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Abstract: This work studies the nonlinear dynamics of plates vertically attached to a channel
using the immersed boundary-lattice Boltzmann-general interpolation material point method. The
hydrodynamic flow and dynamics of the plate walls over a broad range of Reynolds numbers, structure-
to-fluid mass ratio, and bending stiffness are analysed. Four modes are identified: stable plate
with symmetric vortex, stable plate with asymmetric vortex, unstable plate with symmetric vortex,
and unstable plate with asymmetric vortex. The modes represent distinct flow-structure interaction
scenarios observed during the study of plates subjected to fluid flows. A symmetric wake remains
aligned with the centreline of the artery over time, while an asymmetric wake deviates upwards or
downwards from the centreline. The potential pathways to steady and unsteady behaviour are explored.
The physical mechanisms that cause different modes of dynamic response for the plates are discussed.
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1. Introduction

Chronic venous disease (CVD) is one of the most prevalent disorders of the vascular system
worldwide and significantly diminishes the quality of life for millions of individuals. The primary
cause of CVD occurs owing to dysfunction of the venous valves (VV) within veins, resulting in
back blood flow (venous reflux) when the valves fail to close completely (incompetent). Both the
retrograde flow of venous blood and the resultant increased venous pressure result in blood pooling
in the lower extremities and other pathological processes associated with this disease as a result
of venous hypertension, such as the development of varicose veins, edema, skin changes, and the
formation of venous ulcers [1,2]. Therefore, it is essential to study the dynamic properties of the
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dysfunctional venous valves in order to identify the factors leading to valve malfunction and venous
disease progression.

Obtaining an accurate identification of the mechanisms involved in valve incompetence is a complex
process, posing challenges on the surgeries [3]. To study this, a simplified geometry of the valve
has been created to analyse the dynamic interaction of the leaflets with the blood. Fluid-structure
interaction (FSI) simulation provides an accurate representation of blood flow through flexible veins
and venous valves, providing a strong foundation for the diagnosis and monitoring of the disease [4].
Results obtained using an FSI approach give a more accurate representation of the valve region. By
taking into account that the material characteristics of the leaflets are thin and flexible, the FSI approach
provides more reliable results when looking at the valve region compared to a rigid wall method [5].
The flow characteristics (i.e., how the blood is flowing) and critical pressures (i.e., where pressure
drop occurs) affect the behaviour of the flow in relation to how open the valve is and if there is a
leakage gap in the valve. As a result, the FSI approach is strongly recommended when assessing
blood flow through a dysfunctional venous valve [6]. FSI modeling has a very different impact on both
deformation and gap than does the rigid-wall model. These differences in deformation and gap create
substantial differences in the resulting pressure drop and magnitude of the reflux jet. As such, accurate
simulation of blood flow through dysfunctional venous valves is needed [7].

There are a few methods to provide FSI modeling (see e.g., [8—10]). Among these methods, the
partitioned FSI coupling is very convenient, as fluid and structure dynamics are solved in a separated
way, and are coupled through boundary conditions. Therefore, researchers can use any methods for
either fluid or structure dynamics. For flows involving complex geometries and moving boundaries,
the immersed boundary-lattice Boltzmann method (IB-LBM) combined with the structure solvers has
attracted growing attention in the past few years [7, 10]. The immersed boundary method (IBM)
is very convenient in terms of mesh generation and treatment, while the lattice Boltzmann method
(LBM) is efficient in modeling unsteady flows [11, 12]. The IB-LBM has the ability to examine the
phenomena associated with different forms of fluid-structure interactions modes, which involve the
unsteady forces exerted by the flow on the structure and time-varying behavior on structures affecting
the flow. This process shares similar physics for biological systems. Particularly, the unsteady flow
dynamics is experienced by VV structures during periods of pulsatile flow, while the VV deformation
impacts the blood vessel flows [13]. A comprehensive study of feedback IB-LBM, with particular
emphasis on velocity penetration within immersed boundary and their consequences on blood flow
simulation involving flexible plate was conducted which enhanced understanding this treatment for
accurate predictions of blood flow [7]. Combining IBM and LBM allows the modeling of fluid structure
interactions, allowing numerically validations and creating treatment options based on the results of
fluid dynamics studies conducted in stenosed arteries, and therefore creating a profound impact on
clinical practice in the future of cardiovascular medicine [14]. Therefore, the IB-LBM could provide
accurate outcomes regarding the immersed structure even when subjected to large deformations [15],
enabling researchers to develop realistic simulations of the dynamics behavour of blood flow inside
blood vessel (BV) [15].

For structure solvers, the general interpolation material point method (GIMPM) demonstrates
excellent performance in modeling structural dynamics involving large deformations and complex
interactions with various materials. The GIMPM analyzes the solid particles properties in detail
under different conditions for BV walls with varying flow conditions which provides great flexibility
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in simulating complex systems as considered in this work [16, 17]. Recently, this GIMPM was
incorporated with the IB-LBM to conduct FSI of collapsible channels, demonstrating its capability
in modeling similar systems [18]. Therefore, this work will employ the IB-LBM-GIMPM to model the
simplified dynamic system.

Extensive investigations [19-21] have been conducted to study the interaction between the flow
and the flexible walls (a simplified representation of venous valves) using various arrangements in a
viscous flow. Previous studies have been primarily conducted on rigid walls [22,23] to investigate flow
patterns. Recently, a greater focus has been on studying the flow characteristics and uncovering the
process behind vortex modes and vibration transitions inside the VV [10,24]. Here, this work focuses
on the dynamic behaviours of flexible plates vertically fixed in a channel as a simplified model of the
diseased VV.

