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Abstract The fluid-structure interaction mecha-

nisms of a coating composed of flexible flaps

immersed in a periodically oscillating channel flow

is here studied by means of numerical simulation,

employing the Euler-Bernoulli equations to account

for the flexibility of the structures. A set of passively

actuated flaps have previously been demonstrated to

deliver favourable aerodynamic impact when attached

to a bluff body undergoing periodic vortex shedding.

As such, the present configuration is identified to

provide a useful test-bed to better understand this

mechanism, thought to be linked to experimentally

observed travelling waves. Having previously

validated and elucidated the flow mechanism in Paper

1 of this series, we hereby undertake a more detailed

analysis of spectra obtained for different natural

frequency of structures and different configurations,

in order to better characterize the mechanisms

involved in the organized motion of the structures.

Herein, this wave-like behaviour, observed at the tips

of flexible structures via interaction with the fluid flow,

is characterized by examining the time history of the

filaments motion and the corresponding effects on the

fluid flow, in terms of dynamics and frequency of the

fluid velocity. Results indicate that the wave motion

behaviour is associated with the formation of vortices

in the gaps between the flaps, which itself are a

function of the structural resistance to the cross flow.

In addition, formation of vortices upstream of the

leading and downstream of the trailing flap is seen,

which interact with the formation of the shear-layer on

top of the row. This leads to a phase shift in the wave-

type motion along the row that resembles the obser-

vation in the cylinder case.
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1 Introduction

The interaction between an ensemble of flexible

slender structures and a surrounding oscillating flow
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is a generic topic of research encountered in many

domains of science, which can be divided in two large

categories of coupled problems.

The first one concerns one-way coupled problems,

i.e. when the motion of the structures is imposed and

the fluid flow does not influence this motion. In this

category, we find many biomedical applications which

involve for instance the motion of beating cilia to

transport fluid or mucus in airways [13], cerebrospinal

fluid in brain [23], or configurations involving a large

number of tasks in human body [14]. Indeed, cilia are

whip-like appendages extending from the surface of

many types of cells and are ubiquitous in nature. An

illustration of this fact is the beating mechanism used

to transport mucus in human airways, which is similar

to the one used by the cilia found on the body of

aquatic animals, which move in water thanks to the

rhythmic movement of cilia [5].

The second category is a two-way coupling

approach, i.e. when the structures are free to move in

the fluid, and both fluid and structures influences each

other’s dynamics. Several applications exist as well

for the two-way coupling, which is sometimes referred

as full fluid-structure interaction. A few examples are

studies concerning the influence of wind on canopy

[6, 20], the dynamics of aquatic vegetation immersed

in unsteady flows [15, 16], or the dynamics of cilia

found in nature, which are used for self-cleaning or

sensing purposes [17, 24].

Other applications can be found in another scien-

tific areas, such as aerospace engineering for instance.

Indeed, recent studies have pointed out the benefits of

using a poro-elastic coating on wings to control the

boundary layer separation, which can lead to reduc-

tions of drag coefficient and increase of lift coefficient

[3, 8]. The structure of this coating consists in a layer

of densely packed slender elements, inspired origi-

nally by birds feathers [8], and is thus similar to the

one of a canopy made of flexible plants. This porous

coating is able to move and deform according to the

fluid flow, and allows one to manipulate the flow by

using the fluid-structure interaction.

From a modelling perspective, as resolving all the

elements of the coating can often lead to prohibitive

CPU costs, one may instead consider representative

elementary volumes in which volume forces are

derived to model the presence of the inner elements,

in a homogenised approach [8, 26]. In this way one is

able to significantly reduce the number of points

required for the fluid mesh, as there is no longer the

need to resolve the pore scale. However, correct

reproduction of the macroscale elasticity of the porous

coating presents a challenge that as of yet is not fully

understood - and thus requires further investigation.

To date, the models for this purpose have in the main

comprised fairly rudimentary elastic assumptions,

based on springs and dampers [8] and in that context,

Paper 3 of this series, citepelskin3 is addressing this

issue by proposing a new and improved homogenized

model.

The present paper forms part of a series of outputs

summarising the work in the recent EU funded

‘PELskin’ project1, wherein focus was placed on

investigating the potential amelioration of aerody-

namic performance via a Porous and ELastic (PEL)

coating. The objective of this project was to elucidate

the potential for passive structures to adapt to the

separated flow and reduce form drag by decreasing the

intensity and the size of the recirculation region.

Further investigation of the physical mechanisms

described above requires a general set-up, so as to

enable a detailed analysis of the flap behaviour under

clearly defined conditions. Such a case is proposed

here in form of an oscillating channel flow, where a

finite row of flexible flaps are implemented. The

selected configuration is simple enough to capture the

essential characteristics of the coupled problem, and

may also be considered to be quasi two-dimensional.

