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SUMMARY

A hybrid Cartesian/immersed boundary code is developed and applied to interactions between a flexible
plate and a surrounding fluid. The velocities at the immersed boundary (IB) nodes are reconstructed by
interpolations along local normal lines to an interface. A new criterion is suggested to distribute the IB
nodes near an interface. The suggested criterion guarantees a closed fluid domain by a set of the IB nodes
and it is applicable to a zero-thickness body. To eliminate the pressure interpolation at the IB nodes, the
hybrid staggered/non-staggered grid method is adapted. The developed code is validated by comparisons
with other experimental and computational results of flow around an in-line oscillating cylinder. Good
agreements are achieved for velocity profiles and vorticity and pressure contours. As applications to the
fluid–structure interaction, oscillations of flexible plate in a resting fluid and flow over a flexible plate are
simulated. The elastic deformations of the flexible plate are modelled based on the equations of motion
for plates considering the fluid pressure as the external load on the plate. Two non-dimensional parameters
are identified and their effects on the damping of the plate motion are examined. Grid convergence tests
are carried out for both cases. Copyright q 2007 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The interactions between flexible structures and the surrounding fluid are common in various areas,
such as the flow in the human cardiovascular system and a liquid sloshing in a tank. Recently a
variety of methods are proposed to treat the deformations of the fluid domain as the interfaces
move. Those methods can be categorized into two classes: boundary conforming methods and
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non-boundary conforming methods. For the boundary conforming methods, many methods are
suggested based on the arbitrary Lagrangian–Eulerian (ALE) formulation [1–6]. Since the mesh
conforms to the body boundary at all times in the ALE methods, the rapid changes of dependent
variables in the boundary layer can be resolved effectively. However, it is not easy to maintain
the quality of the deformed grid especially for the cases where the boundaries undergo large
deformations.

The non-boundary conforming methods can handle more general deformations of the fluid
domain because the background grid is independent of the interface configurations. The immersed
boundary method proposed by Peskin [7] has been widely used for the fluid–structure interaction
problems [8–11]. The main difficulty of the immersed boundary method is related to the spreading
of the forcing function over a few nodes, which increases the resolution requirements near the
interface. Several methods are suggested to prevent the smearing near the interface. In the immersed
interface method [12–14], the jump condition is introduced to maintain the sharpness of the
interface. The cut-cell or Cartesian method can track a sharp interface by modifying the grid cells
near the interface [15–17]. However, the generation of irregularly shaped cells, which can degrade
the accuracy and robustness of the scheme, may not be avoidable for complicated interfaces.

Gilmanov and Sotiropoulos [18, 19] recently introduced the hybrid Cartesian/immersed bound-
ary (HCIB) method. In this method, the IB nodes are distributed inside of a fluid domain near
an interface. Then solutions are reconstructed at the IB nodes by the interpolations along local
normal lines to the interface. To eliminate the pressure interpolations at the IB nodes, the hybrid
staggered/non-staggered grid method is suggested. They modified the original criterion for the
IB node distribution based on the distance between a node and an interface in order to handle
a zero-thickness body [19]. However, there is ambiguity in the distance criterion to guarantee a
closed fluid domain by the set of IB nodes for the case where the grid spacing is varied along an
interface. They applied the HCIB method to simulate the fish-like swimming and the flow around
a planktonic copepod. Even though the body boundaries undergo very complicated deformations,
the motions of the interfaces are prescribed.

In this paper, the HCIB method is expanded to the interactions between a flexible structure and
the surrounding fluid, where the motions of the structure should be decided based on the fluid
load. We think this is the first application of the HCIB method to the fluid–structure interaction
problems where the deformations of an elastic body should be decided based on the fluid load.
We suggest a new criterion to distribute the IB nodes, which guarantees a closed fluid domain
by a set of IB nodes regardless of grid spacing variations. In addition the suggested criterion is
applicable to a zero-thickness body without any difficulties. In Section 2, the details of the numerical
scheme are presented. In Section 3, the developed code is validated through comparisons with
other experimental and recent computational results on the flow field around an in-line oscillating
cylinder. Then the code is applied to simulate the oscillations of a flexible plate in a resting fluid
and the flow over a flexible plate. Finally, some concluding remarks are provided in Section 4.

