lengths are proportional. In the online
record of the vibrating soft coral, we also see small branches staying relatively straight and having a first mode
vibration, and longer branches reconfiguring more with the flow and having a second mode vibration with a
single zero-displacement node.

vibration frequency of f;, ~ 7-9 Hz, the reduced velocity was U, = Uy/ f,D ~ 5-7, which
suggested VIVs lock-in dynamics.

As far as VIVs might be in play, we sought to reproduce the observed coral branch
motion by simulating its reconfiguration and vibration under flow. For this, we used
RodiCS (2020), a finite element solver of Kirchhoff rods based on the FEniCS platform
(Alns et al. 2015). The dynamics of a branch was modelled with rod elements which
considered the dynamical three-dimensional bending and torsion for an arbitrarily large
deformation. This deformation arose from a static drag force based on the semi-empirical
formulation of Taylor (1952) and a dynamical coupling with the shed vortices, which
were accounted in the wake-oscillator model of Facchinetti, de Langre & Biolley (2004a).
Details on the Kirchhoff equations, the wake-oscillator model, as well as the verification
and validation of RodiCS (2020) are provided in the other supplementary information
available at https://doi.org/10.1017/jfm.2021.252. We take again a representative diameter
of D ~ 2 mm. We focused on branches having lengths of L ~ 1, 5 and 8 cm. Moreover,
we considered a coral density equal to the fluid density oy ~ pf =~ 10® kg m™3. This
choice is realistic because soft coral branches are not floating up or falling down,
so they can be considered as approximately neutrally-buoyant. As for the flexural
rigidity, we conducted three-point bending tests on wet soft coral branches freshly
taken out from an aquarium. We found a flexural rigidity of EI ~ 5 x 1077 N m?2. We
simulated a water flow of speed Uy ~ 10 cm s~ !, as estimated above from the online
video.

Numerical deformation profiles are shown in figure 2. The first common feature in
the simulations and real coral observations was the extent of bending in the water flow
direction. Both the elastic rod and branches of L ~ 1 cm remained relatively straight,
whereas those with L ~ 5 and 8 cm reconfigured more with the flow. The second common
feature was the transverse envelope of vibrations. Short branches and rods exhibited a
first modal shape with a maximum deflection at the tip, whereas longer branches had a
second modal shape with a single zero-displacement node. These similarities between the
simulations and the video observations were additional clues supporting our hypothesis
that VIVs are the most probable origin of the observed rapid motion of soft coral branches.
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Figure 3. Dried bipinnate sea plume Antillogorgia bipinnata (Nova South Eastern University (2016), ©
Charles G. Messing). The centre-to-centre separation space between branches goes from 4.5 to 8.5 diameters.
The cortex of some polyps can be discerned in the extremities of the branches (top left, bottom left and bottom
right of the image).

Furthermore, we show that other types of flow-induced vibrations cannot be the
principal cause of the sustained soft coral vibration. If the vibration was induced by an
external excitation, such as turbulent buffeting, the branch frequency would match the
peak frequency fpear of the sea wave spectrum in the region. From the National Data
Buoy Center website (NDBC 2020), the peak frequencies of shallow waters in the Gulf of
Mexico, where some soft corals live, range from 0.15 to 0.24 Hz, which is f;,/ fpear ~ 40
times slower than the branch motion. If the flow stream was to buffet the coral, it might
induce the back and forth gentle sway of the entire coral, but not the rapid dynamics of the
branches.

Additionally, even though the coral branches lie side-by-side in the same plane facing the
flow, we do not suspect a fluidelastic instability to take place. In fact, if a pair of cylinders
are separated by a centre-to-centre distance of less than ~4 diameters, they generate either
a combined, a bistable asymmetric or a coupled vortex shedding, which triggers vibrations
(Blevins 1990; Huera-Huarte & Gharib 2011). We based our estimation on the dried A.
bipinnata pictured in figure 3, and found that the separation distance was between 4.5
and 8.5 diameters. Therefore, the branches are fairly isolated from each other to shed
independent vortex streets and prevent any fluidelastic instability.

A final plausible cause of vibration that might be involved is galloping. A branch
cross-section is overall circular. It is known that circular cylinders are ‘immune to
galloping’ and undergo only VIVs (Nakamura, Hirata & Kashima 1994; Paidoussis, Price
& de Langre 2010). However, one might think that the coral branch is not perfectly
circular owing to the polyps covering it. By assuming they represent small geometrical
perturbations, we simulated flows around an idealised cross-section of a soft coral branch
of A. bipinnata using an in-house flow solver (Etienne, Garon & Pelletier 2009), as detailed
in Appendix A. We found that the Glauert—den Hartog criterion was unfulfilled, which
implied that galloping is implausible as the source of soft coral branch vibrations.
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In summary, turbulent buffeting, fluidelastic instability and galloping cannot be the
source of the high frequency vibration of A. bipinnata branches, which bear all the telltale
signs of VIVs.