There contribution of this work includes three aspects. First, this study presents a stability map
that defines the instability boundaries for this specific configuration. This is a diagram which has
not been previously published for this application. Second, this study identifies four unique modes
of FSI behavior that have not been previously identified for this application. Furthermore, the use of
one-sided and two-sided FSI comparisons indicates that adding a second plate produces a significant
reduction in the critical Reynolds number due to the increased number of coupling modes between the
two plates. This result aligns with the findings that tandem arrangements significantly amplify flow-
induced vibration (VIV) and alter the stability boundaries of coupled systems as opposed to single
configurations. Third, this study links the dynamics of FSI to the dysfunction of venous valves through
the relationships between pressure distributions and WSS distributions and failure of valves. These
results provide support for the findings of Bergan et al. [25], who found that abnormal haemodynamic
forces initiate the inflammatory processes resulting in chronic venous disease.

The remaining of this work is arranged as follows: Section 2 introduces the physical model and
numerical method; the results are discussion in Section 3; and the conclusion marks are given in
Section 4.

2. Physical model and numerical method

2.1. Physical model and governing equations

A 2D incompressible flow over flexible plates vertically fixed in a channel is considered, as shown
in Figure 1. The vertical plates serves as an idealised model to study the dynamic system with
significantly reduced computational cost. The length of the plate is L,y = 1.0. The channel is
D = 2.5L,. in diameter. A Poiseuille flow with an average velocity of U, is imposed at the inlet
of the channel, and a constant pressure p, is specified at the outlet. To eliminate the pressure drop
effect on the results, the average pressure P,, is calculated over the dashed line.

Two configurations, a one-sided and two-sided model, are examined (see Figure 1). The one-
sided configuration acts as a baseline against which the plate-to-plate hydrodynamic coupling effect
can be assessed. The comparison of identical conditions for both configurations provides a measure
of the destabilising effect of multi-body interaction. The physical model is scientifically justified
for the following reasons namely: geometric analogy, physical prospective and parameter regime.
Regarding geometric analogy, the VV’s thin, flexible leaflets (cusps) project vertically into the vessel
lumen and are anchored at their base to the wall of the vein. When the leaflets are not functioning
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properly, they do not coapt appropriately, and the shape resembles two flexible plates or leaflets that
are anchored vertically in a channel. By using ultrasound imaging, Lurie et al. [26] demonstrated
that vortex formation in the sinus of the valve is the mechanism closing the valves. In addition, the
dynamic interaction between the leaflet flexibility, retrograde flow, and the vortex structures together
determines the competence of the valve, which is analogous to the FSI modes demonstrated in the
previous simulations. Buxton and Clarke [27] confirmed that a plate/leaflet-in-channel model is a
valid representation of the mechanics of the venous valve. Regarding physical relevance, the main
phenomena observed in experiments include flow-induced oscillations, transitions from symmetric to
asymmetric wake, the stability of the structure, and how it relates to mass and stiffness ratios. These
phenomena have direct relevance for studying how planar venous valve leaflets respond to retrograde
blood flow. Fluttering-incompetent venous valves demonstrate oscillatory behaviours, and the shift
from stable to unstably dynamic directly affect the ability of the valve to completely close (preventing
venous reflux). Tien et al. [28] reported that all bioprosthetic valve leaflet behaviours were controlled
through FSI mechanisms as measured in this study. There is further evidence linking increased venous
pressure to inflammation occurring within the venous valve in a manner that alters the stiffness of
the valve leaflet, which further supports how structural properties can affect the functioning of the
valve linearly, as was quantified by Takase et al. [29]. Regarding parameter regime, the range of
Reynolds numbers (Re) studied in this work is Re = 25 - 600, which corresponds approximately to
the conditions associated with blood running through veins. In [30], it was suggested that venous flow
has Reynolds numbers, on average, ranging from approximately Re ~ 50 in smaller veins (including
superficial veins) to approximately Re ~ 470 + 144 in the resting inferior vena cava, and increasing
to approximately Re ~ 589 + 205 when a person exercises. Since all of these values fall well within
the range of values studied in our parametric analysis, the results presented in this work certainly has
physiological significance.

y
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(a) One-sided model.
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(b) Two-sided model.

Figure 1. Schematic diagram of fluid flow through the flexible venous valve wall: (a) one-
sided model, (b) two-sided model.
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The governing equations for the fluid flow are the incompressible Navier-Stokes equations:

V-u=0, p(E+u~Vu):—Vp+,uV2u+pf, 2.1)
where p is the fluid density, u is velocity field, u is the dynamic viscosity of the fluid, and f is external
forces including the force introduced by the immersed boundary method.