2. NUMERICAL METHODS

2.1. Governing equations and boundary conditions

The governing equations are the two-dimensional unsteady incompressible Navier–Stokes equations
in the Cartesian coordinates, {xi }. The governing equations are non-dimensionalized by a fluid
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density �, a characteristic velocity U and a characteristic length L
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where ui are Cartesian velocity components, p is a pressure and Re is a Reynolds number.
The deforming interface of the fluid/solid is discretized by a set of material points on the

interface. For those material points, the Lagrangian position vectors and the velocity vectors are
given. The boundary of the fluid domain is defined by a set of line segments connecting two
neighbouring material points. The velocity distributions on the line segments are interpolated from
the velocity vectors at the material points. The boundary conditions for the Eulerian fluid velocity
are described by the no-slip condition at the interface at every instant. The hybrid staggered/non-
staggered grid approach [19] is used, where the pressure at the boundary node is not required
explicitly as explained later.

2.2. Velocity reconstruction at immersed boundary nodes

In the HCIB method, the governing equations are discretized on a Cartesian background grid
and the boundary conditions are described at the IB nodes near the fluid/solid interface. At the
IB nodes, the velocity vectors are estimated based on the reconstruction of the solution along
the local normal line to the interface. To guarantee that the flow solver uses only well-defined
dependent variables, a closed fluid domain should be defined by the set of the IB nodes. Gilmanov
et al. initially suggested a criterion to distribute the IB nodes so that each node included in a
fluid domain is classified as an IB node if the node is connected to a node inside of a solid [18].
This criterion guarantees a closed fluid domain by the set of IB nodes. However, this criterion
has difficulty in handling a thin body. Gilmanov et al. modified the original criterion to distribute
the IB nodes, which is based on the distance between a node inside of the fluid domain and
the fluid/solid interface [19]. Although the modified criterion can handle a zero-thickness body,
there is ambiguity in the appropriate distance to guarantee a closed fluid domain for a grid of
non-uniform spacing.

In this study, a new criterion is suggested to distribute the IB nodes. First, a node is classified
as a solid node if the node is located inside of a solid. Then a node is classified as an IB node if
the node is not a solid node and the node is connected to an edge that crosses the fluid/structure
interface. If a node is not an IB node and it is located inside of the fluid domain, the node is
classified as a fluid node [20]. Figure 1 shows an example of a fluid/structure interface and IB
nodes which are identified based on the present criterion. The present criterion and the original
criterion suggested by Gilmanov et al. [18] result in the similar distributions of the IB nodes
near the interface where the thickness of the body is greater than the grid spacing. However, the
additional IB nodes are identified near a sharp edge of the body based on the present criterion. The
present criterion can handle a zero-thickness body because the crossing edges can be identified near
the interface regardless of thickness of the body. In addition, the present criterion guarantees that
there is no edge connecting a fluid node to a solid node. This fact is important because it ensures
that the flow solver does not require an undefined dependent variable for the hybrid staggered/non-
staggered grid method as explained later. The identification of the IB nodes based on the present
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Figure 1. A background Cartesian grid, a fluid/solid interface (line), solid nodes (filled rectangles) and
IB nodes (open circles) identified based on the present criterion.

criterion and the search for the neighbouring fluid nodes for the velocity reconstruction can be
carried out more efficiently by using a preliminary checking algorithm which decides the overlap
between a rectangle containing the given inside node and segments on the boundary. However, for
two-dimensional cases, the identification of the IB nodes and the search for the neighbouring fluid
nodes do not increase the total calculation time significantly even though the preliminary checking
algorithm is not adapted.