3. Particle advection
3.1. Coral branch as a circular spring-mounted cylinder in flow

Following the identification of VIVs as the probable source of soft coral branch vibration,
we modelled the capture of particles advected by the fluid flow. We first idealised the coral
branch as a circular cylinder. From a geometrical perspective, the polyps covering a branch
of A. bipinnata are small perturbations, of approximately 10 % of the branch diameter
(Bayer 1961). From a fluid—structure interaction perspective, isolated circular cylinders
are only prone to VIVs (Nakamura et al. 1994), which are the flow-induced vibrations in
which we are interested. Additionally, simplifying the coral branch to a circular cylinder
brings our study back into the classical problem of particle capture by a circular collector
in the field of particle filtering.

We simulated a fluid flow of upstream velocity Uy around a fixed or vibrating cylinder

of diameter D to highlight the effect of vibrations on particle capture. We considered
the water flow as being incompressible and two-dimensional. In addition, we assumed it
was unidirectional because the Keulegan—Carpenter number evaluated in the stream-wise
direction of a coral branch was sufficiently large KC ~ 250, as estimated in § 2, and we
are interested in the vortex shedding regime. The flow is governed by the continuity and
Navier—Stokes equations, written in an Arbitrary Lagrangian Eulerian (ALE) framework
as

V.U; =0, (3.1a)

oUy 1 2

R (A R L [-Vp+ 1 v2Uy]. (3.1b)
f

where pr, s, Uy and p are, respectively, the fluid density, dynamic viscosity, velocity and

pressure. The vector V is the velocity of the moving mesh. If the cylinder is fixed, we
simply have V' = 0. The hydrodynamic load applied on the cylinder is expressed as

Flydro = f [—pl + s (VUf + VU})] dl, (3.2)

with d/ being the integration element around the cylinder, pointing outwards. Furthermore,
we considered the cylinder as a spring-mounted oscillator free to move stream-wise
and transverse to the main flow under the hydrodynamic load Fjyg, as schematised
in figure 4(a). Neglecting structural damping, the position of the cylinder centre Xy is
governed by

d’x eyl
dr?

+ kchl = thdrm 3.3)

where m = mp,D?/4 is the cylinder mass and k the spring stiffness, both per unit length.
Normalising velocities with Uy and distances with D, and scaling time by D/Up and
pressure by ,ofUz, the governing equations of the fluid and cylinder interaction can be
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Figure 4. (a) Schematics of particles advected by a flow around a cylinder free to oscillate in the transverse and
stream-wise directions. The upstream fluid velocity is parallel to ey. Particles have a density p, and diameter
dp. The mass per unit length of the cylinder is m, and the spring stiffness per unit length k is the same in
both directions. (b) Drawing contrasting the size of particles simulated with the size of the cylinder, where
R = d,/D is the diameter ratio.

rewritten as

V.-Ur =0, (3.4a)
30y +[(U—V)-V]Ur=|-Vp+ Lo (3.4b)
a1 f f Re |’ '
_ _ 1 /- - o -
Fyaro = f |:—pl—i— - (V P+ V }) dl, (3.4¢)
dzi’cyl 2m\? - 4/m -
a2 + Fr X oyl = WF hydros (34d)

with the bar (.) denoting dimensionless variables. The dynamical parameters present in
the system of (3.4d) are the Reynolds number Re, the reduced velocity U, and the mass
number M, which are defined as

prUoD 2nlUy |m m
Re=———, U,= - M=—" (3.5a—c)
ur D k nporD=/4

As mentioned in § 2, we supposed that soft coral branches have a density roughly the same
as that of water ps; ~ pr, thus we considered a constant cylinder mass number M = 1
throughout this study.

Figure 5 shows the computational domain. The dimensions were sufficiently large
(=40 <x <120 and —60 <y < 60) to avoid confinement effects (Persillon & Braza
1998). The domain was discretised with 96 000 nodes and 48 000 Taylor—Hood (P> — P)
triangular elements (Taylor & Hood 1973), so it follows that the velocity was third-order
accurate and the pressure was second-order accurate. These elements were small in the
wake and close to the cylinder to resolve the vortex shedding and the boundary layer.
The grid in figure 5 was validated in Etienne & Pelletier (2012) and yielded accurate
results in good agreement with the existing data. The boundary conditions on the fluid
velocity Uy were a uniform Dirichlet at the entry (x = —40), homogeneous Neumann at
the exit (x = 120), symmetry at the top and bottom boundaries (y = £60), and no-slip at
the cylinder wall.
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Figure 5. Close-ups of the fluid mesh highlighting the densification in the wake (a) and around the boundary
layer (D).

3.2. Particle dynamics

Next, we considered food particles as spheres of diameter d, and density p,. Several
governing equations were established to describe the motion of particles in non-uniform
or random flow fields (Maxey & Riley 1983; Ounis & Ahmadi 1990; Barton 1995). They
included terms displaying the influence of particles on the flow. However, in the present
study, we assumed that the particles did not disturb the flow and could not actively change
their trajectory, unlike a swimming plankton for instance. Then the suitable governing
equation to consider was the Basset—-Boussinesqg—Oseen (BBO) equation (Clift, Grace &
Weber 1978; Barton 1995). We neglected gravity effects, and the remaining forces applied
on a particle that we kept were the drag Fp, the pressure load Fp and the added mass force
F 4. The governing equations describing the particle trajectory are