The structure dynamics is governed by the weak form of the momentum equation in current spatial
configuration [31],

f pdisd> dV° + f ol 6ds dV* — f p'biods dV* — f £ods dA® = 0, (2.2)
N QS s I“té

where all variables are in the deformed configuration, Q2° is the current (deformed) spatial configuration
of the solid domain, p* is the continuum structure density, df is the acceleration of the solid, d? is the
displacement, dV* is the infinitesimal volume element in the current configuration, o7; is the Cauchy

stress tensor, 6d;; = % is the spatial gradient of the virtual displacement, b} are external forces
acting on the solid, I'} is the traction boundary, £ is the surface traction, and dA* is the infinitesimal
area element. The superscript ()® indicates that corresponding quantities belong to the structure. Two
material models are explored here: the isotropic elastic model and the hyper-elastic Neo-Hookean
model. The isotropic elastic material is described by the following equation [31]:

do 1 od, 0d;

a_t;j =5 isjkl[a_xli + 6_);] + O WY + 0wy, (2.3)

where C};; denotes the components of the elasticity tensor that relate stresses to strains in the material,
and d,, d, are respectively the velocity field components in the directions [ and k, and w;; is the vorticity

tensor defined as, _
1{0d; I
f= ( i 0d, ) . 2.4)

= 35\ax " ax,

For the hyper elastic material model, The following equations are used to evaluate first Piola-Kirchhoff
stress and Cauchy stress tensors [31]:

P = 2InJF + ' F(FOFT - T), (2.5)
Xind .

o = =+ (FET - 1), (2.6)
i~ J

where P’ is the first Piola-Kirchhoff stress tensor, F° = I + g—; is the deformation gradient tensor, X is
the position vector in the initial (reference) configuration, J = det(F”) is the Jacobian determinant of
the deformation gradient, A° is the first Lamé constant, ¢* is the shear modulus (second Lamé constant),
and I is the second-order identity tensor.

Three non-dimensional parameters govern the system: the Reynolds number (Re), the mass ratio
(M), and the bending stiffness (Kj),

UL, Sh ER’
Re = w, M = p , K= —-—, 2.7)
M PLyey 12pU g Lie r
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where £ is the plate thickness, L, is the length of the plate and E is the Young’s modulus of the plate
material. Here 7 = 0.1L.s. A no-slip boundary condition is applied along the plate and the channel
walls. A clamped condition is used at the base of the elastic plate. The computational domain is a
rectangular domain of (=5.0 L,.f,20.0 L,.¢) in x-direction and (=0.2 L,.¢,2.7 L,.¢) in y-direction.

2.2. Numerical methods

The FSI system is solved by the IB-LBM-GIPMPM which includes the LBM for fluid dynamics,
GIPMPM for structure dynamics and IBM for handling boundary conditions at the fluid-structure
interface.

The LBM uses a fixed Eulerian grid to represent the computational domain. In this method, the fluid
is simulated as a group of particles that undergo streaming and collision processes. The behaviour of
fluid in the LBM is determined by the statistical properties of the distribution function, g;(x, ). The
discrete lattice Boltzmann equation of multi-relaxation time (MRT) model is used to model the fluid
dynamics [32],

gi(x + e;At,t + Ar) — gi(x, 1) = Qi(x, 1) + AtG;, (2.8)

Q; = —(M7'S M);j(g(x, 1) — g5(x, 1)), (2.9)

where ¢ is the time, x is the position of the fluid parcel, e; is the discrete velocity in the ith direction, At is
the time step, g;* is the equilibrium distribution function, F; represents the contribution of body forces,
Q;(x,t) 1s the collision operator, G; is the contribution of the body forces , M is the transformation
matrix, and S is a non-negative diagonal relaxation matrix. S can be written as,

S = dlag(O, 852, 82, 0, S4, 0, S4, S9, S9), (210)

where s; are relaxation parameters. More details of S and e; can be found in [33]. The equilibrium
distribution function g;? can be determined by

1+ (2.11)

e e.-u (e;-u)l u-u
g’ = pwi ’

2 4 Hha2
cs 28 2c4

where w; are the lattice weights, and c; is the lattice speed of sound calculated as Ax/ V3Ar with Ax
being the lattice spacing and At being the time step. The force terms F; and G; are determined by [34]

1 e -u -1 S
F;= (1 -~ ;) [ei —u+ C—%ei] f, Gi= [M (1— E)M]iij' (2.12)

The flow quantities u, p, and p can be determined using the following equations:

1
p= Zgi, p=pc;, pu= (Z egi+ EAtf]- (2.13)

1

For structure solver, the GIMPM is used due to combining the benefits of both Lagrangian and
Eulerian approaches. In this method, the structure is discretised into material points (Lagrangian grid)
which carry the mechanical properties. The data on Lagrangian points are interpolated to an Eulerian
grid. Then the momentum equation is solved on the Eulerian mesh. The updated position and velocities
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are interpolated back to update the quantities for the material points (MPs) on the Lagrangian grid. The
nodal accelerations a, and velocities v, are updated according to,

@™ = (o= fi)e Vi = my'p, + Aal @14)

n B

where f¢ and f! are the nodal forces due to the elastic deformation and inertia of the structure, p, is
the nodal momentum, and m, is the nodal mass. The material point velocity, d, and position x,,, are
determined by interpolating the solution of the updated nodal accelerations and velocities, according to

o (t+A1) _

d, ™ = d,+ A Y S, (xp)al™, x0T = xt kALY S, (e, 2.15)

pen pen

where S, is the GIMPM basis function.
As the present work will address internal flow, the force on the immersed wall must be calculated
using fluid stresses. To process this, the fluid stress tensor along the fluid-structure interface is

first calculated,
o=-pl+pu (Vu + (Vu)T), (2.16)

where o is the stress tensor, and / is the identity matrix. The stress along the boundary is determined by
F(s,t) = -0 - n, 2.17)

where F is the force on the boundary, and = is the unit normal to the boundary which pointing into
the fluid.