The key idea of the HCIB method is the description of the velocity boundary conditions at the
IB nodes based on the interpolations along the local normal lines to the body surface [18, 19].
Figure 2 shows the reconstruction of the velocity at an IB node based on the interpolation along
the local normal line to the body surface. For each IB node, a line is selected which passes through
the IB node and intersects the body surface, S in Figure 2, at right angle. If the body surface
contains sharp corners, such lines may not be defined for some IB nodes near the sharp corners.
For those IB nodes, lines connecting the IB nodes and the closest points on the body surface
replace the local normal lines. Once the interpolation line for each IB node is selected, the line
is extended from the IB node to an edge of the background Cartesian grid, E in Figure 2. The
velocity vector at the point where the interpolation line crosses the body surface S is already given
as the velocity boundary condition at every instant. At the other end point of the interpolation
line, where the interpolation line crosses the internal edge of the Cartesian grid E , the velocity
vector is estimated based on the two intermediate velocity vectors at both end nodes of the edge,
N1 and N2 in Figure 2, during the iteration procedure of the flow solver. In this study a linear
interpolation is used to estimate the velocity vector at the point on the internal edge E

�l
E = 1

dN1,E + dN2,E
(dN2,E�l

N1 + dN1,E�l
N2) (3)
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Figure 2. Velocity reconstruction at an IB node by the interpolation along the local normal line
to the interface. IB: IB node; S: point on the interface; E : point on an internal edge; N1, N2:

two end nodes of the internal edge.

where �l
E is a velocity component at the crossing point on the internal edge, �l

N1 and �l
N2 are

velocity components at the two end nodes of the internal edge at lth iteration step of the flow
solver and dN1,E and dN2,E are two distances from the crossing point E to the two end nodes N1
and N2. Finally, the velocity vector at an IB node is estimated based on the distances from the IB
node to the end points of the interpolation line dIB,E and dIB,S . In this study a linear variation of
a velocity along the local normal line is assumed

�l
IB = 1

dIB,E + dIB,S
(dIB,E�S + dIB,S�

l
E ) (4)

where �l
IB is the estimated velocity component at the IB node at lth iteration step and �S is the

velocity component at the crossing point on the body surface S.

2.3. Flow solver using the hybrid staggered/non-staggered grid

For the velocity reconstruction at the IB nodes, the use of the non-staggered grid is natural.
However, a flow solver based on the non-staggered grid may cause difficulties for the HCIB
method. In the HCIB method, the dependent variables should be reconstructed near the body
boundary using the interpolation along the local normal line. Compared with the interpolation of
velocity near a body boundary, the interpolation of pressure near the body boundary may not be
accurate because of the following two facts. Although the Dirichlet-type boundary conditions are
given for the velocity, only an approximation for the normal derivative of the pressure is available
on the body boundary. In addition, the pressure field near the body may change abruptly due
to the deformation of the fluid/structure interface in the incompressible flow. For the staggered
grid, the pressure boundary condition is not required explicitly near the body boundary so that
only the velocity vectors need to be reconstructed at the IB nodes. Contrary to the conventional
immersed boundary method, the present method which is based on the HCIB method using the
hybrid staggered/non-staggered grid method does not require any additional treatment to get a
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Figure 3. The hybrid staggered/non-staggered grid method. Open circles: non-staggered u and v recon-
struction. Open triangles: velocity boundary conditions for the staggered grid. Filled circles: residuals of
convection and diffusion terms, calculated pressure, interpolated non-staggered velocities. Filled triangles:

interpolated residuals of convection and diffusion terms, calculated staggered velocities.

smooth pressure distribution near moving boundaries. Since the pressure is not defined at the IB
nodes in the present method, an extrapolation is necessary to estimate the pressure distribution
on the boundary. However, the pressure calculation procedure is identical with the conventional
staggered grid approach once the velocities are reconstructed at the IB nodes regardless of the
movement of the boundary. Even though additional interpolations are necessary between dependent
variables of a staggered grid and a non-staggered grid, the hybrid staggered/non-staggered grid
method can provide more advantages by eliminating the pressure reconstruction at the IB nodes.

