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Abstract

We investigated surface compliance effects of a fluid-filled object in flow on its shape and internal flow through
numerical simulation. A two-dimensional compliant cylinder containing fluid in a flow is a simple model of a cell, e.g.
an erythrocyte, leukocyte or platelet. The thin membrane of the cylinder consisted of a network of mass-spring-damper
(MSD) systems, representing its mechanical characteristics. We assumed that the stiffness and damping coefficients
were those of latex gum. The two-dimensional flow inside and outside the membrane was obtained by solving the two-
dimensional Navier—Stokes equations by using the finite element scheme at Re = 400, based on the external flow
velocity and diameter of an initial circular cylinder. The deformation of the membrane was calculated by solving the
equation of motion for an MSD system by using the fourth-order Runge-Kutta method. The compliant cylinder
deformed more if its stiffness was smaller than that of latex gum. The initial circular section of the cylinder became oval,
with a flat front and a convex rear. The aspect ratio of the lateral to streamwise axis length of the oval became larger
than unity, and increased with decreasing stiffness. The drag coefficient of the oval cylinder became larger than that of
the circular cylinder, and increased with decreasing stiffness. The partial vibration at the rear, caused by shedding
vortices, induced oscillating internal flows between two antinodes of the vibrating membrane. Since the object with
smaller stiffness had higher ductility, velocity fluctuations of the external flow influenced the internal flow of the
compliant object through deformation of the membrane.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The objective of this study is to investigate deformation of a fluid-filled compliant object in a flow. In this study,
a two-dimensional compliant cylinder, filled with an incompressible Newtonian liquid, is placed in a two-dimensional
uniform flow, of the same liquid as is inside the compliant cylinder. This is a simple model of a cell, e.g. erythrocyte,
leukocyte or platelet, in a flow. Our goal is to understand how a cell is deformed by stresses due to the external flow, and
how the deformation affects protoplasmic flow in a cell. Numerical simulation is a useful method for surveying
parametric effects of mechanical properties of the membrane with both external and internal flows. Large deformations
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Nomenclature Symbols related to the flow
Symbols related to the structure of the object
Cy drag coefficient ( = Drag/pRU?)
AR aspect ratio defined by L,/L, dr* time step = 0.01 which is determined as to
c damping coefficient satisfy the Courant number
k spring constant Din, Pout Pressures acting on the inside and outside
L, maximum length in the X-axis after defor- surfaces of the membrane
mation Re Reynolds number ( = 2UR/v)
L, maximum length in the Y-axis after defor- St Strouhal number ( = N2R/U, N: number of
mation shedding vortices per unit time)
Min;, Moy, internal mass and external mass r* nondimensional time ( = Ut/2R, where tis a
(i=0,....N,,—1, N,, = 48) time measured in seconds)
M total mass of the compliant cylinder (sum U free-stream velocity
of min;, Moy, and the internal fluid u, v components of flow velocity in the x and y
(= pimRY) directions
R radius of the initial circular cylinder Vin, Vour Kinematic viscosities of the internal and
Tx shedding period of vortices external fluids (in the present study, v, = vou),
Ty period of the natural vibration of the Pin, Pour densities of the internal and external fluids
compliant cylinder (in the present study, pin = Pout)
Tc convergence time when the change in AR Tin, Towr Shearing stresses acting on the inside and
becomes smaller than /& = 0.001L, outside surfaces of the membrane
Tr required time to reach the final 10 stream function
shape @B boundary stream function
w width of calculation domain w vorticity