The IBM, initially proposed by [35], has been expanded to many applications due to its convenience
in handling complicated geometries and large deformations [11,36—40]. There are a few different
versions of IBM, such as sharp-interface and diffusion-interface methods [11, 37,41, 42]. Here the
feed-back diffusion IBM is used, which implements the non-slip boundary conditions by spreading
the interaction force along the fluid-structure interface onto the fluid nodes around the boundary
according to,

fx, 1) =— fF,-b(s, No(x — X(s,1))ds, (2.18)
r

where f is the body force, Fj, is the Lagrangian force (or interaction force) along the fluid-structure
interface, s is the material coordinate, and ¢ is the Dirac delta function [36]. Here, the feedback
law [11,43] is used to determine the Lagrangian force,

Fiy(s,1) = —f a(Uyp — U)dt — (U, — U), (2.19)
0

where « and 3 are respectively the spring and the damping parameters, U;;, is the interpolated velocity
based on the fluid around the boundary, and U is the structure surface velocity. U;, is interpolated by

Uip(s,t) = f u(x,no(x — X(s,1)dx, (2.20)

Qf
where u is the fluid velocity field. In order to facilitate the spreading (2.18) and interpolation (2.20),
a smoothed Dirac function is used [36]. It is important to use values of @ and S to achieve reliable

simulations. Details of the IBM and the choice of the parameters can be found in [7].
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There are differences between internal structural dynamics (as handled by GIMPM material points)
and fluid-structure communication (as handled by IBM Lagrangian points). In GIMPM, material
points are volumetric integration points used to discretise the solid volume inside the domain. Each
material point is capable of carrying the entire range of mechanical state variables, which include the
mass, velocity, stress tensor, strain, deformation gradient, and material properties (density, Young’s
modulus, Poisson’s ratio). Each material point also travels along fixed background Eulerian grid points
(the MPM grid) and is used to solve the momentum equation for the solid structure (as described in
Eq (2.2)). The GIMPM basis functions (denoted §,) provide the interpolation between the material
points and the MPM grid node. The material points serve to represent the continuum solid mechanics
of the structure. The theoretical principles establishing the material point framework were originally
proposed by Bardenhagen and Kober [44], who originally proposed the generalised interpolation
framework that utilises material point domains to mitigate the amount of cell-crossing noise that is
typically produced by using traditional MPM. In IBM, IB points are local markers that allow for
discretizing the interface between fluid and structure (boundary) and do not store the internal stresses
or material states of each marker, but merely provide a medium for enforcing the boundary conditions
across the interface between fluid (represented by the lattice Boltzmann model, LBM) and structure
(represented by the generalized immersed boundary method, GIMPM). Every IBM Lagrangian point
has a position, velocity, and value of the Lagrangian interaction force, Fy, (Eq (2.19)). The Dirac
delta function (6) governs the spreading and interpolation between IBM Lagrangian points and the
fluid’s (LBM lattice) Eulerian grid. The IBM Lagrangian point formulation is based on the classical
immersed boundary method developed by Peskin [36], and a feedback forcing approach developed by
Goldstein et al. [43] provides the kinematic and dynamic coupling between fluid-structure interactions
at the fluid-structure interface.

The algorithm for the in-house GIMP-IBM-LBM solver, used for studying the nonlinear system,
follows these steps:

1) Initialise the computation arrays and parameters.
2) Calculate the interpolated velocity with Eq (2.20).
3) Determine the Lagrangian force density with Eq (2.19).

4) Spread Lagrangian force density to the Eulerian fluid nodes around the immersed boundary to
obtain the body force f according to Eq (2.18) to mimic the boundary condition.

5) Interpolate the internal fluid stress and evaluate the total external force exerted on the body:

b = [=pI + u(Vu + (Vu)")] - 1+ Fexternal, (2.21)

6) Transfer fluid forces to the structure solver.
7) Compute the maximum wave speed of the material to calculate the critical time step.

8) Calculate the basis functions and derivatives and assemble the strain-displacement arrays for each
material point.

9) Project the quantities of the material point (mass and momentum) to the associated nodes and
solve the equations of motion explicitly.
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10) Apply the boundary conditions of geometric constraints (clamped, sliding) and loads (point,
distributed, surface load).

11) Interpolate nodal solutions (acceleration and velocity) to the material points.

12) Update particle volume and deformation-related quantities.

13) Predict the Cauchy stress.

14) Transfer the updated coordinates and velocity of the structure body to the fluid solver.
15) Conduct the stream process to obtain g;.

16) Compute the macroscopic variables: p, u, and p according to Eq (2.13).

17) Perform the collision step.

18) Repeat from step 2 for the next time-step.

2.3. Validation and mesh independence study

To validate the solver, a plate of length L, and thickness 0.05 L, vertically fixed in the channel is
simulated. The plate is made of Saint Venant-Kirchhoff material with the density ratio of p*/p = 7.8,
the Young’s modulus of E/(pU?) = 10°, and the Poisson’s ratio of v* = 0.3. Neither the gravity nor
the damping is taken into account. In the simulation, the plate is purposefully built to be attached and
wrapped by many layers of the Lagrangian points. Three sets of meshes are used in the following
manner: As/L.., = 0.01,0.005,0.0025. Due to the usage of a weak solid material for the plate, a
substantial deformation is anticipated. The node located at the top of the plate is selected to monitor
the horizontal displacement. Figure 2 displays the time history for the displacement (x — x,)/Ly.r
observed at the tip of the plate. The system reaches a steady state at around 15 ¢/T where T = L,/ U,.
The results are compared with those obtained from [45] with different grid sizes. A good agreement is
observed between the current results and the reference. In addition, the grid size has a slight effect on
results, and such an effect is minimal when the mesh is less than 0.005. Therefore, As/L,.; = 0.005 is
used in this work.