Figure 3 shows the arrangement of dependent variables for the hybrid staggered/non-staggered
gird method near a boundary. All dependent variables of the non-staggered grid are stored at the
nodes of the background Cartesian grid. At a mid-point of each edge, the velocity component in the
direction of the edge is stored for the staggered grid. The convective and viscous terms of x- and
y-momentum equations are calculated at all the fluid nodes using velocities of the non-staggered
gird. The second-order, upwind biased scheme is used to discretize the convective term. For a
fluid node near an IB node, the second-order upwind biased scheme may require a velocity at
a solid node according to the sign of the local convective velocity. In such cases, the first order
upwind scheme is used to reduce the stencil. Gilmanov et al. showed that such approximation near
the body boundary does not affect the second-order accuracy of the scheme based on the log–log
variation of the error as a function of the grid spacing [18]. To explain this behaviour, they pointed
out that the truncation error of the first-order upwind scheme is related to the second-order spatial
derivatives and the second-order spatial derivatives are zero for the linearly varying velocity field
near the body boundary. For the viscous term, the central difference is used. Since the velocity
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vectors are reconstructed at the IB nodes and a fluid node is guaranteed to be connected to other
fluid node or a IB node, as explained in the previous section, the convective and viscous terms of
x- and y-momentum equations can be calculated at all the fluid nodes.

For the staggered velocity component near the boundary that is stored at a mid-point of an edge
connecting a fluid node and an IB node, an interpolation is used to get a boundary condition for
the velocity component of the staggered grid. Based on the reconstructed velocity at the IB node
and the intermediate velocity at the fluid node, a linear interpolation is used to get the boundary
condition for the staggered grid

ulIB+1/2, j = 1
2 (u

l
IB, j + ulIB+1, j ), vli,IB+1/2 = 1

2 (v
l
i,IB + vli,IB+1) (5)

where the nodes of (IB, j) and (i, IB) are IB nodes, the nodes of (IB + 1, j) and (i, IB + 1) are
neighbouring fluid nodes and the superscript l indicates lth iteration step of the flow solver. All
staggered velocity components that are stored at midpoints of edges connecting two fluid nodes
are calculated based on the momentum equations. To calculate the staggered velocity components,
the residuals due to the convective and viscous terms are interpolated at the mid-points of the
edges connecting two fluid nodes

XCDl
i+1/2, j = 1

2 (XCDl
i, j + XCDl

i+1, j ), YCDl
i, j+1/2 = 1

2 (YCDl
i, j + YCDl

i, j+1) (6)

where XCD and YCD are the sums of the convective and viscous terms of x- and y-momentum
equations, respectively. The pressures at both fluid nodes of an interior edge are used to calculate
the pressure gradient for the staggered grid velocity component

�p
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∣∣∣∣
l
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≈ pli+1, j − pli, j

�x
,

�p
�y
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l
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�y
(7)

The dual time-stepping is used for the time marching and the artificial compressibility is introduced
with respect to the pseudo-time [21, 22]. For the physical time, the three-point second-order
backward difference formula is used

pn+1,l+1
i, j − pn+1,l

i, j

��
+ �

(
un+1,l
i+1/2, j − un+1,l

i−1/2, j
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+ v
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)
= 0 (8)
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(9)

where � is the artificial compressibility parameter and �� is the pseudo-time step size. The
superscript (n + 1, l) indicates lth pseudo-time step iteration of the n + 1th physical time step. As
the iteration with respect to the pseudo-time converges, the dependent variables of (n + 1, l + 1)
and (n + 1, l) converge to the dependent variables of (n + 1).

For each physical time step, the new position vectors of the Lagrangian control points are
decided and the classifications of the nodes are updated. To avoid the use of undefined dependent
variables, there should be no node that is changed from a solid node to a fluid node in one
physical time step. It implies that the physical time step �t should be small so that the interface
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never sweeps a whole cell within one physical time step [19]. Although the three-point backward
difference formula and the hybrid staggered/non-staggered grid method are used, both schemes
do not have effects on the time stepping size because the time stepping size should be kept small
to avoid the undefined variables near the moving boundary.