In part 1 of this series an experimental study was

undertaken for an oscillating flow over a row of 10

flexible flaps spanning the section and two numerical

tools were validated against this data.

In the present paper, to investigate the coupled

dynamics of fluid and structure, and to bring more

information on the physical mechanism to the exper-

imental results, we study the influence of the variation

of the mass ratio of the flaps on the flow topology and

on the correlation between fluid and structure dynam-

ics. In particular, we place our focus on the waving

behaviour observed at the tips of the flexible elements

via interaction with the fluid flow. Similar behaviour

has been observed in terrestrial or aquatic canopies

many times, and frequency lock-in effects have been

identified between the natural frequencies of the plants

[20, 21], and the shedding of vortices interacting with

1 http://www.transport-research.info/project/pel-skin-novel-ki

nd-surface-coatings-aeronautics.
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the tips of the plants. These vortices are generated by a

Kelvin-Helmholtz instability which comes from the

velocity difference between the external fluid flow and

the inner canopy [6]. The advection of these vortices

downstream is then promoting a coherent waving

motion observed on the canopy, which can be seen

easily on wheat fields in windy conditions for instance.

This waving motion is called Honami in the case of

terrestrial canopies and Monami for aquatic canopies.

The objective of this research is to provide a

quantitative characterization of this fluid-structure

interaction mechanism of waving motion using

numerical simulation. The unsteady flow configura-

tion of an oscillating channel flow is well adapted to

identify phase lags between flapping filaments, and to

characterize their time dependent motion along the

flow. The numerical framework is based on the

Immersed Boundary method coupled to a flow solver,

to treat the moving boundaries on a fixed Cartesian

grid. Two fundamentally different fluid solvers were

used in the PELskin project, to compare their quality

in comparison to the experimental data and judge the

proper choice for further investigations of such

coupled problems. The first is a finite difference code

based on Navier-Stokes equations and the second one

is a code employing the lattice Boltzmann method. In

this paper, all the results have been obtained using the

Lattice Boltzmann solver. The dynamics of the

flexible elements is modelled using the Euler-

Bernoulli equations, as it is done in [12] and [10].

After presenting the numerical method in the next

section, results are discussed at the light of other

experimental studies in literature on aquatic and

terrestrial canopies. A special focus is placed on the

extraction of the fluid structure interaction mecha-

nisms generating theMonami/Honami. Conclusions to

this work will be drawn in Sect. 5.

2 Case description

An oscillating channel flow of height L is generated

experimentally in a long tube of square cross-section

(6 cm� 6 cm) over a row of 10 flexible flaps of length

H at the midpoint, whereby L ¼ 3H. The flaps are

spaced by H/2 and are made of silicone rubber

(Elastosil RT 601, Wacker Chemie, Germany,

Young’s modulus E ¼ 1:2 MPa, density qs ¼
1:2 g/cm 3), with thickness d ¼ 1 mm and span B ¼

5 cm. As such they extend across 83 % of the span of

the channel and for the present flow conditions they

may be approximated as quasi-2D at the centreline.

The flexural rigidity (or bending stiffness) of the flaps

is k ¼ E � I ¼ 5� 10�6Nm2 where I is the second

moment of area along the thin axis of the flap

I ¼ B� d3=12. Figure 1 displays a schematic of the

main test section, while the reader is referred to Paper

1 of this series, [7], for complete description of the

experimental method and materials.

The present simulation follows a Womersley

velocity profile, defined by analytical expression from

[4].

uðy; tÞ ¼ Aejwt 1� 2:0
X1

n¼0

ð�1Þ2

pn

(

cosðpny=bÞ
coshðcna=bÞ

þ coshðlny=bÞ
coshðlnÞ

� �) ð1Þ

where A is the velocity amplitude, a ¼ b ¼ L=2, pn ¼
ðð2nþ 1Þ=2Þp, cn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2n þ jg2

p
, ln ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2n þ jg2

p
,

qn ¼ ðð2nþ 1Þ=2Þpðb=aÞ and g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
wb2=m

p
refers to

the non-dimensional Stokes number, w being the

angular frequency. Figure 2 provides a good agree-

ment between our simulation results and the analytical

solution of [4] at the inlet through one flow oscillation

cycle. The Reynolds number of the present simulation

is Re ¼ umaxH=m ¼ 120, based on the maximum

stream-wise velocity umax and the flexible filament

height H.