& (3.6)
— = Up, .0a
dr P
duy, 1
= —(Fp+Fp+Fy), (3.60)
dr mp

where m;, = ,opnd?, /6 is the mass of the particle, x;, is its position and u, is its velocity.
The drag applied on a sphere is

1 d,\*
Fo = 33 (L) Ny~ 01l (p — ). 3

which is the same expression if the flow were steady. Here Cg’h is the drag coefficient of a
sphere and it is a function of the particle-based Reynolds number

_ o |up — Uf||dp‘

Re
p p

(3.8)

Because this latter is unknown a priori, we considered the Schiller—Nauman interpolation
(Clift et al. 1978)

n 24
Cp = (14 Rey®™), (3.9)
P
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which is valid for Re;, < 800. The pressure load is related to the pressure gradient through

4 (dy\?
Fp=—-mx (-”) Vp. (3.10)

It is also known as the Froude—Krylov force (Fredsge & Sumer 2006) owing to the
difference in pressure of the global flow, which depicts the unsteadiness of the flow in
the absence of the particle. If the fluid were stagnant, there would be no pressure gradient
accelerating it and this force would simply vanish.

Finally, although previous studies have ignored the added mass force (Haugen & Kragset
2010; Krick & Ackerman 2015), we deem it important to be included in the force balance.
It is proportional to the particle acceleration relative to the fluid

4 (d)\° (du, dU
Fp=~Cuprsm (?”) (d—;’—d—f>. (3.11)

Here C,, is the mass coefficient of a sphere. We took it to be a constant equal to 1/2.
Generally, it increases rapidly when the particle comes close to the wall (Brennen 1982),
so our leading order simplification becomes invalid with proximity to the cylinder. An
elaborate model would account not only for a varying mass coefficient, but also for the
repulsive effect just prior to capture owing to confinement, for example, by including an
additional force in the momentum equation (3.6b) (Béguin, Pelletier & Etienne 2016). In
all of our simulations, however, we kept the assumption C,,, = 1/2.
Denoting the ratio of diameters as

R= (3.12)
- D ’ .
the particle-based Reynolds number is Re, :ReR||i¢p - f],c| , and equations (3.6)
become
% _; (3.13a)
— = Uy, doa
a 7
du, - - -
E:FD—I-FPJFFA, (3.13b)
with
Fp— — 5 (1+ RS (@, - T) (3.14a)
AR2Re » AP '
- 1
Fp=—=Vp, (3.14D)
_ Cp (du, dU.
L e et N (3.140)
P dr dr

where p = p,/pr is the ratio of densities. In this paper, o0 = 2, which we considered as
the upper bound of densities of the existing food particles. According to Espinosa-Gayosso
et al. (2015), a sediment-type particle that is 2.6 times heavier than water achieves a capture
efficiency equal to that of a perfect fluid tracer if the Stokes number Stk = SR?Re/9 is less
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than 0.1 at Re ~ 100. For a typical simulation case at this Reynolds number, we have
Stk ~ 0.06 (e.g. taking R ~ 0.05), therefore, the choice of p = 2 is legitimate.

3.3. Numerical solving

We solved the particle advection problem in two stages. First, we computed the FSI
problem in an ALE framework using the in-house solver CADYF (Etienne er al. 2009).
This code was verified with the method of manufactured solutions (Hay et al. 2014; Yu
et al. 2015) and for classical FSI problems such as airfoil plunging and pitching, and
a flexible strip at the rear of a square cylinder (Cori et al. 2015). The code was also
validated and produced dynamical results consistent with the data in the literature for
several flow-induced vibrations including VIVs of circular (Etienne & Pelletier 2012) and
square (Hay et al. 2015a) cylinders, and wake-induced vibrations of cylinders in tandem
(Yu et al. 2016). B B

Initially, the fluid was at rest, Uy = 0 and p = 0, and ramped up to unity Uy = e, in a
few time steps to satisfy a divergence-free flow field. Also at the initial time, the cylinder
stood at the position X, eyt = 0. CADYF integrated the coupled system of equations (3.4)
using hp-adaptive backward differential formula (BDF) methods (Hay ez al. 2015b). The
order and time step adjusted automatically so that the local truncation error remained
smaller than a constant absolute tolerance equal to 107>, We extracted the flow solution at
each instant z, = n/10 starting from ¢ = 400, long after VIVs had reached their periodic
limit-cycle.

Next, we exported these data into Paradvect (2020), a Python code we wrote to integrate
the system of equations (3.13) in a Lagrangian framework using a forward Euler scheme.
A code verification of PARADVECT is available in the other supplementary material. To
satisfy stability, the integration time step A7 should be smaller than the characteristic time
involved in the system 7 = (5 + C,,)R*Re/9. We compared T with the time step 7,41 —
1, = 1/10 by which we extracted the flow solution from CADYF: if T > 1/10, which is
the case for large particles, we took A7 = 1/10, whereas if T < 1/10, which is the case
for small particles, we linearly interpolated the flow solution in time. Linear interpolation
is appropriate because the flow solution varies smoothly during a time step of ~1/10 and
does not fluctuate over the small timescale 7.