3. RESULTS AND DISCUSSIONS

To validate the developed code, the flow around an in-line oscillating cylinder is computed.
The present results are compared with other experimental measurements [23] and recent com-
putations [20] for the velocity profiles and vorticity and pressure fields at several phases of the
oscillation. As a test case for the fluid–structure interaction, the oscillations of a flexible plate in
a fluid at rest are simulated. Initially, the deformation of the plate is given as its first eigenmode
deformation then the plate is released to oscillate in the fluid. The motion of the plate is modelled
based on the classical thin-plate mechanics [24, 25]. Finally, the code is applied to simulate the
motion of a flexible plate in the cross flow.

3.1. Forced in-line oscillation of a circular cylinder in a fluid at rest

Dütsch et al. [23]measured the velocity profiles around a circular cylinder which oscillates in a fluid
at rest and Yang and Balaras [20] computed the flow field recently using the embedded-boundary
formulation. The forced in-line oscillation of the circular cylinder is described by a sinusoidal
motion x(t)= −A cos(2� f t), where A is the amplitude of the oscillation and f is the frequency
of the oscillation. There are two non-dimensional parameters in this flow, the Reynolds number
Re=UmaxD/� and the Keulegan–Carpenter number KC=Umax/ f D, where Umax = 2� f A is the
maximum velocity of the cylinder, D is the diameter of the cylinder and � is the kinematic viscosity
of fluid. The computation is carried out for the case where the Reynolds and Keulegan–Carpenter
numbers are set to Re= 100 and KC= 5, respectively. The computation starts from the rest. It is
confirmed that the flow fields are virtually identical for the same phase of the oscillation after a
few strokes. At all the far-field boundary nodes, the dependent variables are extrapolated from the
fluid domain. Near the origin, −3D�x�3D and −2D�y�2D, the grid spacing is fixed as 0.02D
and it is stretched by a factor of 1.05. The size of the computational domain is 50D × 30D. The
non-dimensional physical time step size is set to �t = 0.01. For these parameters, 500 time steps
are included in one oscillation.

Figure 4 shows the computed pressure and vorticity contours at three different phase-angles
of the oscillation, � = 90, 198 and 240◦. At � = 90◦, a pair of vortices are developing behind the
cylinder moving to the right, then the vortices are separated and pushed away by the cylinder
moving backward, as observed in the experiments [23]. At � = 198◦, the pressure and vorticity
contours are also reported by Yang and Balaras [20]. The agreements between two computational
results are very good including the wiggles in the pressure contours in front of the cylinder.

In Figure 5, the computed velocity profiles at � = 90 and 240◦ are compared with the mea-
surements [23] and the computations [20] at x/D= −0.6, 0, 0.6 and 1.2. Although Yang and
Balaras reported that the agreement between the experimental results (open symbols) and their
computational results (lines) is very good, the agreement between the present results (filled sym-
bols) and the computations of Yang and Balaras [20] is much better. The noticeable discrepancy
between both calculations can be seen in the u-velocity at x/D =−0.6 and � = 90◦. However, at
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Figure 4. Pressure and vorticity contours around a circular cylinder under forced in-line oscillation in a
fluid at rest. Re= 100 and KC= 5; phase angle �= 90, 198 and 240◦; 0�P�2 with intervals of 0.05

and −7.5��z�7.5 with intervals of 0.25.

that location the discrepancies between the measurement and the calculations are more significant.
Based on the vorticity contours near the cylinder at � = 90◦ in Figure 4, it is considered that the
u-velocity profiles at x/D= −0.6 and � = 90◦ can be affected by the vortices which are generated
during the previous stroke and pushed away by the cylinder. In Figure 6, contours of the u- and
v-velocities at � = 90◦ are shown. It shows that the rapid variations in the velocity near the cylinder
are resolved smoothly.