3 Method and validation

The lattice Boltzmann method is used to simulate the

fluid flow, which is based on microscopic models and

Fig. 1 Schematic view of ten identical flexible filaments

equally placed at the lower wall of the channel. The letters Fi

indicate the position in x-direction of the flexible filament

number i
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mesoscopic kinetic equations; in contrast to Navier-

Stokes which is in terms of macro-scale variables. The

Boltzmann equation for the distribution function f ¼
f ðx; e; tÞ is given as follows:

of

ot
þ e � rxf þ F � ref ¼ X12; ð2Þ

where x are the spatial coordinates, e is the particle

velocity and F accounts any external force; in the

present work this force is the body force fib applied to

the fluid. Clearly this last term is very important as it

will be used to convey the information between the

fluid and the structure. The collision operator X12 is

simplified using the Bhatnagar, Gross, and Krook

(BGK) approach [2], where it is assumed that local

particle distributions relax to an equilibrium state f ðeqÞ

in a single relaxation time s:

X12 ¼
1

s
f ðeqÞ � f

� �
: ð3Þ

This equation is discretised and solved on the

lattice, a Cartesian and uniform mesh in our case. At

each point on the lattice, each particle is assigned one

of a finite number of discrete velocity values. In our

case we use the D2Q9 model, which refers to two-

dimensional and nine discrete velocities, referred to by

subscript i. The equilibrium function f ðeqÞ x; tð Þ can be

obtained by Taylor series expansion of the Maxwell-

Boltzmann equilibrium distribution [22].

Concerning the discrete force distribution needed to

keep into account the body force fib, here we use the

formulation proposed by [11], as follows, where c is

the lattice speed, cs ¼ 1=
ffiffiffi
3

p
is the speed of sound and

xi are the weight coefficients, which take standard

values. For further details the reader is referred to

[9].

Fi ¼ 1� 1

2s

� �
xi

ei � u

c2s
þ ei � u

c4s
ei

� �
� fib ð4Þ

3.1 Immersed boundary method to couple flow solver

to structure model

The Immersed Boundary Method (IBM) is used to

simulate the moving geometries of the flaps immersed

in the unsteady fluid flow. Following this approach,

the fluid equations are solved on a fixed Cartesian grid,

which do not conform to the body geometry, and the

solid wall boundary conditions are satisfied on the

body surface by using appropriate volume forces

[18, 19]. Following the method proposed by [25] a

predicted velocity u�, computed without the presence

of the obstacle, is interpolated (I ) onto the embedded

geometry of the obstacle, discretized through a

number of Lagrangian marker points with coordinates

Xk:

U�ðXk; t
nÞ ¼ Iðu�Þ ð5Þ

Having identified the velocity U�ðXk; t
nÞ at the

location of the Lagrangian markers, a distribution of

singular forces that restore the desired velocity

UdðXk; t
nÞ is determined as:

F�ðXk; t
nÞ ¼ UdðXk; t

nÞ � U�ðXk; t
nÞ

Dt
: ð6Þ

The singular surface force field is then transformed

by a spreading operator S into a volume force-field

defined on the Cartesian mesh points, resulting in the

required body force to be used directly in Eq. 4.

fib ¼ S F�ðXk; t
nÞ½ �: ð7Þ

Where the body surface is in motion, the velocity of

each point along the flap is computed via the Euler-

Bernoulli equation in non-dimensional form:

dUdnþ1

dt
¼ o

os
T
oXk

os

� �
� KB

o4Xk

os4
� Fib ð8Þ

Here, T is the non-dimensional tension of the flap

and KB is the non-dimensional flexural rigidity

k=KBref . The reference quantities used for non-

dimensionalisation of the equations are: a reference

tension Tref ¼ DqU2
0 , the reference bending rigidity

KBref ¼ DqU2
0L

2 and the reference Lagrangian forcing

Fig. 2 Womersley velocity profiles at inlet position at different

instants through one flow oscillation cycle, comparison of

analytical solution with numerical results from present work

through empty channel. (Color figure online)
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Fref ¼ Dq
L�qf

U2
0 . U0 is the characteristic velocity of the

fluid flow, Dq is the difference in density per unit area

of filament cross section between the filament qs and
the fluid qf . In the present work we have studied the

effect of varying mass ratio; to do this qf is kept

constant and the solid density is modified, thereby

changing deltaq.
Gravity effects are neglected in the present work.

The closure of Eq. (8) is provided by the inexten-

sibility condition as follows:

oXk

os
� oXk

os
¼ 1 ð9Þ

This condition ensures that the flap length remains

constant, and is satisfied using the tension values,

which effectively act as Lagrange multipliers. The

boundary conditions for the system (8–9) are X ¼ X0,
o2Xk

os2
¼ 0 for the fixed end, and T ¼ 0, o

2Xk

os2
¼ 0 for the

free end. The resulting set of equations are discretised

using a staggered arrangement and solved simultane-

ously using a Newton method, by a direct evaluation

of the exact Jacobian matrix, which incorporates the

given boundary values.