of elastic cylindrical capsules in shear flows were solved by a series-expansion technique by Rao et al. (1994).
Dependence of deformation and apparent viscosity, on strain rate was discussed. Deformations become large if strain
rate increases, and small if internal viscosity increases. Since the ductility of red blood cells (RBC) is related to health
conditions and diseases, it is important to understand the interaction between internal flow, external flow and
deformation of the RBC. Numerical procedures were developed for computing the deformation of a capsule as a model
of RBC in simple shear flow by using a boundary-element method (Ramanjan and Pozrikidis, 1998), and by considering
the membrane bending stiffness (Pozrikidis, 2001). Bluestein et al. (2008) conducted a numerical study of the role of
microcalcifications in plaque vulnerability in an eccentric stenosis model, using a transient fluid—structure interaction
analysis through a two-dimensional simulation. The deformation of RBCs was simulated by Tanaka and Koshizuka
(2007) and Tsubota et al. (2006) by using a particle method. Neutrophils passing through a constriction in a cylindrical
capillary vessel were simulated by Shirai et al. (2002). Luo and Pedley (1998) investigated the effect of wall inertia on
self-excited oscillations in collapsible channel flow by solving the full coupled two-dimensional membrane-flow
equations. They found that the critical value of tension below which oscillations arise at fixed Reynolds number
increased with increasing wall inertia. Zhu and Chin (2008) simulated flexible elastic filaments interacting with a viscous
pulsatile flow in two dimensions using the immersed boundary method. Barthes-Biesel et al. (2002) compared three
membrane constitutive-laws governing the deformation of a two-dimensional capsule suspended in hyperbolic pure
straining flow. The cells were modeled as deformable capsules, composed of an elastic membrane. They suggested that
the existence of a possible hydrodynamic mechanism could be used to interpret the observed maximum leukocyte
aggregation in shear flow. Jadhav et al. (2007) investigated the collision process between two modeled cells, interacting
in linear shear flow through two-dimensional numerical simulation. The interaction between the deformation and flow
around the object were considered. Karagiozis et al. (2005) numerically investigated nonlinear vibrations for empty and
fluid-filled circular cylindrical shells. They studied fluid—structure interaction based on linear potential flow theory, that
is, they did not take fluid viscosity into account.

In the analysis of the deformation of compliant or elastic cylinders, Etienne and Pelletier (2005) developed a general
formula for computing the interactions between incompressible flow and hyperelastic solids and their sensitivities. They
obtained the deformed shape of an empty elastic cylinder in a uniform flow. The effects of wall compliance on flow have
been studied for the laminar—turbulent transition (Cros et al., 2003), control of unsteady separation on a cylinder with a
compliant wall (Pal and Sinha, 1998), and drag reduction (Endo and Himeno, 2001) from an engineering point of view.
Gad-el-Hak (2002) reviewed compliant coatings for drag reduction, and described the drag reduction due to the



M. Yokoyama, O. Mochizuki | Journal of Fluids and Structures 25 (2009) 10491064 1051

laminar-to-turbulent transition delay as it relates to the compliance of dolphin epidermis. Wang et al. (2005) showed
that compliant surfaces retarded the development of secondary instabilities during the early stages of laminar—turbulent
transition, and edge-generated waves increased the amplitudes of the original 2-D and 3-D TS waves during the later
stages of fundamental wave breakdown. Darekar and Sherwin (2001) considered flow past square-section cylinders with
spanwise geometric deformation in order to investigate its influence on wake structures and drag reduction. They found
that the drag was substantially lower than that of a straight cylinder.

The effects of internal flow of the compliant objects on its deformation have not been considered in previous
studies. Therefore, we needed to develop a numerical procedure to simulate induced flows inside the compliant
objects deformed by stresses due to external flow. In this study, we consider the interactions between the internal
flow, external flow and deformation through internal and external forces acting on the membrane. The internal
and external flows were obtained by solving the Navier—Stokes equations, and the deformation of the membrane,
consisting of a network of mass-spring-damper (MSD) units, was calculated by solving the equation of motion
for a MSD system by using the fourth-order Runge-Kutta method. After validating the simulation method
described in Section 4, we tested the effects of the mechanical properties of the membrane on deformation by
changing the stiffness and damping coefficients of the MSD unit. The deformed shapes are presented in Section 5.1.
The cross-section of the deformed cylinder was found to oval, with its major axis perpendicular to the main flow
direction. The flow characteristics represented by the drag coefficient and Strouhal number of the shed vortices
from the deformed cylinder are compared to those of a rigid circular cylinder. The effects of stiffness and
damping of the membrane of the compliant object on deformation and flow fields around and inside the
deformed cylinder are discussed in this section. The drag coefficient of the oval cylinder is larger than that of
the circular cylinder, and increased with decreasing stiffness. The internal and external flows of the deformed
cylinder are shown in Section 5.2. The partial vibration at the rear, caused by shedding vortices, induces oscillating
internal flows between two antinodes of the vibrating membrane. Thus, velocity fluctuations of the external
flow influence the internal flow in the compliant object through deformation of the membrane, if the object has
high ductility.