3.2. Oscillations of a flexible plate in a fluid at rest

As an application of the developed HCIB code to the fluid–structure interaction, oscillations of a
flexible plate in a fluid at rest are considered. In this study, the motion of the plate is modelled
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Figure 5. Measured and computed velocity profiles around a circular cylinder under forced in-line oscilla-
tion in a fluid at rest. Filled symbols: present computations; lines: computations from [20]; open symbols:

measurements from [23]. Re= 100 and KC= 5; phase angle �= 90 and 240◦.

based on the classical thin-plate mechanics [24, 25]

�sh
�2W
�T 2

+ d
�W
�T

+ B
�4W
�Y 4

= −�P (10)

whereW (Y, T ), �s, h, d and B are, respectively, deformation, density, thickness, structural damping
and flexural rigidity of the plate. In this study, the material damping of the plate is ignored so that
d = 0. Equation (10) can be non-dimensionalized based on the length of the plate L , the density
of fluid �f and the characteristic velocity U

�2w
�t2

+ C1
�4w
�y4

= −C2�p (11)

C1 = B

�sU 2hL2
, C2 = �f

�s

L

h
(12)
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Figure 6. u- and v-contours around a circular cylinder under forced in-line oscillation in a fluid
at rest. Re= 100 and KC= 5; phase angle �= 90◦; −1.0�u�1.2 with intervals of 0.1 and

−0.8�v�0.8 with intervals of 0.1.

Boundary conditions for a clamped end at y = 0 and a free end at y = L are given as follows:

w(0, t) = 0 and
�w

�y

∣∣∣∣
y=0

= 0 (13)

�2w
�y2

∣∣∣∣∣
y=L

= 0 and
�3w
�y3

∣∣∣∣∣
y=L

= 0 (14)

For each time step, the distribution of the pressure differences across the plate is calculated then
Equation (11) is solved to estimate the deformation of the plate at the next time step using the
finite difference method

wn+1
j − 2wn

j + wn−1
j

�t2
+ C1

wn
j+2 − 4wn

j+1 + 6wn
j − 4wn

j−1 + wn
j−2

�y4
= −C2(�p)nj (15)

After the deformation of the plate is decided at the new time step, the normal velocity distribution
on the plate is estimated based on the time variation of the deformation. Using the calculated
deformation and normal velocity distributions, the flow field is updated to estimate the pressure
difference distribution at the next time step.

Glück et al. reported the computational results for the similar case [26, 27]. In their computations,
a constant load is applied for a few initial time steps to excite the plate. In this study, the plate is
initially deflected into the first eigenmode of the plate [24] instead of applying the artificial loads
for a few initial steps. The present initial condition guarantees a steady oscillation without any
change in the amplitude, if there is no effect of the fluid i.e. C2 = 0. The nth eigenfunction �n of
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Figure 7. Time evolution of vorticity fields around a flexible plate oscillating freely in a fluid at rest.
Re=500, C1=2.0 and C2=0.05; initial displacement at free end: 0.2; −20���20 with intervals of 1.0.

the plate is given as follows [28]:

�n = Ai

[
U (	n y) − S(
n)

T (
n)
V (	n y)

]

U (	n y) = cosh(	n y) − cos(	n y)

2
, V (	n y)= sinh(	n y) − sin(	n y)

2

S(
n) = cosh 
n + cos 
n
2

, T (
n) = sinh 
n + sin 
n
2

(16)

where Ai is an amplitude constant, and 	n = 
n/L and 
n are the solutions of cosh 
n cos 
n+1= 0.
The computational domain is −60L�x�60L and 0�y�60L . The plate is clamped at the origin.

The two non-dimensional parameters C1 and C2 are set to 2.0 and 0.05, respectively. For that

Copyright q 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 55:263–282
DOI: 10.1002/fld



FLOW OVER A FLEXIBLE PLATE 275

X

Y

-0.6 -0.4 -0.2 0 0.2 0.4 0.60

0.2

0.4

0.6

0.8

1

1.2

1.4
u

X

Y

-0.6 -0.4 -0.2 0 0.2 0.4 0.60

0.2

0.4

0.6

0.8

1

1.2

1.4
v

Figure 8. Instantaneous u- and v-contours around a flexible plate oscillating freely in a fluid at rest.
Re= 500, C1 = 2.0 and C2 = 0.05; initial displacement at free end: 0.2; t = 1.25; −1.0�u�1.0 with

intervals of 0.1 and −1.5�v�1.5 with intervals of 0.1.

value of the C2, the thickness of the plate is about 0.003L if a normal steel plate oscillates in the
air. However, the actual material properties are not considered and the thickness of the plate is
assumed to be zero in the computations regardless of the C2. The initial deformation Ai is 0.2L .
The Reynolds number based on the characteristic velocity U , which is used to define C1, is 500.
For −2L�x�2L and 0�y�2L , the grid spacing size is fixed then it is stretched by a factor of
1.05. To test grid independency of the computed results, the minimum grid spacing size is varied
from 0.01 to 0.04 and the results are compared.