Figure 4(b) juxtaposes the cylinder and the considered particles to give an idea on their
relative size. The trajectory of every particle was integrated from a unique starting line
Xo = 2 upstream from the cylinder for several ordinates yo. The flow in these positions
was horizontal and unperturbed. The local fluid velocity was then assigned as their initial
velocity.

To calculate the total hydrodynamic force applied on the particle, we quadratically
interpolated the fluid velocity and linearly interpolated the pressure at the particle centre.
As this calculation requires knowledge of the finite element hosting the particle, we
adopted the particle tracer algorithm proposed by Lohner & Ambrosiano (1990). It
searches recursively, neighbour to neighbour, the new host element in the vicinity of the
known previous host element. This tracking technique is suitable, time-saving and easy
to implement in particle-in-cell codes, such as ours, where physical particles do not jump
over many elements in a single time step (Lohner 2008).

Finally, we assumed that the particle was captured as soon as it hit the edge of the
cylinder. Because the particles were spherical and the cylinder was circular, the capture
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Figure 6. Schematics of particle interception by a fixed cylinder. Particles are launched from a distance xq
upstream from the cylinder. Because the blue particle starts near the symmetry line, it is captured, whereas the
red particle starts from a higher y-position and succeeds in crossing over the cylinder and escaping capture.
The grey particle is the farthest particle from the symmetry line that the cylinder intercepts. Its trajectory starts
from the ordinate y*, and defines the upper border of the capture domain. The size of the capture window is
w=y"—y.

occurred when | |5c,, -X Cyl| | < (1 + R)/2. We refer to this capture condition as the solid
contact criterion.

4. Capture rate
4.1. Definition

To assess the filtering ability of the cylinder, we calculated the rate at which it intercepts
particles. We defined the capture rate N as the number of particles that the cylinder
captures per unit time. As represented in figure 6, the particle that would be ultimately
captured necessarily entered through an opening that we called the capture window.
Thereby, the capture rate also equals the flux of particles through this capture window

N = CoUpw, 4.1)

where C is the particle concentration per unit length, which we assumed to be constant
and uniform, and w is the size of the capture window.

4.2. Calculation strategy

4.2.1. Automated dichotomy

Owing to the definition (4.1), we determined the capture rate through the calculation of the
size of the capture window. The upper and lower boundaries of the capture region were
the trajectories of the farthest captured particles, as shown in figure 6. Thus, it suffices to
calculate the initial ordinates of these border particles, denoted y* and y~, because

w=yt—y". 4.2)

First, we considered a captured particle (in blue, figure 6) released from (xg, y©), and
a non-captured particle (in red) released from (xg, y"“). Their initial positions were
necessarily bounds of either border, say the upper border (y < y* < y"). Next, we
released a third particle between the two previous ones, from the middle of their
initial ordinates y™ = (y° + ") /2. If it escaped capture, then the upper border y* was
necessarily between the initial ordinates of this new particle and the former captured

916 A50-12


https://doi.org/10.1017/jfm.2021.252

https://doi.org/10.1017/jfm.2021.252 Published online by Cambridge University Press

Vortex-induced vibrations: a soft coral feeding strategy?

w (12)

2Y

max

Figure 7. Distortion of the capture domain owing to vibration. The initial ordinates of the grey border particles
are now varying in time y* = y*(r). The instantaneous capture window, through which the particles launched
at time # would be captured, is w(f) = y*(f) — y~(£). At instants ¢ between ¢ and #, > t, the blue particles
are launched between y~(f) and y™ (¢), so they are captured. The red particles are launched outside of these
limits, so they escape capture. A portion of particle trajectories is shown by the solid line. The cylinder
draws a lemniscate trajectory, and Y, and X, are the transverse and stream-wise amplitudes of vibration.
The motion of the cylinder is symmetric with respect to the horizontal line passing through the node of
the lemniscate, hence the capture is periodic and goes in harmony with the stream-wise oscillations, which
complete a cycle in half a period.

one (y < y™ < y™). The code Paradvect (2020) repeated this dichotomic process until
it reached a resolution of one thousandth of the particle diameter [y — y"'| < d,/1000.

4.2.2. Temporal decomposition

When the cylinder vibrates, the borders of the capture region vary in time y* = y* (), and
the capture strip is no longer straight, as seen in figure 7. A particle would be captured
if it is launched at time ¢ between y*(f) and y~ (). The instantaneous capture window
w(t) = y*(t) — y~ (t) must be periodic, thus we propose the following ansatz

. (27t
w(t) = (w) 4+ w, sin (T + (p) . 4.3)

The period T is not equal to the vibration period, but half of it. Indeed, as illustrated
in figure 7, the cylinder describes a lemniscate, so it captures particles in the same way
whether during the upper or the lower loop. Therefore, the capture rate is determined by
the stream-wise — not transverse — oscillations, which complete a cycle in half a period.

We should mention that the dependency on time is also true for the fixed cylinder, albeit
with a much smaller fluctuation. For the fixed cylinder, the variation of w(f) arises from
the periodic vortex shedding, which affects the streamlines in the front, and the period T
in the ansatz (4.3) is equal to the vortex shedding period.