2. Model of the compliant cylinder

The calculation domain and compliant cylinder, whose cross-section is initially a circle with radius R, are shown in
Fig. 1. The width, w, of the side boundaries of the calculation domain is 8 R. Before setting the width, we checked the C,
of a rigid circular cylinder, and the deformed shape of a compliant cylinder, for various w. These values did not change
when w was larger than or equal to 8 R. The slip condition is given at the side-boundaries. This means that the cylinder is
in uniform flow. The out-flow boundary is located at a distance of 8 R downstream from the center of the cylinder. The
in-flow boundary is located at a distance of 2R upstream from the center of the cylinder. Uniform flow with free stream
velocity, U, is applied at the boundary. The compliant cylinder is a model of a cell whose center is fixed at the origin of
the coordinate system, but is allowed to deform. The reference mechanical properties of the membrane are those of latex
gum (k= 1.0, ¢ = 0.05). We consider the membrane softer in this study in the condition where k is lower than this
value. The no-slip condition is applied to the surface of the cylinder.

The membrane of the cylinder is modeled by a network of units of a mass-spring-damper system, as shown in Fig. 2.
The unit is a Voigt model (masses are connected by both a spring and damper). Sugiyama and Hirai (2006) simulated a
crawling soft robot with a two-dimensional circular MSD network, and Endo and Himeno (2001) represented the
compliant surface of a cylinder by using the Voigt model. According to these studies, it is reasonable to represent the
mechanical characteristics of the compliant matter by means of a network system of MSD units. Therefore, the MSD
unit given by the Voigt model is applied to the components of the membrane and imaginary core structure of the
compliant object, and the connections of the membrane and core structure, as shown in Fig. 2. Initially, the point
Masses, My ; are distributed on a circle of radius R, which is the membrane. The points of the mass, m, ;, on a circle of
radius R’ (R:R = 0.8:1.0) are the imaginary core structures. The core structure represents a base of fiber structures,
such as microfilaments supporting the membrane. The MSD units connecting m,; and m;, ; are the model of fiber
structures between the membrane and the core structure.

The forces acting on the membrane are evaluated at the position of each mass, as shown in Fig. 3. The compressive or
expansive forces are calculated from the pressures on both sides of the membrane, and the friction force on the
membrane is calculated from the shear stress by solving the equation of external fluid motion of the cylinder. To convert
the stresses to forces, the stresses are multiplied by the local area, A4;, represented by half the distance between adjacent
masses times the unit length in the direction perpendicular to the figure. The minimum number of joints of MSD units
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Fig. 1. Calculation domain around a compliant cylinder. The point denoted as ‘st point’ is a position at which velocity fluctuations due
to shedding vortices are measured.

Fig. 2. Model of a compliant cylinder. MSD unit is represented by the Voigt model. R: R =0.8:1.0, i =0,...,N,,—1, N,, =48, k:
spring constant and ¢: damping coefficient.

pout,i Ai

F middle, i

Pin,i Aj

Fig. 3. Forces acting on an objective mass. Here, A; represents the area based on the straight distance between m;_; and m; . 1, pout.i
and pi,; are the pressures due to external and internal flows, respectively, and 7o, ; and t,; are the shear stresses.

necessary to express the smooth deformation of the membrane is 48, which was used in order to minimize
the calculation time. The core structure consists of 48 MSD units, and the connections between the membrane and

core structure are also 48. The core structure is assumed to be an imaginary structure in this paper and not affected
internal flows.
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The forces due to the network of MSD units are calculated by simultaneous equations, as follows:

2=
d Xout,i ol ~ o — - — -
Mout,i 7 = Foul,i—l + Fout,H—l + Fmiddle,i +pout,iA0ut,i + Tout,onut,i +pin,iAin,i + Tin,xAin,is

dz)_éin,i * = ~
Mini =7 = Finio1 + Finir1 + Fuiddie,is
- 5
: 1 -
F = —kX — cx, Ai“ﬁlfwl — Xi-1]. (1)