Lagrangian and Eulerian grid effects are evaluated by utilizing existing guidelines [45,46] . In
doing this, the ratio must remain between 0.5 and 1.0. This is needed to achieve a sufficient density of
marker points within the immersed boundary layer, which will reduce leakage from the flow through
the immersed boundary and facilitate accurate conditioning of the force spreading. The selection
of the remaining IBM parameters (selected according to Huang et al.) [7]. Huang et al. IBM
parameter values minimize the amount of flow that penetrates through to the immersed boundary. To
further validate the spatial discretization, convergence tests were performed for three independent grid
resolutions, with results showing that TIP displacement converges. Three primary reasons account for
the variation between our work and that of Han et al. [45] in the initial transient period of computation
(t/T ~ 0 — 2) shown in Figure 2, which is attributed to fundamental differences in the numerical
approach as opposed to insufficient grid resolution. The primary reasons being (i) the instantaneous
application of the Poiseuille flow profile (i.e., a pressure wave) which is very sensitive to the numerical
scheme applied and as such generates transient pressure waves; (ii) the feedback IBM utilizes a
proportional-integral controller in order to achieve an instantaneous no-slip condition thus requires
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approximately 1-2 time units to establish tight velocity matching, unlike the direct forcing approach
used by Han et al. [45] which enforces the boundary velocity instantaneously, resulting in a well-
documented difference between IBM variants with regards to the transient behaviour of the respective
methods [46]; and (ii1) differences in the spatial discretisation and time integration between the GIMPM
and the ELL solvers used to model the structural response lead to slightly different predictions during
periods of rapid initial loading. However, despite these early time differences, the results from both
methods converge at around the same deflection after /7 ~ 10 — 15, showing both solvers are acting
on the same physical problem. Additionally, this non-conformance during the transient period does not
detract from the validity of the parametric investigations conducted, since all parametric study results
in Sections 3.1-3.4 were obtained at /T ~ 200 — 220, after the system has reached a steady state.

05F 05k
+ 0.4F - 0.4F
~ ~
2 03 Ax/ L, =0.04 < 03 As/ L, =001
= Ax/ L, =0.02 = As/ L, =0.005
L 02 Ax/ L, =001 % 02 As/ L, =0.0025
= e Han et. al 2020. et Han et al. 2020.
0.1 0.1
0 . . . . s s s 0 . . . . s s s
2 4 6 8 10 12 14 2 4 6 8 10 12 14
t/T t/T
(a) Eulerian grid. (b) Lagrangian grid.

Figure 2. Plate validation and grid convergence test for: (a) Eulerian, and (b) Lagrangian.

3. Results and discussions

In this section, the hydrodynamic flow and dynamics of the plates over a broad range of Reynolds
numbers, structure-to-fluid mass ratio, and bending stiffness are analysed. The monitoring point for
the plate is located at the tip of the free end (point A as indicated in Figure 1), denoted by x, and y,.
For the two-sided case atr = 0: x,/L,. = 0.0 and y,/L,.s = 1 for the lower plate and x,/L,.; = 0.0 and
Yo/Ly.r = 1.5 for the upper plate. For the one-sided case at t = 0, x,/L,.f = 0.0 and y,/L,.; = 1.0 for
the lower plate only. The time history is used to study the frequency and stability of the system.

Values of the parameters are chosen in view of existing literature and lie in the physiological range
for VV flow . The critical values for Reynolds number ranges are between 50-614 [30, 47, 48].
Regarding the mechanical properties of the artery, the Young’s modulus value ranges between 1.2x 10°
to 5.7 x 10 Pa [49, 50]. Blood density is approximately 1.05g/cm?® [51]. The Re, K, and M values are
determined based on the above introduced data.

3.1. Effect of structure-to-fluid mass ratio

To study the mass ratio effect, the bending rigidity and the Reynolds number are set as K;, = 0.2 and
Re = 25, and the dynamics behaviours for M = 1.0, 2.0, 3.0, and 4.0 are studied. The time history of
the displacement of the plate tip at Re = 25, K}, = 0.2 are shown in Figure 3. A stable state is observed
for M = 1 as shown in Figure 3(a), while an unstable state is observed when mass ratio increased to 4
as shown in Figure 3(b). This behaviour is consistent with the behaviour observed in [52], where it
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is shown that increasing the mass ratio in viscous flows correspondingly reduces the critical velocity
required across the channel for the onset of instability. Similar observation was reported by Wang and
Christov [53] who claimed that the unstable modes in compliant channels exhibit strong oscillatory

behaviour with increasing mass ratios.

a Lower body - — Lower body
075 _ —————— Upper body 0.75 _ —————— Upper body
v L T
- 0.7: T 0.7E
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2 0.6F Na 0.6;
0.55} 0.55}
0‘5:\\\\|\\\\|\\\\|\\\\| 0.5:\\\\|\\\\|\\\\|\\\\|
200 205 210 215 220 200 205 210 215 220
t/T t/T
(a) M = 1: steady deflection. (b) M = 4: unsteady deflection.
Figure 3. Time history and its PSD of the monitoring point at Re = 25, K, = 0.2: (a) M =1,
and (b) M = 4.
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(a) M = 1: steady symmetric vortex structures.
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(b) M = 4: unsteady symmetric vortex structures.