We calculated the size of the capture window at instants t =0, 7/4, and 7/2, and
determined the mean and fluctuating components (w) and w, in (4.3) from the ensuing
formulae

_ w(0) +w(T/2)

(w) > , 4.4a)
wa = /w0 — ()12 + [w(T/4) — )] (4.4b)
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4.3. Dimensional analysis

The capture rate is a function of the fluid flow, cylinder and particle properties

N[s7', Uolms™'1, prlkgm™], pplkgm 's7', Dm], k[Nm‘%}
mlkgm™'], d,[m], p,kgm™3], Co[m~2].
4.5)

For convenience, we discarded the variation in time ¢ owing to the decomposition in (4.3).
The Buckingham 77 theorem (Buckingham 1914) states that a relation exists between 10 —
3 = 7 independent dimensionless variables, which we choose to be

N UyD d 21U
n= , Re:pf_o, R=-2L U = Yo Z,
CoUpD f D D \k

(4.6)
p="L M=——, Cy=CyD
of prD?

In this way, the dimensionless capture rate 7 is also the capture efficiency defined by Weber
& Paddock (1983), Palmer et al. (2004), and Espinosa-Gayosso et al. (2012, 2013), which
itself, from the definition (4.1), equals the dimensionless size of the capture window

N Y_; @.7)
e = — = W. .
1 CoUpD D
According to (4.3), it follows that
. (27t
n = (n) + nasin - t¢) (4.8)

with (n) = (w)/D and n, = w,/D. For all simulations in the present work, we kept a
constant and uniform particle concentration Cyp = const. In addition, as we assumed in
§ 3, we chose M = 1 and p = 2. Henceforth, the remaining variables that determine the
capture rate are the Reynolds number Re, the diameter ratio R and the reduced velocity U,.

5. Results

To see how the vibration affects the capture rate, we allowed the cylinder to freely oscillate
and varied the spring stiffness so that the reduced velocities were between U, = 1 and
13, which covered the estimation made in § 2. We simulated the trajectories of particles
having diameter ratios of 0.015 < R < 0.1, the same range as for phytoplankton and larvae
compared with A. bipinnata branches (Shimeta & Jumars 1991). The considered flows
had Reynolds numbers ranging from Re = 50 to 200, which were the respective limits
of the establishment of the laminar von Kdrmédn vortex street and the transition into
three-dimensional vortex shedding.

In (4.8), we found a ratio 74/(n)fixea Of less than 2 % for the fixed case, which meant
that the temporal term could be regarded as a small fluctuation. For the vibrating case,
this ratio was larger, n,/(n) < 20 %. We did not investigate the time fluctuations of the
particle capture rate, but instead focused on the time-averaged capture rate because it is
most relevant in terms of filtering applications and biological implications.

Figure 8 shows the variation of the mean capture rate (n) with the reduced velocity U,.
We see that () was a bell-shaped function, which started from almost the same value as
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Figure 8. Mean capture rate (n) versus the reduced velocity for (a) the particle of diameter ratio R = 0.031,
and for () all particles 0.015 < R < 0.1 in flows of Reynolds numbers 50 < Re < 200. In (b), the y-axis is
logarithmic, and each group of four curves with a single grey level corresponds to the particles R = 0.015
(white), 0.031 (light grey), 0.05 (grey) and 0.1 (black).
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Figure 9. Mean capture rate of the fixed cylinder (o, black) and the vibrating cylinder (A, green, U, = 5 and
v, red, U, = 13) versus the product RZRe'/?. For R?Re'/? < 0.06, the capture rate varies as (1) ~ (1) fived ~
R?Re'/?. Beyond this value, the scaling deviates to R2Re, as indicated by the dash—dotted line (——).

for a fixed cylinder (U, ~ 1), peaked at lock-in (U, ~ 5), then decreased down to values
either around or less than the capture rate by a fixed cylinder. We observe in figure 8(a)
that (n) increased with the Reynolds number Re, and from figure 8(b), it increased with
the particle size R as well. Figure 9 shows the variation of the mean capture rate with
these two parameters for a given reduced velocity U,. We found that the mean capture
rate followed the same scaling as in the fixed cylinder case (1) ~ (7)fived ™~ R%Re'/?. The
square root of the Reynolds number was reminiscent of the boundary layer thickness on
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Figure 10. Variation of the gain in capture rate versus the reduced velocity for all simulation cases
0.015 <R < 0.1 and 50 < Re < 200.

Reynolds number 50 100 150 200
Maximum gain (%) 25.5 399 395 363

Table 1. The peak value of the gain in capture § for each Reynolds number Re.

the cylinder wall. The boundary layer played a key role in the capture process (Haugen &
Kragset 2010) and explained the R2Re'/? power law (Boudina, Gosselin & Etienne 2020).

To evaluate the benefit that vibrations bring to particle interception, we defined the gain
in the capture rate § as the relative difference between capture rates by a vibrating and a
fixed cylinder

(n) — (n)ﬁxed

S =
<77>ﬁxed

(5.1

As shown in figure 10, the gain was also a bell-shaped function. In table 1, we give the
values of the maximum gain for each Reynolds number. The peak started from 25 % for
Re = 50, and reached values of 3640 % for Re = 100, 150 and 200.