A comprehensive validation was conducted in [7]

for a flexible flap without fluid, and then for the two-

way fluid structure interaction configuration. The

latter case was considered at the same dimensions

and same boundary conditions as the experiments. The

flexible flaps are mounted on the bottom wall of the

channel. The numerical results achieved grid conver-

gence and identified a 2nd order convergence. Figure 3

provides a comparison of flap tip positions in x

direction obtained from both flow solvers, the exper-

imental results are also plotted for comparison. Both

flow solvers return almost identical results for this

case, and comparison to experimental data is also good

given the 2D approximation made.

Qualitative validation can be also obtained from the

comparison between numerical and experimental

results of instantaneous flow velocity vectors, as

provided in Fig. 4. These results are discussed in

more detail in [7]. During the cycle, the first filament

in the array (with respect to the bulk flow direction)

starts to deflect from its vertical position before the

others, and this deflection is gradually transmitted

through the following filaments as the cycle pro-

gresses. At the same time, the last filament in the array

has also deflected earlier and to a greater extent than its

neighbours, as a consequence of the larger recircula-

tion vortex that has by this stage formed aft of the

array. In the first stage of this study we have

established that the vortex is a primary feature of the

flow, since the boundaries between the zones of

positive and negative momentum zones are often

passing through the vortex core [1, 16]. It is here

expected that the size and longevity of this vortex are

sensitive to the parameters of the system and this will

be investigated in the following sections.

4 Variation of the mass ratio

In this section we present results where mass-ratio has

been varied. With respect to the original configuration

from [7], summarised in the previous section, we here

evaluate the flow for 4 further values of mass ratio

l ¼ qs=qf , which when normalised by the value from

the experimental configuration, form the set

l� ¼ f0:66; 0:8; 1:0; 1:6; 4:0g. In these tests the bend-

ing stiffness remains unchanged. The modification of

Fig. 3 Non-dimensional tip

positions of flap in

x-direction within three flow

cycles (offset by 0.5 for

clarity). Solid curve

numerical results from

present work compared to

open circle: experiment.

The letters Fi indicate the

flexible flap number

i. (Color figure online)
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mass ratio directly alters the natural frequency of the

flap and as such we expect a modified response from

the structure to the imposed flow frequency. Figure 5

displays the overlaid positions of each flap of the array

throughout the cycle for the five different cases

mentioned previously. These plots provide a clear

comparison of how the range of motion and relative

interactions of flap vary in each case.

Fig. 4 Qualitative comparison of filament dynamics: (left) contours of instantaneous flow velocity vectors from numerical simulation;

(right) Experimental snapshots obtained at the same instant as in the numerical simulation. (Color figure online)

Fig. 5 Position diagrams of flap arrays for (top to btm:) l� ¼ f0:66; 0:8; 1:0; 1:6; 4:0g, where flaps 1� 5 are coloured corresponding to

legend on Fig. 3. (Color figure online)
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4.1 Flow dynamics

The interaction between fluid flow and flexible

filaments can be assessed from stream-wise velocity

profiles across the channel height, and extracted at five

different locations in the x-direction (Fig. 6) for the

baseline case. On either sides of the channel, far

enough removed from the filament array, the stream-

wise flow velocity u follows the same Womersley

profile as the baseline case in Fig. 2. As can be

expected, significant distortions occur on the flow

velocity profiles in at the edges of the filament array,

i.e. Fig. 6ii, iv. At the centre of the array, Fig. 6 iii, a

quasi-Womersley profile is observed above the top of

filament layer at the channel center, and a significantly

modified velocity profile is exhibited inside the

filament layer, indicating a strong influence of the

filament motion on the stream-wise flow velocity

u. The flow at the channel centre is entirely symmetric,

as observed in Fig. 6iii. Furthermore, the flow at

Filaments 1 and 10 are individually asymmetric while

together anti-symmetric, as shown in Fig. 6ii, iii. It is

instructive to consider further the flow profiles at the

first/last filament location. In particular for the region

below the red line indicating the filament height at

equilibrium, since in the region 0\y\0:5 the mean

flow over one cycle appears to be directed towards the

centre of the filament array.