Figure 4. Instantaneous vorticity (Lrefwf /Up) at t/T = 200 for Re = 25 and K;, = 0.2: (a)
M =1,and (b) M = 4.
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To understand the physics behind this, fluid forces, vortex structures, and flow regimes must be
evaluated. Figure 4 shows instantaneous vorticity contours (L,efwf J/Up) at t/T = 200 for Re = 25 and
K, = 0.2. Stable symmetric vortex structures are shown in Figure 4a, while the unstable symmetric
vortex structures are shown in Figure 4b. Two major states have been identified: steady and unsteady
symmetric states. In the case of a low mass ratio, such as M = 1.0, the plates exhibit steady behaviour.
When the mass ratio increases, the plates start to vibrate, characterised by a fundamental frequency.
This finding is similar to the flow-induced vibration of a flag subjected to uniform flows [54,55]. For
M = 1and M = 2, the dominance of viscous forces leads to a stable flow pattern. For M = 3
and M = 4, the structure inertia effect becomes significant, leading to the unsteady states with two
plates vibrating in phase. This unsteadiness results from increased inertial forces, which cause periodic
vortex shedding while maintaining the overall symmetry. The unsteady behaviour occurs for heavier
structures because of the delayed response of the structure by the dynamic forces from the surrounding
fluid. The structure stores kinetic energy, which is periodically released back into the fluid. This
feedback induces the unsteady oscillations. As the structure becomes heavier, this effect becomes
more dominant compared to the viscous force. A similar phenomenon was observed for inverted
flexible plate [56], filament [57], and flag [58].
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Figure 5. Deflection ((x — x,)/L,.s) for the upper and lower plates for Re = 25 and K, = 0.2:
(a) lower plate, and (b) upper plate.

Figure 5 shows the deflection for the upper and lower plates for different mass ratios with Re = 25
and K, = 0.2. Several observations are observed. First, both upper and lower plates have the almost
same deflection. This is consistent with the symmetric feature of the flow fields discussed above.
Second, the plates undergoing oscillations at higher mass ratio. Note that the Reynolds number is
only 25, which is below the subcritical value under which there is no vortex shedding if the plate is
rigid. However, due to the FSI, the system becomes unstable. Such phenomenon was observed for
flow-induced vibrations of cylinders [59]. Third, there is a minor oscillation for M = 2, which is more
like weak oscillation in the far field downstream. Fourth, when M increases, the oscillation amplitude
of unsteady cases increases. This feature is quite similar to the convectively unstable FSI system which
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requires a heavier structure to trigger the flow induced vibration [60]. Finally, the oscillation frequency
decreases as M increases. This trend is similar to the relationship between the eigenvalue and the mass.
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(c) WSS along lower plate wall. (d) WSS along upper plate wall.

Figure 6. Pressure (P — P,,) /pUg) and WSS (1, /pUg) along the up stream surface for the
upper and lower plate at Re = 25 and K, = 0.2 at t/T = 200: (a) pressure along lower plate
wall, (b) pressure along upper plate wall, (c) WSS along lower plate wall, and (d) WSS along
upper plate wall. The stress is interpolated at a distance of 2.5dx from the fluid-structure
interface.

Figure 6 shows the pressure and wall shear stress (WSS) for the upper and lower plates at Re = 25
and K, = 0.2. It is noted that both the mechanical and biological factors are important in the biological
system. Mechanical factors include WSS [61], surface pressure [62], arterial wall stiffness [63] and
blood flow characteristics [64], while biological factors include endothelial dysfunction [65] and
cellular composition [66]. Particularly, the WSS and the surface pressure on the VV is crucial to
determining the stability of the VV and the possibility of rupture. It is noted that the surface pressure
depends on the blockage ratio that happens due to oscillation. For M = 4, there is lower surface
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pressure due to higher blockage by the plate, causing higher speed (Bernoulli’s Principle). The WSS
for the steady cases (e.g., M = 1 and 2) is nearly independent of the mass ratio; while it is affected by
the mass ratio for the unsteady cases (e.g., M = 3 and 4), especially near the tip of the plate, indicating
that the beam mass plays a major role in the unsteadiness of the system, as shown in Figures 6(c),(d).
A more significant effect on pressure has been observed, even for the steady cases.
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(c) Time history of (x — x,)/Ly.s of the plate tip.

Figure 7. One-sided case, pressure, WSS (7,,), and deflection for Re = 25 and K, = 0.2:
(a) pressure along lower plate wall, (b) WSS along lower plate wall, and (c) deflection of the
plate tip.

For comparison, Figure 7 shows the pressure, WSS, and deflection of the one-sided plate. A similar
observation has been identified between one-sided and two-sided cases, except for the increasing mass
ratio effect. Increasing the mass ratio does not change the flow status, or affect the time history of the
tip monitoring point of the plate. There is a minor oscillation when M = 4, but this does not cause
fundamental changes to the flow. Based on this, the presence of another body destabilises the system.
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For small mass ratios, the behaviour of the two-plate system is steady; however, a larger mass ratio
causes oscillations and vortex shedding. It is important to note that this conclusion is specific to the
current cases analysed and does not generalise to other configurations or parameter ranges.

3.2. Effect of bending stiffness
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Figure 8. Time history of the plate tip for K, = 0.1 at Re = 50, M = 1.0: (a) K;, = 0.1, (b)
K, =04, and (¢c) K, = 0.8.