The cylinder motion had an appreciable effect on particle capture. The 6(U,) curve
shows resemblance with the lock-in amplitude response curve (Paidoussis ez al. 2010). In
fact, from a kinematic perspective, the curves of § had the same profile as the responses
of the transverse and stream-wise amplitudes of the cylinder Y, and X4y, as shown in
figure 11. These amplitudes also started from zero for small reduced velocities, peaked at
lock-in, then decreased and saturated for large U,..

In figure 12, the gain § is plotted against l_/mgx = Yyax/D and Xopar = max/D. Beyond
certain amplitude thresholds Y, g 0.3 and Xj;4x g 0.01, § is an increasing function of
the amplitudes. This result is intuitive because the cylinder filters a wider cross-flow space
for large Y;,,4r and encounters more particles. Also, a cylinder with a large X, would have
more space to accelerate against the stream and reach important counter-current velocities,
which increases the speed of particles relative to the cylinder frame and subsequently the
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Figure 11. Numerical response of (a) the transverse and (b) the stream-wise amplitudes of the cylinder.
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Figure 12. Variation of the gain in capture rate versus the transverse and stream-wise amplitudes of the
cylinder for all simulation cases 0.015 < R < 0.1 and 50 < Re < 200. The x-axis in (b) is logarithmic to
visualise better the staggered data points.

capture rate. For Yinae > 0.2 and X,qc > 0.01, the results collapse into a single increasing
curve (in particular, they vary linearly with Xj;,x).

In figure 12, it is worth noting that, past the lock-in peak (U, > 9), the vibration of the
cylinder becomes detrimental to capture. This zone corresponds to the amplitudes 0.1 <
Ymar < 0.3 and 1073 < X,,.0c < 0.01. In figure 12, this detrimental region has data points
of § that are staggered between —10 % and 0% around Y, = 0.1 and X4y = 1073,
instead of a clear monotonic variation. One way to explain this drop in capture is that
while U, increases, the cylinder not only spans short transverse distances, but it also slows
down and its period becomes larger than the characteristic time of the particle advection.
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Figure 13. Shape of the lemniscate limit-cycle trajectory of the cylinder in a flow at Re = 100 versus the
reduced velocity. The x-span of each lemniscate is magnified by approximately 13 times to elucidate the loops.

The particles would then see a cylinder that switches places up and down slowly, staying
a long time in either side, hence giving them the opportunity to escape capture. For this
reason, the cylinder misses several interception events, so it would be better if it stayed
fixed, or at least in a quasi-steady state U, 2 20 (Blevins 1990). From this viewpoint, we
expect the general profile of the curves 6(U,) would have an ascending phase (0 < U, <
5), a peak at lock-in (U, ~ 5), a descending phase (5 < U, < 9), a detrimental regime
below zero (9 < U, < 20) and a plateau towards zero beyond the quasi-steady state (U, >
20).

The matching between the gain § and the amplitudes of the cylinder is emphasised if we
consider the slenderness ratio of its lemniscate limit-cycle trajectory defined as

Ymax
= . (5.2)
" Xonar

Whereas Y, and X, give the dimensions of the lemniscate, y informs on its
slenderness: a small y illustrates an extended lemniscate and a large y illustrates a thin
lemniscate. From figure 13, we see that the lemniscate is extended around lock-in U, ~ 5
and is thin outside.

Figure 14(b) shows the graph of § versus y. We see that there is a critical slenderness
y* &2 40 that splits the domain into extended lemniscates (y < 40) and thin lemniscates
(y > 40). In the region of extended lemniscates, the vibration is beneficial, and the data
points collapse well around two branches: a lower branch (§ £ 0) corresponding to the
small reduced velocities, and an upper branch corresponding to lock-in. In the region
of thin lemniscates, the vibration is detrimental and the data points scatter. This lack of
correlation in the detrimental range is also observed in the response of the slenderness
itself, as noticed in figure 14(a). Indeed, while y preserves the same values irrespective
of the Reynolds number in the beneficial range (1 < U, <8 and y < 40), it either
keeps increasing for Re = 50 or plateaus towards different values for 100 < Re < 200
in the detrimental range (U, > 9 and y > 40). Hence, it appears that the response
of y dictates the outcome of vibrations: whenever the slenderness preserves a unique
variation irrespective of the Reynolds number, the vibration is beneficial and the gain §
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Figure 14. (a) Slenderness ratio of the lemniscate limit-cycle trajectory of the cylinder versus the reduced
velocity for the Reynolds numbers 50 < Re < 200. For low reduced velocities, y starts from a relatively small
value and decreases until it reaches the minimum at lock-in (U, ~ 5). From U, = 1 to 8, the slenderness ratio
for all Reynolds numbers follows the same trend. Beyond U, = 8, it keeps increasing for Re = 50, while it
plateaus for 100 < Re < 200. (b) Gain in capture rate versus the slenderness ratio of the lemniscate for all
simulation cases 0.015 < R < 0.1 and 50 < Re < 200. For y < 40, data points converge around two branches.
The lower branch, which is close to the zero value, corresponds to low reduced velocities, whereas the upper
branch represents the region around lock-in. The dashed line in both graphics is the critical value y* = 40
cutting the domain in two regions: extended lemniscates for y < 40 and thin lemniscates for y > 40.

follows a clear trend, otherwise the vibration is detrimental and the variation of the gain
6 remains unclear. That is to say, the shape of the lemniscate gives a clue about the impact
of vibrations on capture.