Figure 7 shows the time evolution of the vorticity fields around the oscillating plate. The
instantaneous vorticity fields are included at the moments when the plate reaches the extreme
displacements of the beginning three cycles. Due to the damping effects of neighbouring fluid, the
amplitudes of the oscillation are decreasing gradually. The counter-rotating vortices are shed from
the tip of the plate as the moving directions are alternated. Those vortices interact with each other
and are shifted due to the flow induced by the movements of the plate. In Figure 8, instantaneous
u- and v-contours are shown for the moment when the tip of the plate is passing x = 0 after one
cycle. The u-velocity is continuous across the plate and is dominated by the movement of the plate
to the left. However, the sharp discontinuity in the v-velocity across the plate can be clearly seen
because of two boundary layers of the both sides.

A few computational results have been reported for the flow around a flexible plate [24, 26, 27].
Because of the diversity of the numerical schemes for the computations of the structure and fluid,
each code has different limitations and it causes difficulties in comparisons with the previous
results. However, the grid independencies of the present computations are investigated for both
cases. To test grid independency of the present case, the time histories of location of the tip
are compared for the three different size grids in Figure 9. Compared with the oscillation in a
vacuum, which corresponds to the passive mode i.e. C2 = 0, the results of the three grids predict
virtually identical results for the damping of the oscillations and the changes in frequency of the
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initial displacement at free end: 0.2.

oscillation. The damping of the oscillations implies that there is a phase shift between the motion
of the plate and the fluid load. In Figure 10, the time history of the force acting on the plate
(symbol) is compared with the displacement of the tip (line). It can be seen that the velocity of
the plate dominates the time variation of the fluid load. Although the effects of the acceleration
of the plate on the fluid load are smaller compared with the effects of the velocity, the acceler-
ation causes the force of the opposite direction to the acceleration. The combined effects of the
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Re= 500, C2 = 0.05; initial displacement at free end: 0.2.

velocity and the acceleration make the force zero slightly before the plate reaches its maximum
deflection.

In Figure 11, the effects of the parameter C2 on the oscillations of the plate are shown. The
parameter C2 represents the ratio of the inertia of the fluid to the inertia of the plate. As the fluid
density increases, the oscillations are damped out rapidly and the period of the oscillations gets
longer. The reasons of the variation in the period can be explained based on two different effects
of the fluid load. Due to the damping effect of the fluid load, the period of the oscillation gets
longer. Although the effects are smaller, the acceleration of the plate also influences the fluid load.
The component of the fluid load that is proportional to the plate acceleration also increases the
period of the oscillation due to the virtually increased inertia of the plate.

The parameter C1, which is a non-dimensionalized ratio of the bending stiffness to the inertia
of the plate, is changed from 0.5 to 10 in Figure 12. The parameter C1 controls primarily the
period of the oscillations. However, the bigger C1 results in the bigger damping of the oscillation
because the velocity of the plate increases as the period decreases for the bigger C1.
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Figure 13. Time evolution of vorticity fields of flow over a flexible plate. Re= 500, C1 = 0.1 and
C2 = 0.1; −10���10 with intervals of 1.

3.3. Cross flow over a flexible plate

The developed code is applied to simulate the cross flow over a flexible plate. Initially, the plate
of length L is clamped at the origin and there is no deformation so that the free end is located at
x = 0 and y = L . The computational domain is −10L�x�40L and 0�y�40L . At x =−10L , the
uniform inflow U is given and the no-slip boundary condition is applied at y = 0. For the outlet
and upper boundary, the dependent variables are extrapolated from the fluid domain. The flow is
accelerated linearly from the rest to the uniform inflow U until the non-dimensional time t = 2.
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Figure 14. Time evolution of pressure fields of flow over a flexible plate. Re= 500, C1 = 0.1 and
C2 = 0.1; −2�p�2 with intervals of 0.2.