To study the bending rigidity effect, the mass ratio and the Reynolds number are set as M = 1.0
and Re = 50, and the dynamics behaviours are studied for K, = 0.1,0.2,0.4,0.8, and 1.6, as shown
in Figure 8. At low bending rigidity (e.g., K;, = 0.1), the plates experience symmetrical unsteady
behaviour; at mediate bending rigidity (e.g., K, = 0.2 and 0.4), the plates undergo reduced-amplitude
asymmetrical oscillations; and at high bending rigidity (e.g., K, = 0.8 and 1.6), the plates are
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asymmetrically steady. The present finding exhibits a disparity when compared to the phenomenon
of flapping flags, in which a substantial amount of boundary layer separation serves to stabilise the
flow. The observed phenomenon can be elucidated by considering the effective Reynolds number and
the interaction between vortices and the wall. If a plate has lower bending rigidity, the magnitude of
deformation should be more significant. However, because of the low Reynolds number in this study,
the viscous force is higher than the inertial force, which resists the structure motion. The increase
in bending rigidity reduces the amplitude of vibrations, subsequently leading to vibration damping.
Therefore, enhancing the bending rigidity stabilises the stability of the system.
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Figure 9. Instantaneous vorticity contours Lrefwf /Uy at t/T = 200 for various K, with
Re =50and M = 1.0: (a)K,, = 0.1, (b)K;, = 0.4, and (c) K, = 0.8.

Correspondingly, the three states can be further discussed by showing the flow fields. Instantaneous
vorticity contours (L, fwf /Uy) att/T = 200 are shown in Figure 9. It is clear that three different modes
have been identified: unsteady symmetric vortex structures for K, = 0.1, unsteady asymmetric vortex
structures for K, = 0.4, and steady asymmetric vortex structures for K, = 0.8. The dominance of
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viscous forces over inertial forces results in a stable flow pattern with an asymmetric vortex structure.
An oscillation is observed due to the low value of bending rigidity. The flow pattern begins to change
as the bending rigidity increases, leading to the observation of an asymmetric vortex structure. The
system is forced by structure resistance to be stable at a certain value of K. Structural resistance refers
to the increase in bending rigidity, which makes the structure more resistant to deformation.
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Figure 10. Pressure, and WSS (7,,) for the upper and lower plate for different bending
stiffness: (a) Pressure along the lower plate, (b) Pressure along the upper plate, (c) WSS
along the lower plate, and (d) WSS along the upper plate.

Figure 10 shows the pressure and WSS for the upper and lower plates at Re = 50 and M = 1.0. At
lower K, the bending rigidity does not have a significant effect on WSS due to no influence on viscous
forces. To clarify this, the structure is so flexible that its bending deformation doesn’t alter the fluid
flow enough to affect the viscous forces acting on the wall. Literature supports this, showing that Rigid
walls overestimate WSS by about 50% compared to flexible ones, underlining the severe impact of
structural deformation on the WSS estimates [67]. Wall compliance is critical for determining the flow
pattern and shear stress distribution [68]. The wall’s bending resistance affects the flow characteristics
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around it [69]. As K}, increases, the pressure along the plate surface increases due to plate resistance.
As expected, the deflection decreases with increasing bending rigidity.
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Figure 11. One-sided case, pressure, WSS (7,,), and deflection for the upper and lower plate
for different bending stiffness: (a) Pressure along lower plate wall, (b) WSS along lower plate
wall, and (c) Deflection of lower plate free end.

For comparison, Figure 11 shows the pressure, WSS, and deflection for the lower plate for different
bending rigidities of the one-sided case. A similar observation has been identified between the one-

sided and two-sided cases, with the exception of the unsteady behaviour. Accordingly, the presence of
another body increases the instability of the system.

3.3. Effect of Reynolds number

The mass ratio and bending rigidity are fixed with values M = 1.0 and kb = 0.1 to study
the Reynolds number effect. Then the dynamics behaviours are studied for Reynolds numbers
Re = 25,50, 100,200, 400, and 600. The behaviour of the thin, flexible plate in a channel is Reynolds
number dependent; an increase in the Reynolds number reinforces energy transfer between the fluid
and the structure, hence destabilising the FSI system [70]. Figure 12 shows the time history of the
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plate tip deflection. There are three important observations. Firstly, the fluid flow exhibits a constant
pattern while the plate remains stable at Re = 25. Secondly, as the Reynolds number increases, the
plate exhibits vibrational behaviours and experiences periodic motion, particularly at high Reynolds
numbers, such as Re = 600. Finally, the plate displays a unique vibration frequency. The interaction
between the plate and the vortex at its boundary causes the plate to undergo continuous vibrations at a
fundamental frequency.
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Figure 12. Time history and its PSD for the plate tip at K, = 0.1, M = 1.0: (a) Re = 25, (b)
Re =100, and Re = 600.