Here, the suffixes ‘out’, ‘in’ and ‘middle’ of the resistance force, F, refer to the membrane, representative core
structure and connection between the membrane and core structure of the cylinder, respectively. The suffixes 7+ 1’ and
‘i—1" on F indicate the forces determined by the adjacent MSD unit attached to the ith mass. The notations poy; and
Pin,; are the pressures calculated in the external and internal flows, respectively. The t,,,; and t;, ; are the shear stresses
calculated in the external and internal flows, respectively. The boundary conditions for solving the internal flow are
given by displacement velocities at objective mass positions of the membrane as a result of deformation.

3. Governing equations of fluid motion

The external and internal flows of the compliant cylinder were obtained by solving the incompressible Navier—Stokes
equations in the calculation area, as shown in Fig. 1. The nondimensional governing equations, expressed in terms of
vorticity and stream function, are written as

aiw_{_uaiw_f_uaﬂ_i 62760_’_6270) (2)
ot Ox dy Rel\ox? o?)’

Poisson’s equation relating the stream function and vorticity is shown as follows:
o Do
bk T Y 3
ox2  0y? @ )

where ¢ denotes the stream function, w represents the vorticity and u and v are the components of velocity in the x and
y directions, respectively. The finite element scheme based on the Galerkin method is used to obtain the stream function
and vorticity at the contact points of the triangular mesh and velocity at the center of the mesh. The number of mesh
points in the calculation domain is 3850 points outside of the cylinder, and 259 points inside of the cylinder. The
pressure is obtained by solving Poisson’s equation

2
g, _TePe <52<0)

2P T a2 92 \axoy

)

The procedure used to solve the coupled problem is shown in Fig. 4. After initialization, the stream function and
vorticity of both the inside and outside flows are calculated by Eq. (3) at time #*. The velocities u and v are computed
from the stream function. The pressure is calculated by using Eq. (4), and the shear stress is computed by using the
velocity gradient on the membrane. To obtain the deformation of the compliant cylinder, the pressure and shear stress
on the membrane are substituted into Eq. (1), and the positions of the masses are calculated by using a fourth-order
Runge-Kutta method. The stream function and vorticity of the internal flow presented in Eq. (3) are calculated under
the boundary condition given by the aforementioned steps. Since the conservation of mass of the internal fluid must be
satisfied, the volume of the compliant cylinder after deformation is adjusted by the Level-Set method [see Chang et al.
(1996)]. Namely, the size changes in proportion to the ratio of the volume before and after deformation. The triangular
mesh in the calculation domain is generated again to fit the body shape of the column after deformation. The time is
advanced from ¢* to t*+dt* (dt* being the time step), and the calculation is repeated as necessary.

4. Verification of the simulation

The simulation was verified by checking the values of the drag coefficient and Strouhal number of the rigid circular
cylinder, rectangular cylinder and elliptic cylinder. Fig. 5 shows the drag coefficient and Strouhal number of the rigid
circular cylinder for Re<5 x 10° obtained in this simulation, as well as the experimental data. The drag coefficient for
several Reynolds numbers is in good agreement with the experimental data, which is depicted by the broken line (red) in
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Fig. 4. Flow chart of the simulation.

Fig. 5, and reported in textbooks [e.g. Munson et al. (2002)] and handbooks [e.g. The Japan Society Mechanical
Engineering (2006)]. The Strouhal number related to the vortex shedding is 0.25. This value is slightly larger than the
experimental data, depicted by the dotted line (blue), which is a common feature of two-dimensional simulations.
Vortex shedding was not observed at Re <100. We concluded that the flow around the circular cylinder in our Reynolds
number range is reasonably well captured by this simulation.

In order to confirm the drag coefficient for a noncircular cross-section of the cylinder in this simulation, we obtained
C, for rigid rectangular and elliptical cylinders. The drag is calculated by integration of surface pressures and shear
stresses on the surface of the cylinders. The ratio of the vertical to horizontal length was 2.0 for both cylinders. The
value of C, for the elliptical cylinder was 1.6 in the Reynolds number range shown in Fig. 6, and that of the rectangular
cylinder was 2.0. These values seem reasonable compared to the experimental data. This shows that the flows around
the noncircular cylinders at Reynolds numbers below 10° are correctly simulated.