During the acceleration of the inflow the plate is fixed, then the plate is released to deform by the
fluid load at t = 2. The Reynolds number based on the plate length L and the uniform inflow U
is 500. Both the parameters C1 and C2 are set to 0.1. For the region of −2�x�4 and 0�y�2,
the grid spacing is fixed then it is stretched by a factor of 1.02. To test grid independency of the
computed results, three different size grids are used and the results are compared. For the fine,
medium and coarse grid, the minimum grid sizes are 0.01, 0.02 and 0.04, respectively.
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In Figures 13 and 14, the time evolutions of the vorticity and pressure fields are shown for
t = 2–9. At t = 2, the vortex near the tip causes the shear flow on the backside of the plate. As
the vortex grows and moves backwards, the vortex interacts with the bottom wall. Around t = 4,
the plate reaches its extreme deformation. The extreme value of the tip deflection is about 0.23L .
The deflection at the tip for a cantilever with a uniform loading (�P) is (�P)L4/8E I . In this case,
the non-dimensionalized stiffness B/�fU

2L3 is C1/C2 = 1. It implies that the extreme deformation
of 0.23L corresponds to a case of a cantilever under a uniform loading where the non-dimensional
pressure difference �p is about 1.84. Although the actual pressure difference �p is a little smaller
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than 1.84, the sudden release at t = 2 and the dynamic response of the plate cause the overshoot.
After t = 5, the plate moves forward due to the restoring force of the plate. As the plate moves
forward, fluids of the counter-clockwise vorticity, which are caused by the interaction of the main
vortex with the bottom wall, occupy the space behind the plate. At t = 9, the second vortex is
generated near the tip of the plate and the plate is pushed backward again by the fluid load.

In Figure 15, the computed time histories of the tip location are compared for the fine, medium
and coarse grids. The agreements between the results of medium and fine grids are very good
especially for t�10. Since the fluid load of the initial stage causes strong transient response, the
motion of the plate is different from the damped harmonic motion of the previous section. As the
transient response of the plate decreases, the motion of the plate is dominated by its primary mode.

In Figure 16, the computed deformation of the plate at t = 4 is compared with the deforma-
tions of a cantilever under uniform and concentrated loadings where the deformations should be
C(y4 − 4y3 + 6y2) and C(y3 − 3y2), respectively. The constants C are set to 0.0768 and −0.115,
respectively, so that the deflections at the tip coincide. The computed deformation at t = 4 is more
similar to the deformation of a cantilever under a uniform loading which causes the same tip
deflection.

4. CONCLUSIONS

A code has been developed using the HCIB method and applied to simulate the interactions
between a flexible plate and a surrounding fluid. A new criterion has been suggested to distribute
the IB nodes based on the edges crossing the interface. It has been shown that the reconstruction of
velocity at IB nodes distributed by the present criterion provides the adequate boundary conditions
for the flow solver which is based on the hybrid staggered/non-staggered grid. In addition, the
present criterion has been successfully applied to a zero-thickness body such as a thin plate.

To validate the developed code, the in-line oscillation of a circular cylinder in a fluid at rest has
been simulated. The velocity profiles and vorticity and pressure fields have been compared with
the experimental and other computational results. Good agreements are achieved.

The HCIB method has been successfully expanded to the fluid–structure interaction problems
where the unsteady elastic deformation of the structure should be decided based on the fluid load.
The oscillations of a flexible plate in the resting fluid and the flow over a flexible plate have been
simulated. The grid convergence tests have been carried out for both cases using the three different
size grids and the results of medium and fine grids show good agreements. Two non-dimensional
parameters have been identified for the oscillations of a plate in a surrounding fluid, which are
related to the ratios of the stiffness of the plate and the inertia of the fluid to the inertia of the
plate. The effects of two non-dimensionalized parameters on the damping of the oscillations have
been investigated.
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