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Abstract

Flow-induced vibration of a flexible structure is a common
phenomenon which has recently attracted significant abtent
due to its fundamental and importance in engineering. Previ
ous effort has been made to study the dynamic response of a
flexible plate in uniform flows. In order to consider the in-
teraction between a flexible plate and a wall boundary layer,
this work presents a numerical study of fluid—structurerate
tion of a flexible plate vertically fixed in a laminar boundary
layer over a rigid wall by using an immersed boundary method.
The Reynolds number, structure-to-fluid mass ratio andibgnd
rigidity have been considered. The vibrations of the platesh
been discussed. Due to the interplay of the inertial, elastd
viscous forces as well as shear flow near the boundary, tte pla
exhibits much richer phenomena compared to flag vibrations i
uniform flows. Specifically, the plate experiences steadjest
periodic vibration of multiple frequencies, and chaoticreition
within the parameters considered. When the bending rigadit
the plate increases, the plate switches from periodic tidardo
chaotic vibration, and then to periodic vibration.

Introduction

Flow-induced vibration of a flexible structure is a commoeph
nomenon, such as swimming fish, flying insects and flapping
flags [26]. The dynamic response of a flexible plate in flows
has attracted much attention in recent years because ofits f
damental and importance in engineering [29, 16, 10, 22,@3, 2
17, 13].

Extensive experiments [9, 26, 8, 7], theoretical analySed |
and numerical simulations [29, 5, 3, 20] have studied the-flow
induced vibration of a flexible plate in uniform flows, sug-
gesting that the Reynolds number, structure-to-fluid mass r
tio S, and non-dimensional bending rigidity of the plate deter-
mine the dynamic response of the flexible plate. Specifically
lower mass ratio tends to stabilise the flexible plate-flyis-s
tem [9, 8, 7], and a massless plate in a uniform flow would
maintain its equilibrium state even in the presence of lange

tial perturbations [29, 17]. The plate may become unstahte a
develop a flapping motion when the mass ratio increases [8, 7]
In addition, a larger bending rigidity tends to stabilise 8ys-
tem [16, 1, 8, 7, 20]. Consequently, a flexible plate with lowe
bending rigidity is more likely to start the vibration. Fiya

a sufficiently high Reynolds number is necessary for the flow
to become unstable. Recently, flow-induced vibration of-mul
tiple plates in side-by-side arrangement has been repanted
Refs. [26, 14, 12, 2, 22, 23, 17]. By varying the separation be
tween plates, in-phase, out-of-phase and erratic coufiipg
ping modes are observed for two plates. Additional coupling
modes regarding frequency ratio between inner plate aret-ext
nal ones are observed for the case of three and more flexible
plates [23].

More recently, Dai et al. [6] investigated the effects of dlwa

the self-propelled movement of a flexible plunging platei; éte

al. (see e.g. Refs. [25, 27, 11]) have studied the effects of a
short non-metallic thin fin on heat transfer. Motivated bgs

two groups’ work, this work studies the dynamic behaviours o
a flexible plate vertically fixed in a laminar boundary layeeo
arigid wall by using an immersed boundary method.

Physical Model, Mathematical Formulation and Numerical
Method
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Figure 1: Schematic description of a flexible plate vertjical
fixed in a laminar boundary layer over a rigid wall. The inset
shows the coordinate system and the tip deflection of the plat

A flexible plate of unstretched lengthvertically fixed in a lam-
inar boundary layer over a rigid wall is considered, as shimwn
Fig. 1. The dynamics of the plate can be described by the fol-
lowing nonlinear equation [21, 24],
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wherem is the linear density of the plat¥, = [x, y] is a mate-
rial point on the platel, is the arc length from the fixed poirtt,
is the unit tangent vector pointing in the direction of iresing
I, nis the unit normal vector is the tensiong is the transverse
stress, and@lithe hydrodynamic load. The tension and transverse
stress are given by
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whereEg is the stretching coefficient of the plate and is large
for the nearly inextensible plat&g is the bending modulus

is the local curvature, anlg is the arc length in the unstretched
state. The boundary conditionslat 0 are given by,
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At the trailing edgek = 0 anddk /0l = 0.
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The flow dynamics is governed by the incompressible viscous
Navier—Stokes equations,
ou

a0

(uu) = 0-u=0, 4)

1
——DOp+v{D%u,
Pf



whereu is the velocity,ps andv¢ are respectively the fluid
density and viscosity, ang is the pressure. No-slip and
no-penetration conditions are specified at the surface ®f th
plate. Other boundary conditions over the computational do
main boundaries are shown in Fig. 1. To parameterize the
problem, we define the non-dimensional groups including the
Reynolds number, mass ratio, bending rigidity and stratghi
rigidity, given respectively by
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In this work,E& = 6400 so that the plate is nearly inextensible.

The governing equations with boundary conditions are sblve
by using an in-house solver. Specifically, the incompress-
ible flow is solved using a sharp-interface immersed-bonnda
method with a special treatment to suppress the presstite osc
lations associated with the moving boundaries [20, 21, 49, 2
The plate is discretised by a set of Lagrangian points ihjtia
distributed uniformly along it. A standard central finitdfeli-
ence scheme is used to solve the structure dynamics i@sativ
The fluid—structure interaction is iterated in a partitidmean-
ner [19, 18]. The fluid-structure solver has been extengiveadt
idated and applied to a few topics [21, 19, 24, 15]. For byevit
the validations of the solver are not included in this paper.