6. Biological insight

From our simulations, we have seen that a rigid spring-mounted cylinder under VIVs can
capture up to 40 % more particles than its fixed counterpart in an optimal range of reduced
velocities, which corresponds to the lock-in range U, ~ 5. From a biological point of view,
a 40 % increase of food availability is significant, however, it occurs over a defined range
of flow speeds, cylinder diameters and cylinder frequencies. The existence of an optimal
capture rate implies that the flow and cylinder properties must combine in such a way that
U, remains around the peak and avoids the tails of the bell-shaped curve of § versus U,.
If we consider the more realistic case of an elastic rod subjected to flow, we can
expect two sources of additional complexity: a continuous system (i) vibrates with mode
shapes and (ii) possesses many natural frequencies. Whereas VIVs of the spring-mounted
cylinder involve a motion of the entire collector, only a fraction of a continuous system
vibrates when it is excited in one mode shape. Then, one could think that a continuous
three-dimensional system would limit the gain in capture. However, in reality, we expect
that the curve of the gain in capture §(U,) would comprise several peaks around multiple
optimal lock-in regions U;” " associated with the natural frequencies of the continuous
system. Thus, once é decreases after the first peak, it shall increase again and reach the

following peak, and so forth for each U” " without finding a gap to drop below zero. We
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deduce that having multiple natural frequencies ensures that a soft coral colony can achieve
lock-in in varying environments.

These continuous system considerations imply that soft corals could benefit from tuning
their morphology (e.g. length and diameter of branches, size of polyps) as well as their
structural properties (e.g. flexural rigidity of the skeleton) according to the typical ambient
water speed. They could tune their properties to match one of the optimal reduced

velocities U, trigger VIVs and achieve the best feeding rate.

Let us assimilate the soft coral branch to an elastic rod having a diameter D, length L,
mass per unit length m; (including the added mass) and flexural rigidity EI. The reduced
velocity would be

U= St—| —, (6.1)

where St is the Strouhal number. Here U, equals the ratio of the vortex shedding frequency
StUy/D to the characteristic frequency of the structure /EI/nmL*. Considering that I ~
D* and writing m; ~ pD?, we see that a reduced velocity sticking around the optimal range
should verify

p\1/2 L2

StUy (E) 2 ~ U%" (= const). (6.2)

Introducing the aspect ratio I = L/D and the speed (of sound) c¢; = /E/p, (6.2) is
equivalent to

— « Up. (6.3)

Relation (6.3) connects the morphological properties of the soft coral (I” and cs) on the
left-hand side with the ambient water speed (Up) on the right-hand side. This led us to
ask the following question: if the soft coral happens to tune its morphology to cope with
the local predominant currents, which property should be adjusted? A simple reasoning
based on the relation (6.3) reveals that in deep waters where the flow is globally calm
(small Up), soft corals would need thin branches (slender phenotype, large I") and a soft
skeleton (small cy). Conversely, in shallow waters where the flow is turbid (high Up), they
would need thick branches (stout, bushy phenotype, small ") and a stiff skeleton (large
¢s). Physiological compromise should limit the extreme values of ¢;/I"2. A soft coral with
both thin branches and a soft skeleton would be too flimsy and pushed down by the flow,
which would make it unable to filter or capture any particle. It would also put it at risk
of predators. Conversely, a soft coral with both thick and stiff branches would require too
much energy to maintain a proper metabolism and a large strain to flex.

Jeyasuria & Lewis (1987) measured the Young’s modulus of the skeleton for several soft
corals, and found that deep-water species are stiffer than shallow-water species. Moreover,
the morphological comparison between bipinnate sea plumes in different habitats carried
out by Sanchez et al. (2007) indicated that deep-water corals have larger aspect ratios
than their shallow-water counterparts. Considering these ecological observations, we
conjecture that tuning the aspect ratio I” is the solution that soft corals rely on to maximise
particle interception. This fact can also be intuitively inferred if we notice that the aspect
ratio is squared in (6.3).
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7. Conclusion and future work

In this paper, we inquire about the observed high-frequency vibrations of the branches of
the soft coral A. bipinnata. First we diagnose the origin of vibrations. From numerical
and qualitative arguments, we find that VIVs are the most plausible cause of these fast
dynamics. Then we investigate the rate of particle interception. We model the coral
branch as a cylinder of circular cross-section. Instead of imposing a vibration amplitude
or frequency, we allow the cylinder to be free to oscillate under VIVs in both the
transverse and stream-wise directions. Furthermore, we assimilate food particles to spheres
and subject them to drag, pressure load and added mass force. The simulation of their
trajectories and the calculation of the capture rate show that the vibrating cylinder, at
lock-in, can intercept up to 40 % more particles than a fixed cylinder. These simulations
also reveal, conversely, the existence of a range of reduced velocities after lock-in where the
vibrations are detrimental for capture. For this reason, we cautiously avoid affirming that
vibrations are either totally beneficial or totally detrimental, and bring back the evaluation
of the interception efficiency by referring to the regime of reduced velocities instead.