Figure 7 shows the stream-wise velocity u within

three flow oscillation cycles, corresponding to differ-

ent positions P1–P5 and P11, at a height of 1.1H (see

Fig. 1). The magnitude of the stream-wise flow

velocity u is clearly shown to be larger over the

filament top positions P1–P5, with respect to the

velocity magnitude at the inlet position P11. A

frequency analysis of the stream-wise flow velocity

u confirms that the dominant frequency peak, of

amplitude A1, corresponds to the flow frequency of

1.0Hz. A second peak at about 2.0Hz and of amplitude

A2 occurs on the positions P1–P4 which correspond to

the extremities of the filament layer. Let au ¼ A2=A1

be the spectral ratio of the stream-wise flow velocity u,

which will be used later on to relate the dynamics of

the flow and the filament motion.

Snapshots of instantaneous velocity field and

instantaneous vorticity through one half cycle

(T ¼ 0:5s) of the symmetric flow are given in

Figs. 8–10, for l� ¼ f0:66; 1:6; 4:0g respectively.

The results for l� ¼ f0:8; 1:0g were observed to be

qualitatively similar to l� ¼ 0:66, and are thus omitted

for clarity. Under the driving motion of the oscillating

flow, the filament motion is significantly influenced by

the presence of the vortex which periodically appears

near to both sides of the coating and in the following

we attempt to elucidate how this influence is modified

as a function of l�.
Considering the plots of instantaneous flow veloc-

ity in the first instance, one can identify the effect of

increased l� on the bulk flow through the channel. For

low values the bulk flow is able to pass directly over

the filament array without significant deflection, while

as l� increases, the filaments yield less to the

Fig. 6 Stream-wise velocity profiles u along the channel height

at (i) channel entrance; (ii) position of filament 1; (iii) channel

center; (iv) position of filament 10; (v) channel exit (Lx) through

one flow oscillation cycle. The red line indicates the filament

height and blue lines and numbers indicate non-dimensional

range of velocity profiles in x-direction. (Color figure online)
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oncoming momentum and the blockage effect of the

filaments in the channel is amplified. The bulk flow is

subsequently accelerated and deflected upwards at an

angle, which acts to lift the rotational boundary layer

away from the tips of the filaments. The main

consequence of the previous point is that the shear

layer flowing over the filament tips is broadly unin-

terrupted versus in the higher l� cases than the lower

cases. The facility for an interaction of flow vortices

with the natural vibration frequency of the filaments is

then removed, and as such there less opportunity for a

‘lock in’ effect between the fluid and the filament

array. Indeed the tip deflection profiles in Fig. 11c

shows a broadly uncorrelated motion of the filaments

compared to Fig. 11a.

Further to the previous points, we observe that for

higher l�, the flow recirculation aft of the filament

array is more pronounced, and the vorticity in this

region is increased. This has two notable effects; first

the filaments in the aft location, normally deflected

downstream in the direction of the bulk flow, are

instead deflected back towards the centre of the

filament array. Furthermore, the low pressure region

corresponding to the vortex core appears to act to

detach the flow at the point on the channel ceiling

immediate above this location, deflecting the bulk flow

down towards the channel floor. We note here that

such a mechanism might be relevant for flow control.

For higher l�, it can be seen that there is no contact
between any of the filaments, however for the cases of

smallest mass ratios, l� ¼ f0:66; 0:8g, there are short
instances amounting to � 10% of the cycle where the

final two filaments on the ley side of the array appear

to come into contact at their tips, as seen from Figure a.

We do not presently include any interaction model in

these cases and as such there is nothing to prevent this

from occurring. Encouragingly there does not seem to

be an adverse numerical behaviour resulting from this

contact—the filaments are naturally able to fully

separate following these moments of close proximity.

Since the filament positions are computed indepen-

dently from one another, one filament has no direct

awareness of another’s location, and as such they do

not directly ‘touch’; but they do occupy the same
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-0.5

0

0.5
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Fig. 7 Stream-wise velocity u of fluid flow at positions of Fig. 1. a–e P1–P5 in order; f P11
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hydrodynamic field, and in regions of low velocity

both will be momentarily stationary. For cases where

such contact is frequent and substantial we would need

to incorporate collision modelling to correctly handle

contact and lubrication effects; but since in the present

calculations these instances are rare it is not expected

to have significant bearing on our current conclusions.