We confirmed the deformation of the compliant cylinder by comparing our results with the results of Endo and
Himeno (2001), obtained by direct numerical simulation (DNS) for a similar cylinder in uniform flow. Although the
internal flow of the body was not taken into account in their calculation by DNS, both shapes were quite similar.
Therefore, we believe that our simulation yields reasonable results for deformation.

5. Results and discussion
5.1. Effect of stiffness, damping coefficient and Reynolds number on deformation

We carried out simulations for a compliant cylinder filled with water and immersed in water for various values of &, ¢
and Re. We investigated the influence of these parameters on the deformation and flow fields around the compliant
cylinder. The internal flow was also calculated for effects of internal fluid viscosity on the deformation and vibration of
the compliant cylinder. The deformed shape obtained by this calculation is compared with that obtained by the
calculation without considering the internal flow, as shown in Fig. 7. These shapes were obtained at the nondimensional
time * = % T'no, where T is the time at which the aspect ratio (AR) is at a maximum during the natural oscillation,
after the beginning of the calculation. In order to see the shape more clearly, the distortion from the original shape is
magnified 10 times. The difference in AR between these cases is approximately 1% larger than the spatial resolution.
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Fig. 5. Drag coefficient C; and Strouhal number St of the rigid circular cylinder. The red broken line is C; experimental data, and the
blue broken line is St from reference JSME (2006). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6. Drag coefficient C, of rigid elliptical and rectangular cylinders with aspect ratios of 2.0. Experimental data at Reynolds number
Re>10° are given in reference JSME (2006).

This difference is important with respect to the effect of the internal flow on deformation. As shown in Fig. 7, the
direction of the internal flow coincides with that of the movement of the membrane when considering internal flow.
Fig. 8 shows evolution of the AR of the cross-section and velocity fluctuation due to the shedding vortices at the ‘st
point’, as shown in Fig. 1. The shapes at the corresponding times are represented at the top of the figure and are
magnified by 10 times. The compliant cylinder first oscillates with natural frequency (1/T). Since the main stream
velocity increases suddenly from 0 to U at the start of the calculation, a step-like force acts on the compliant cylinder.
Therefore, the cylinder initially vibrates with period T in natural oscillation with mode 2. We confirmed, by changing
the spring constant k (from 0.1 to 2.0), that the natural frequency (1/7y) increases proportionately to the square-root of
k. The vortices are shed regularly with frequency (1/7Tk) in this case. The shedding frequency of vortices is six times
higher than that of the natural frequency (1/Ty) of the cylinder. As the stiffness increases, the cylinder becomes harder,
and Ty decreases. Thus, the cylinder constructed of a material with 1/Tx>1/Tg is no longer soft. Since the damping
was set in this model, the amplitude of the AR-oscillation gradually becomes smaller. We confirmed that T decreases
in proportion to the square-root of k, and Tk decreased in proportion to k. Thus, in this condition, because the
difference by Tx was much smaller than the difference by k, T/Tx decreased in proportion to the square-root of k. On
the other hand, length in y-axis, L,, decreased with increasing k. Thus, as Ty decreased in proportion to the root of k,
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Fig. 8. Evolutions of the shape of the deformed compliant cylinder. Figures are magnified 10 times. The aspect ratio, AR, of the cross-
section (red line) and velocity fluctuation, v,, due to the shedding vortices (blue line). Here, k = 1.0, ¢ = 0.05 and Re = 400. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the nondimensional number (natural frequency and inverted shear rate) T U/L, decreased in proportion to the square-
root of k.

When the amplitude becomes smaller than 4 = 0.001L,, the shape of the cross-section is regarded as having
converged at t* = Tc. We allowed for sufficient calculation time to evaluate the final shape, so that the final shape of
the cross-section was defined as the shape at t* = Tr= T+ 5Tg. The final shape of the cross-section is oval with a
convex surface at the rear. Fig. 9 shows the influence of Re in a range from 200 to 800 on the AR of the final shape. The
AR increased with increasing Re for the case of kK = 1.0 and ¢ = 0.05. The effect of parameters, k£ and ¢, on the final
shape is discussed later.