The computational domain has a size 0£.3010L. The dis-
tance from the inlet to the plate i$.5 The entire domain con-
sists of a nonuniform Cartesian grid of 44207 points. The
mesh contains a horizontal band of width&nd a vertical band

of width 1.5L in which the grid points are uniformly and densely
distributed such that the grid spaciag = Ay = 0.01L. A total
number of 101 nodes are used to discretise the plate. The time
step size ight = 0.0028./Up. All simulations are carried out
until periodic or continuous erratic vibrations are observ

Results and Discussion

In this work, we consider the effects B& (from 100 to 800),
m* (from 1.5 to 3.0) andeg (from 0.1 to 1.6) on the dynamic
behaviours of the flexible plate.

Effects of the Reynolds Number

Here we setn” = 3.0 andEj = 0.4 and compare the dynamics
of the plate forRe = 100, 200, 400 and 800. Fig. 2 shows the
time histories of the plate tip deflectioAX in Fig. 1) and the
corresponding PSD (power spectral density) which is réeslca
by the sum of all peaks. Several interesting observationdea
made from this figure. First, the flow is steady and the plate is
stable at the lowest Reynolds number (Re.= 100). Second,
when the Reynolds number increases, the plate vibrateseand b
comes erratic at large Reynolds numbers (&g= 800). The
above two observations are similar to the case of flow-induce
vibration of a flag in uniform flows reported in Ref. [5]. Thjrd
there is no single-frequency vibration for the plate. Thetepl
experiences sustained vibrations with a few frequencem-a
dicated by the PDS ofAX| at Re = 200. This is due to the
plate-vortex-boundary interaction. Finally, the meampHise-
ment of the plate increases with the Reynolds number which is
consistent with the 3D observation of a flexible plate in arrif
flows in Ref. [19], but in contrast with a 2D plate in uniform
flows studied by Zhu et al. [28]. The most significant differ-
ence in flow structures between the current study and Ré€f. [28
is that the unsteady vortex shedding occurs here, while dlae fl
is steady in Ref. [28]. This is a reasonable explanation ef th
differentRe-meanAX_ observations.

Effects of the Mass Ratio
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Figure 2:Re effects: (a)AX_ and (b) PSD.

Regarding the effect of mass ratio, simulations are cormdlct
atRe =400, Ef = 0.4 andm" = 1.5, 30 and 60. The time
histories of the plate tip displacement and the correspandi
PSD are presented in Fig. 3. For low mass ratio (eg= 1.5),

the plate undergoes vibration with a few discrete frequesaci
The vibration becomes chaotic when the mass ratio increases
This observation is similar to the flow-induced vibrationaof
flag in uniform flows [5].

Effects of the Bending Rigidity

Finally, we consider the effect of the bending rigidity. Eehe
computational parameters aRe = 400, m* = 3.0 andEg =
0.1—1.6. The time histories of the plate tip displacement and
the corresponding PSD are shown in Fig. 4. WEgnis varied
from 0.1 to 1.6, the plate first undergoes vibration at digcre
frequencies (e.gEj = 0.1), then chaotic vibration (e.dg=§ =

0.2 and 04) and finally vibration at discrete frequencies again
(e.g9.E5 = 0.8 and 16). This observation is different from that
in flag flapping where larg&g stabilises the flow. This may
be explained by the effective Reynolds number and vortek-wa
interaction. For small bending rigidity, the deformatidtioe
plate is large, and thus the front area (8gdn Fig. 1) is small.
Consequently, the effective Reynolds number is small,itead
to a vibration at discrete frequencies. When the bendindityg
increases, the effective Reynolds number increases nigadi
chaotic vibration. If we further increase the bending rityid
the coupled vibration is stabilised.

To further discuss the frequency properties, the freqesnaf

E5 = 0.1, 0.8 and 1.6 are shown in Fig. 5. In this figufgy,

fo.g and f1 g are respectively the fundamental frequencies for
Eg = 0.1, 0.8 and 1.6 which are very close to their first eigen-
frequency. For all the three cases, the frequencies can-be ex
plained bynx fg 1 0.80r 1.6/N whereN =1 forEg =0.1,N =2
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Figure 3: Mass ratio effects: (&X_ and (b) PSD.
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for E§ = 0.8 andN = 5 for E§ = 1.6. Therefore, the structure
dynamics can be considered as periodic motion with period-
doubling events. This observation is caused by the intgrmpila
the structure vibration and the vortex dynamics in the wake.

Conclusions

In this paper, an immersed boundary method has been used to
study the fluid—structure interaction of a flexible plateticaly
fixed in a laminar boundary layer over a rigid wall by consider
ing the effects of the Reynolds number, structure-to-fluaks
ratio and bending rigidity. We have discussed the vibration
and frequencies of the plate, finding that the plate exhibitsh
richer phenomena compared to flag vibrations in uniform flows
as both convective and absolute instabilities are encoeshia
this situation, while in traditional flow-induced vibratiof a
flag, only convective instability is involved. In additiowary-

ing the bending rigidity of the plate has potential to chatige
frequencies.
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