In the present simulations, we vary the Reynolds numbers and particle sizes. We
consider a constant mass ratio of the cylinder M = 1 and neglect structural damping ¢ = O.
Because increasing the product M¢ shortens the amplitude of vibration Y,,,, (Khalak &
Williamson 1999), we expect from the function 6(Y;,4y) in figure 11(a) that the cylinder
would lose in particle capture efficiency. In addition, we consider particles having the same
density ratio, but that are twice as heavy as water p = 2. For a given Reynolds number,
the particle density affects the capture efficiency depending on its size. Espinosa-Gayosso
et al. (2015) showed that for Re ~ 100, a weakly buoyant particle slightly lighter than
water (p = 0.9) would never beat the efficiency scored by a heavy sediment-type particle
(p = 2.6) if it is big. They also showed that, conversely, the discrepancy between a weakly
buoyant particle and a sediment-type particle disappears as long as the particle is small. It
would be beneficial to carry out a parametric study and highlight the dependency of the
capture efficiency on the density between these two extremes.

A. bipinnata possess a three-dimensional tree-like morphology, so the two-dimensional
dynamics of our spring-mounted rigid cylinder neglects three-dimensional features that
would be observed in nature. It should be interesting for future studies to consider the
global three-dimensional multi-modal dynamics of the entire coral colony coupled with
the oscillating shear flow for a better representation of the ocean floor. The shape of
polyps and their distribution along the coral are also worth examining as they could
locally influence the flow streamlines. These suggestions could be implemented either
experimentally, as Rodriguez ef al. (2008, 2012) and Der Loughian et al. (2014) carried out
for plants and trees, or numerically by resolving the 3-D flow on the deforming structure
or using a reduced-order model approach.

In addition, our model of particle advection is more appropriate for passive particles.
In reality, some particles are motile and might dodge and escape capture. Although
their propulsion force becomes useless when the water current is important, it is worth
taking it into account and determine the flow regimes where the motility influences
the capture. Furthermore, instead of the solid contact criterion, a more realistic capture
condition may consider some capture zones around polyps, with areas representing
the tentacles reach, and each of them having a probability of a successful catch.
Another improvement of the capture criterion might be to assign a retention duration
to particles directly hitting the cylinder edge to reflect the retaining action of the
mucus.
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Figure 15. (a) Vorticity contour plot of a flow around an idealised soft coral cross-section at the angle of
attack 20° and Reynolds number Re = 200. The cross-section is a circle and polyps are the two diametrically
opposed arcs of a circle. Their size is 10 % of the circle diameter. (b) Mean values of the fluctuating drag and
lift coefficients, Cp (L, red) and Cr ([J, blue). The bars refer to the maximum and minimum values of the
variables. The mean value of dCr /d + Cp (o, green) is calculated from cubic spline interpolation of the data
points.

The results of this paper, which are mechanical in essence, may shed light on soft coral
research and promote the connection between fluid—structure interaction and invertebrate
biology. In this context, a fruitful avenue would be to see if the relation (6.3) echoes real
data collected during in-field expeditions or in situ experiments on A. bipinnata and other
colonies. Transplanting soft corals in different habitats and investigating the variation of
their natural frequencies and modes in water could also be helpful to understand their
biological plasticity and distribution in oceans.

In the end, it is worth reflecting on how a flow-induced instability can be turned into
a strategy. At a time when VIVs represent a major threat to offshore energy production,
the soft coral paradigm unveils an advantageous side of this instability that can spark
novel ideas in biomimetics. Soft corals may, for instance, bioinspire engineers to design
innovative energy harvesters at sea, and seek — instead of suppress — VIVs as a principal
supplier to harness clean and renewable energy.

Supplementary material. Supplementary material is available at https://doi.org/10.1017/jfm.2021.252.
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Appendix A. Refuting galloping as a cause of soft coral vibrations

The dried bipinnate sea plume in figure 3 has protuberances along its branches, which
are not perfect circular cylinders. To determine whether this geometrical perturbation is
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sufficiently small to render the branch safe from galloping, we considered an idealised
cross-section of A. bipinnata, as shown in figure 15(a). We modelled protuberances as
diametrically opposed arcs of a circle having a size of 10 % of the cylinder diameter, to
conform to the photography in figure 3 and data provided by Bayer (1961). We simulated
flows of different angles of attack « around this geometry using the same in-house flow
solver (Etienne et al. 2009) described in § 3.1, then evaluated the Glauert—den Hartog
criterion. The latter states that a sufficient condition for galloping to arise is

— +Cp <0, (ATD)
do

where Cp and Cp are the lift and drag coefficients. From a video of the vibrating coral
(YouTube 2013), and again using the software IMAGEJ, we estimated that the transverse
displacement of the branch does not exceed Y,./D ~ 0.5. The angle of attack to which
the coral cross-section would be exposed is then, at most, tan~! Q2rf,A/Upy) ~ 24°.
Therefore, we chose a representative range of « between 0° and 20°. Figure 15(b) shows
the variation of the fluid-dynamic coefficients and the Glauert—den Hartog criterion. The
quantity dCr /da + Cp is always close to 1 and has no tendency to change sign in the range
of « considered, which ensures that galloping cannot be a cause of the high frequency
motion of the soft coral branches.
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