4.2 Flap dynamics

Figure 11 displays the normalised and superimposed

trace of tip deflection (x-component) for mass ratios

l� ¼ f0:66; 1:6; 4:0g. Only flaps 1–5 are included

since flaps 6–10 are antisymmetric to this. Also

included in the figure are the corresponding Fourier

transform of trace, where 1 Hz corresponds to forcing

frequency of the case. Since all plots are scaled to the

same values, comparisons between amplitudes can be

drawn directly. The results indicate that for low mass

ratios, the flap motion is relatively coherent, with all

flaps covering a similar range of x-coordinate. There is

a phase lag present as discussed in the previous

section, but this is minor compared to the results which

follows. For l� ¼ 1:6, there is a drop in range of

motion, as indicated by a reduced range of x-coordi-

nate. There is also a marked drop in coherence, with a

significant spread of motion over the second half of the

cycle. This may be associated with a sharper ‘kick’ of

the flap tips in these cases. For l� ¼ 4 the trend

continues and flaps are without a clear coherent

motion over the entire cycle. Considering the main

peak in the frequency plots, at 1Hz, similar conclu-

sions are made, where coherence is now represented

by amplitude of the key frequencies. For l� ¼ 0:66 the

coherence is strong, and this decreases notably for

each subsequent increase in l�.
Further insight can be gained from Fig. 12, which

plots the normalised amplitude of flap motion against

(c) (g)

(d) (h)

(b) (f)

(a) (e)

Fig. 8 Mass ratio l� ¼ 0:83: a–d Instantaneous flow velocity vectors represented by arrows and color contours of stream-wise velocity

u; e–h colour contours of instantaneous vorticity. (Color figure online)

Meccanica (2017) 52:1781–1795 1789

123



normalised mass ratio, for each of the flaps 1–5, (see

previous figure for legend). Three plots are included;

the driving frequency of f1 ¼ 1 Hz, the first harmonic

of f2 ¼ 2 Hz and the ratio f2=f1. From the first plot it

becomes clear that the energy at f1 decreases with l�,
rapidly at first then more slowly, following an

asymptotic variation. Consistently the motion

response of the first flap, is around 25 % higher than

flaps 2–5, which are remarkably similar across the

range of l� tested. In contrast, the corresponding

results for f2 demonstrate a broader variation for each

of the flaps 1–5. For the lowest value of mass ratio, the

amplitude of f2 varies almost linearly from flap 1 to

flap 5, as might be expected. Indeed, flaps 1, 4 and 5

indicate almost constant values of amplitude over the

range of mass ratios tested. In stark contrast, flaps 2

and 3 rise with mass ratio, reaching a peak at the tested

value of l� ¼ 1:6, before again reducing for l� ¼ 4.

This peak in amplitude can be related to the kick

mentioned previously, and there appears to be a kind

of increased sensitivity to l� for flaps 2 and 3,

compared to the other flaps. It appears that this

dynamic excitation results directly from the large

coherent vortex that passes over these flaps. Also of

note, in the case of l� ¼ 4, the 3rd flap moves less than

the 4th, as indicated also in Fig. 5. The final plot of

Fig. 12 displays the ratio of the amplitudes of the

frequencies, here defined af ¼ B2=B1, which indicates

that as mass ratio increases, more energy is manifested

in the higher frequency range. This is confirmed by the

increased amplitude of higher frequency oscillations

reported in Fig. 11.

4.3 Spectral analysis

In this section we attempt to correlate the dynamics of

the flaps with the dynamics of the fluid in their

immediate vicinity. In the previous sections we have

(c) (g)

(d) (h)

(b) (f)

(a) (e)

Fig. 9 Mass ratio l� ¼ 1:6: a–d Instantaneous flow velocity vectors represented by arrows and color contours of stream-wise velocity

u; e–h Colour contours of instantaneous vorticity. (Color figure online)
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quantified the dynamic response of filament motion

and fluid motion as af and au Respectively. Further we
here quantify the asymmetry of the filament motion by

introducing a parameter which measures the ratio of

time spend by the filament tip on the right hand side of

it’s base, Dt1, versus the time on the left hand side Dt2;
i.e. summarised as Dt ¼ kDt2 � Dt1k, and normalised

by flow oscillation period, T. Clearly for a symmetric

motion this value will be zero.

Figure 13 displays the variation of af , au and Dt=T
for the set of parameters tested. The values of all three

ratios follow the same trend moving towards the side

of the layer in almost all cases. This demonstrates that

the frequency content of the stream-wise velocity of

the flow in the rods region is significantly modified by

the motion of flexible rods, which underlines the fact

that the layer of flexible flaps does not behave as a

passive vibrating medium in the fluid. For

l� ¼ f0:66; 0:8; 1:0g, the two quantities af , au are

surprisingly close, particularly so for the baseline case,

intended to display ‘lock-in’ characteristics by the

experimenters. In all cases, the quantity Dt=T reaches

zero for the central pair of filaments; indicating that an

entirely symmetric filament motion is achieved at this

point.

For values of mass ratio corresponding to l� ¼ 1:6,

the filaments are found to beat at the same frequency

of the fluid in the center of channel. A loss of

correlation between the fluid and the structure dynam-

ics is observed on the sides, as these zones are more

dominated by the presence of a strong coherent vortex.