After t* = Tp, the vibration with the shedding frequency of vortices, fx ( = 1/Tk), becomes dominant, as shown in
Fig. 8. Fig. 10 shows the change in AR and velocity fluctuation, v,, at the ‘st point’ during T. The period of AR
coincides with that of velocity fluctuation due to shedding vortices. The average deviation from the circle is
approximately 0.1%. The evolution in shape is shown, magnified 200 times in order to more easily visualize the
deformation. It was observed that the membrane near the positions where vortices form oscillates at the period of the
shedding vortices. Fig. 12 shows the local amplitude of the membrane-oscillation to the angle measured from the front
stagnation point. Here, 0 is the angle measured from the upstream stagnant point of the compliant cylinder. The
amplitude is at a maximum at 70° and 160°, which are out of phase, as seen in Fig. 11 and 12.
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Fig. 9. Aspect ratio, AR, of the final shape versus Reynolds number Re (kK = 1.0 and ¢ = 0.05).
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Fig. 10. Change in AR (red line) and velocity fluctuation (blue line) measured at the ‘st point’ after 7 for k = 1.0, ¢ = 0.05 and
Re = 400. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

()

Fig. 11. Change in the cross-sectional shape of the compliant cylinder vibrated by shedding vortices. Here, colored lines show the
figures at different times: red, Tk; orange, %TK; light green, %TK; green, %TK; blue, %TK for k = 1.0, ¢ = 0.05 and Re = 400. The figures
are magnified 200 times. For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.

Changes in shape of the compliant cylinder for different combinations of k£ and ¢ are shown in Fig. 13. Under these
conditions, the final shape for each condition is similar to an oval cylinder with the major axis perpendicular to the main
direction of flow. This shape is similar to the result of the low-density liquid drop rising in a high-density liquid,
observed by Myint et al. (2006), even though the drop is an axisymmetric body.
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Fig. 12. Amplitude of the membrane vibration by shedding vortices for k = 1.0, ¢ = 0.05 and Re = 400. The maximum amplitude
appears at 6 = 68° and 158°. Here, 0 is the angle measured from the upstream stagnant point of the compliant cylinder.
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Fig. 13. AR versus k and ¢ at Re = 400; in (a) ¢ is fixed and in (b) & is fixed.

Since it is difficult to describe the difference in shape, the aspect ratio, AR, of the final shape of the compliant cylinder
is plotted in Fig. 13 with respect to k and c¢. As shown in Fig. 13(a), the AR becomes smaller with increasing k,
approaching AR = 1, which is the value for the rigid cylinder. In other words, the AR of the compliant cylinder with
smaller £ becomes larger. On the other hand, the effect of ¢ on the AR is negligible, as seen in Fig. 13(b).

To evaluate the effect of shape on flow characteristics, the drag coefficient, C,, and the Strouhal number, St, are
shown in Fig. 14 for different combinations of k and c¢. Average values were taken after 7r The drag coefficient
becomes larger than that of the rigid circular cylinder when the cylinder is softer. The same tendency is shown in the
results produced by Endo and Himeno (2001). The value of St, however, is not different from that of the rigid circular
cylinder. As mentioned before, the shape of the compliant cylinder becomes oval when k is small. Thus, the value of C,
of the deformed compliant cylinder has a value similar to that of the elliptic cylinder, which is larger than that of the
circular cylinder and smaller than that of the rectangular cylinder with an AR of 2.0, as shown in Fig. 6. The value of C,
becomes larger with decreasing k at fixed ¢ = 0.1, as shown in Fig. 14(a), and with decreasing ¢ at fixed k = 10.0, as
shown in Fig. 14(b).