Figure 13 displays the corresponding instantaneous vorticity contours of the flow field for the
two-sided case. Changing Reynolds number results in three different modes: steady symmetric
vortex structures for Re = 25 (Figure 13(a)), unsteady symmetric vortex structures for Re = 100
(Figure 13(b)), and unsteady asymmetric vortex structures for Re = 200 and Re = 600 (Figure 13(c)).
For Re = 25, the dominance of viscous forces over inertial forces leads to a stable flow pattern (this
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is the reason why steady symmetric vortex structures have been identified). For 50 <= Re <= 100,
as the Reynolds number increases, the flow becomes unsteady, and the vortex structure oscillates.
Synchronisation occurs on both plates (synchronisation means that the upper and lower plates undergo
in-phase oscillations). This unsteadiness is the result of increased inertial forces, which cause periodic
vortex shedding while maintaining overall symmetry. The increase in inertial forces leads to vortex
shedding due to destabilised shear layers [71], and amplified flow instabilities [72]. For 200 <= Re <=
600, the dominance of inertial forces leads to complex vortex interactions and symmetry breakdown
at half of the downstream. To summarize, for a small Reynolds number, the plate is stable, and the
fluid flow pattern becomes steady; with an increasing value of Reynolds number, the plate starts to
vibrate symmetrically; further increasing the Reynolds number leads to asymmetrical oscillations.
Three different modes of vortex structure include a steady symmetric case, an unsteady symmetric
case where the synchronised oscillations appear, and an unsteady asymmetric one.
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Figure 13. Instantaneous vorticity contours L,efw{ J/Ug at t/T = 200 for K, = 0.1 and
M =1.0: (a) Re = 25, (b) Re = 100, and (c) Re = 600.
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Figure 14 shows horizontal deflection for the plate for different Reynolds numbers. Figure 14(a)
shows deflection of lower plate free end in the two-sided case, while Figure 14(b) shows deflection of
plate free end for one-sided case. For low Re fluid flows (Re = 25) are driven by viscous forces, causing
the structure to reach near-static equilibrium (small or no oscillations). For a one-sided case, the system
destabilised at Re = 100, while in a two-sided case, this happened at a lower Re = 50 due to the presence
of the other plate effect. The increase in Reynolds number results in progressively stronger vortex
shedding in the wake and, therefore, larger sustained periodic VIV deflections through the plates as
the magnitude of the induced vibration response increases. The addition of a second plate destabilises
the system and lowers the critical Reynolds number where instability exists by approximately a factor
of two. This finding can only be made due to the comparison of one-sided vs. two-sided flows. This
finding is physically consistent with established FSI literature. For example, Zhu and Peskin [73]
showed that two interacting filaments exhibit fundamentally different dynamics from a single filament
due to hydrodynamic coupling.
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Figure 14. Deflection for the plate for different Reynolds numbers: (a) Deflection of lower
plate free end (two-sided case), and (b) Deflection of plate free end (one-sided case).

Figure 15 shows the pressure, and WSS for the upper and lower plates at M = 1 and K, = 0.1. At
low Re, the Reynolds number has a significant effect on WSS due to the higher value of viscous forces.
As Re increases, the fluid inertia also increases, leading to a higher pressure drop along the surface
of the plate. This increase in pressure drop is primarily due to the reduction of shear stresses at the
boundary layer [74]. The deflection increases with increasing Reynolds number due to strong vortex
structures formed around the plate. Therefore, for an increase in the value of Re, the inertia of the
fluid becomes much stronger compared to the viscous forces, producing sharper pressure gradients. A
sharp drop in pressure with a high value of Re is indicative of high-speed flow and an intense adverse
pressure gradient near the boundaries, creating the condition of flow separation in these regions. The
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flow at low Reynolds numbers tends to be laminar, with a wall shear stress that does not change much.
Ref. [75] indicated that as flow transits from laminar to turbulent, the variability in wall shear stress
increases and drops more significantly at the separation point of the flow [75] . This phenomenon is
further supported by studies that show how low WSS regions become less prevalent with increasing

Re [76].
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Figure 15. Pressure, and WSS (1,,) for the upper and lower plate: (a) Pressure along lower
plate wall, (b) Pressure along upper plate wall, (c) WSS along lower plate wall, and (d) WSS

along upper plate wall.

3.4. Dynamic behaviours in the mass ratio - bending stiffness plane

To briefly discuss the dynamic behaviours in K,-M plane, the motion state diagram in the K,-M
space is shown in Figure 16: red delta is stable; green square is unstable. Two Reynolds numbers
are considered: (a) Re = 25; (b) Re = 50, which includes the transition from the stable state to the
unstable state. For Re < 25, only a stable plate exists in the stiffness plane of the mass ratio bending.
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For Re > 50, the plane is exclusively populated by unstable behaviours. Similar behaviour is observed.
However, the persistence of another body reduces the Reynolds number required to transit to instability
by half because more coupling modes occurred. According to [77], the behaviour of three filaments
differs significantly from that of two filaments due to the additional coupling modes that arise. Similar
phenomena exist here; more structures lead to more coupling modes.
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Figure 16. Motion state diagram in the K, — M parameter space for two-sided plates: (a)
Re =25, and (b) Re = 50.

4. Conclusions

The dynamic behaviours of flexible plates vertically attached to the channel wall have been studied
by varying three non-dimensional parameters: M, K, and Re. At low mass ratios, plates exhibit
steady behaviour, a vibrational behaviour characterised by a fundamental frequency as the mass ratio
increases. Two modes have been identified: steady symmetric vortex structures for M = 1 and M = 2,
and unsteady symmetric vortex structures for M = 3 and M = 4. At low bending rigidity, the plate
initially experiences unsteady behaviour ( K;, = 0.1), followed by low-amplitude vibration ( K, = 0.2
and 0.4), and turns to a steady state (K, = 0.8 and 1.6). Three different modes have been identified:
unsteady plate with symmetric vortex structures for K;, = 0.1, unsteady plate with asymmetric vortex
structures for K, = 0.4, and steady plate with asymmetric vortex structures for K, = 0.8. The fluid flow
initially follows a consistent pattern at low Reynolds numbers, and at Re = 25, the plate remains stable.
Moreover, as the Reynolds number increases, the plate oscillates and undergoes regular movement,
especially at elevated Reynolds numbers, such as Re = 600, resulting in a symmetry breakdown.
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