This is confirmed upon comparison of Figs. 8g and 9g.

The particular loss of correlation which occurs at the

second filament, is also identified in Fig. 12b where

there appears to be an amplificationmechanism in play

for this particular mass ratio.

When the mass ratio is increased further to l� ¼ 4,

the correlation is found to be even weaker, leading to a

(c) (g)

(d) (h)

(b) (f)

(a) (e)

Fig. 10 Mass ratio l� ¼ 4: a–d Instantaneous flow velocity vectors represented by arrows and color contours of stream-wise velocity

u; e–h colour contours of instantaneous vorticity. (Color figure online)
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quasi-uncorrelated dynamics for fluid and structure. In

this case, the vortices created on the sides of the layer

are advected upwards, and thus influence much less

the motion of the flaps, as they remain in a flow region

too far away from the flaps. This can be assessed

clearly on Fig. 10g for instance, where it can be seen

that the vorticity is transported more towards the top of

the domain compared to Fig. 8g, where the vorticity is

transmitted to the flaps and thus leads to a more

correlated dynamics between the fluid and the flaps.

5 Conclusions

The coupling mechanisms involved in the two-way

interaction between an incompressible oscillating

channel flow and a coating made of flexible filaments

have been investigated in the present work. A

quantitative characterization of these physical mech-

anisms has been provided. From the present results,

the phase difference of adjacent filaments, which leads

to the Monami or Honami waving motions, has been
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characterized by means of several analysis, which

have led to the following observations.

From the detection of coherent eddies, it is

demonstrated that the flow vortex, which periodically

occurs near the filament coating sides, is the cause

leading to the smoothly varying phase difference of

adjacent filaments, and is related to large vorticity.

The effect of the flexible filaments on flow dynamics

Fig. 13 Spectral ratios for the fluid (au) and the filaments (af ), together with phase lags Dt=T at positions P1–P10, for a range of mass

ration l� ¼ f0:66; 0:8; 1:0; 1:6; 4:0g. The x-axis indicates the filament positions in x-direction. (Color figure online)
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has been highlighted from the FFT spectra results.

Over the flexible filament top region, the spectral ratio

au of the stream-wise flow velocity is found to be

quantitatively close to the phase difference ratio Dt=T
and the spectral ratio af of the filaments, demonstrat-

ing that the layer of flexible flaps does not behave as a

passive vibrating medium in the fluid.

Over the course of the cycle there is a mean flow

from the outer filaments towards the centre, which

is characterised by the measure of asymmetry,

demonstrating that the first and last filaments spend

more time deflected ‘into’ the array than away from

it. This hysteresis effect demonstrates the poro-

elastic nature of the filament array. Under tuned

conditions, the spectral responses of the filament

and the adjacent fluid are closely linked, though at a

certain threshold the coupled motion breaks down

as the dynamic response of the structure grows

faster than that of the fluid and the correlation

breaks down.

At high mass ratios, the structural response is

further uncoupled from the flow, which is deflected

beyond the tips of the filaments, further reducing the

potential flow-filament interaction and thus the cou-

pling. Having demonstrated a relatively narrow band

of the parameter space under which dynamics are

closely coupled, a significant departure from these

conditions is observed for relatively small change of

input parameter; the implications for flow control via a

poro-elastic layer are significant and further work is

under way to link these findings to the unsteady flow

field in the wake of a bluff body.

Acknowledgments The financial support of the European

Commission through the PELskin FP7 European project

(AAT.2012.6.3-1.- Breakthrough and emerging technologies)

is greatly acknowledged. Funding of the position of Professor

Christoph Bruecker as the BAE SYSTEMS Sir Richard Olver

Chair in Aeronautical Engineering is gratefully acknowledged

herein. AR acknowledges support from the UK Engineering and

Physical Sciences Research Council under the project UK

Consortium on Mesoscale Engineering Sciences (UKCOMES)

(Grant No. EP/L00030X/1).

Compliance with ethical standards

Conflict of interest The authors declare that they have no

conflict of interest.

Funding This study was funded by the European Commission

(7th RTD Framework Programme) under call AAT.2012.6.3-1.-

Breakthrough and emerging technologies.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://

creativecommons.org/licenses/by/4.0/), which permits unrest-

ricted use, distribution, and reproduction in any medium, pro-

vided you give appropriate credit to the original author(s) and

the source, provide a link to the Creative Commons license, and

indicate if changes were made.

References

1. Adrian R, Meinhart C, Tomkins C (2000) Vortex organi-

zation in the outer region of the turbulent boundary layer.

J Fluid Mech 422:1–54

2. Bhatnagar P, Gross E, Krook M (1954) A model for colli-

sion processes in gases. I: small amplitude processes in

charged and neutral one-component system. Phys Rev

94:511–525

3. Bruecker C, Weidner C (2014) Influence of self-adaptive

hairy flaps on the stall delay of an airfoil in ramp-up motion.

J Fluids Struct 47:31–40

4. Chandrasekaran V, Cain A, Nishida T, Cattafesta L, Shep-

lak M (2005) Dynamic calibration technique for thermal

shear-stress sensors with mean flow. Exp Fluids 39:56–65

5. Dauptain A, Favier J, Bottaro A (2008) Hydrodynamics of

ciliary propulsion. J Fluids Struct 24(8):1156–1165

6. de Langre E (2008) Effects of wind on plants. Annu Rev

Fluid Mech 40:141–168

7. Favier J, Cuicui L, Kamps L, Revell A, OConnor J, Brucker

C (in press) The pelskin project—part i–fluid-structure

interaction for a row of flexible flaps: a reference study in

oscillating channel flow. Mechanica

8. Favier J, Dauptain A, Basso D, Bottaro A (2009) Passive

separation control using a self-adaptive hairy coating.

J Fluid Mech 627:451

9. Favier J, Revell A, Pinelli A (2013) A lattice boltzmann-

immersed boundary method to simulate the fluid interaction

with moving and slender flexible objects. J Comput Phys

261:145–161

10. Favier J, Revell A, Pinelli A (2015) Numerical study of

flapping filaments in a uniform fluid flow. J Fluids Struct

53:26–35

11. Guo Z, Zheng C, Shi B (2002) forcing term lbm. Phys Rev

Lett E 65(4)

12. HuangW-X, Shin SJ, Sung HJ (2007) Simulation of flexible

filaments in a uniform flow by the immersed boundary

method. J Comput Phys 226(2):2206–2228

13. Lee W, Jayathilake P, Tan Z, Le D, Lee H, Khoo B (2011)

Muco-ciliary transport: effect of mucus viscosity, cilia beat

frequency and cilia density. Comput Fluids 49(1):214–221

14. Lodish H, Berk A, Zipursky L, Matsudaira P, Baltimore D,

Darnell J (2000) Molecular cell biology, 4th edn. W.H.

Freeman and Co., New York

15. Nepf HM (2012) Flow and transport in regions with aquatic

vegetation. Annu Rev Fluid Mech 44:123–142

16. Nezu I, Okamoto T (2010) The effect of coherent waving

motion on turbulence structure in flexible vegetated open

channel flows. River Flow, pp 429–436

17. O’Connor J, Revell A, Mandal P, Day P (2016) Application

of a lattice boltzmann-immersed boundary method for fluid-

1794 Meccanica (2017) 52:1781–1795

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


filament dynamics and flow sensing. J Biomech

49(11):2143–2151

18. Peskin CS (1972) Flow patterns around heart valves: a

numerical method. J Comput Phys 10(2):252–271

19. Peskin CS (2002) The immersed boundary method. Acta

Numerica 11:1–39

20. Py C, Langre E, Moulia B (2006) A frequency lock-in

mechanism in the interaction between wind and crop

canopies. J Fluid Mech 568:425–449

21. Py C, Langre E,Moulia B, Hemon P (2005)Measurement of

wind-induced motion of crop canopiesfrom digital video

images. Agric For Meteorol 130:223–236

22. Qian Y, DHumieres D, Lallemand P (1992) Lattice bgk

models for navier-stokes equation. Europhys Lett 17(6):

479–484

23. Siyahhan B, Knobloch V, de Zlicourt D, Asgari M, Schmid

Daners M, Poulikakos D, Kurtcuoglu V (2014) Flow

induced by ependymal cilia dominates near-wall cere-

brospinal fluid dynamics in the lateral ventricles. Journal of

the Royal Society Interface 11:20131189

24. Tao J, Yu XB (2012) Hair flow sensors: from bio-inspiration

to bio-mimicking—a review. Smart Mater Struct 21(11):

113001

25. Uhlmann M (2005) An immersed boundary method with

direct forcing for the simulation of particulate flows.

J Comput Phys 209(2):448–476

26. Zampogna GA, Bottaro A (2015) Fluid flow over and

through a regular bundle of rigid fibres. Submitted for

publication in Journal of Fluid Mechanics

Meccanica (2017) 52:1781–1795 1795

123


	The PELskin project: part II---investigating the physical coupling between flexible filaments in an oscillating flow 
	Abstract
	Introduction
	Case description
	Method and validation
	Immersed boundary method to couple flow solver to structure model

	Variation of the mass ratio
	Flow dynamics
	Flap dynamics
	Spectral analysis

	Conclusions
	Acknowledgments
	References