The surface pressure distribution in the case of k = 1.0 and ¢ = 0.05 is presented in Fig. 15. The angle, 0, is measured
from the upstream stagnation point in the clockwise direction. The area of positive pressure at the front extends and the
negative back pressure becomes larger than that of the rigid circular cylinder. If the cylinder is stiff, in particular if & is
large, for example & = 10.0, then the deformation is very small. In other words, the deformation is similar to that of the
circular cylinder. Thus, the pressure distribution of the compliant cylinder with higher k is similar to that of the rigid
circular cylinder.
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Fig. 16 shows the required time at which the compliant cylinder settled into its final shape. The required time
increases with decreasing k, as shown in Fig. 16(a); and decreases with decreases in ¢, as shown in Fig. 16(b). This means
that the compliant cylinder with softer characteristics reaches the final shape more slowly. The effect of the damping
coefficient on the required time is larger than that of the stiffness.

5.2. Flow around the deformed cylinder and induced flow in the deformed cylinder

In this section, we discuss the effects of the deformation of the compliant cylinder on internal flow fields.

Fig. 17 shows the internal flow pattern at ;1‘ Tx and % T during natural oscillation. The arrow shows the velocity
vector, and the color indicates the magnitude of local pressure. The oscillation of mode 2 occurs during T'¢, as shown in
Fig. 8. The pressure near the center is always high during the oscillation, as seen in the pressure distribution. The flow
patterns in the x direction from the center toward the front and rear membrane, and in the y direction from the side
membrane toward the center are observed at i Ty. These flows arise from the corresponding membrane-motion due to
the oscillation of mode 2. The flow patterns show flow at a saddle point located at the center of the cylinder. The
direction of the flow at the saddle point turns 90° every half period of T, as seen in Fig. 17. These flow patterns are also
observed in the oscillating droplet observed by Trinh and Wang (1982). Therefore, the internal flow pattern is a saddle
point flow if an object oscillates with mode 2.

Fig. 18 shows flow fields around and inside the cylinder at Re = 400. The arrow shows the velocity vector and color
shows the magnitude of local pressure, the scale of which is shown in the figure. The results of the deformed cylinder are
shown in Fig. 18(a) and (b), and that of a rigid circular cylinder at the same Reynolds number is shown in Fig. 18(c).
The deformed shapes seen in Fig. 18(a) and (b) are chosen as typical of the deformed compliant cylinder after 77 The
natural oscillation is already damped in the timing. The upstream face of the compliant cylinder became flatter, and the
sides were stretched. Consequently, the compliant cylinder has a convex surface on the downstream side. The flow
pattern behind the deformed cylinder shows shed vortices aligning regularly, which is similar to the Karman vortex
street seen in the wake of a rigid circular cylinder. Compared with the flow pattern of a rigid circular cylinder, as shown
in Fig. 18(c), the average distance between the rear surface of the compliant cylinder and center of a nascent vortex is
shorter than that in the case of the rigid circular cylinder. The scale of shed vortices in the case of the compliant
cylinder, estimated by the area in which rotating flow is observed, is obviously larger than that of the rigid circular
cylinder. This is the cause of the lower back pressure of the deformed compliant cylinder shown in Fig. 15, and is
reflected in the difference of the C,.

The induced flows inside the deformed cylinder are presented in Fig. 18(a) and (b). These flows arise from the motion
of the rear membrane forced by the shed vortices. In order to see the details of the induced internal flow, the arrows
indicating the velocity vector are magnified by 1000 times, compared to the values of the external flow field. The induced
flow is recognized near the back side of the deformed cylinder, as shown in Fig. 18(a). The membrane position at which
the flow rises corresponds to the external stagnant point caused by the half saddle flow induced by the shed vortex,

Fig. 17. Internal flow-patterns in the deformed cylinder. These are observed at timing of (a) %TN and (b) %TN for k = 1.0, ¢ = 0.05 and
Re = 400.
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Fig. 18. External and internal flows after T for of (a) k = 0.0land ¢ = 0.1, (b) k = 1.0 and ¢ = 0.1 and (c) a rigid circular cylinder. The
Reynolds number of all flows is Re = 400 (the ranges at which all figures are shown are —2<y/R<2 and —2<x/R<8).

whereas the position at which the flow enters corresponds to the low-pressure area near the formed vortex, which
appears similar to source and sink flow. The magnitude of the flow depends on the stiffness, as compared with
both figures in Fig. 18(a) and (b). Of course, there is no induced flow in the case of the rigid cylinder, Fig. 18(c).
Therefore, the flow induced by the oscillation, due to the shed vortices of the compliant cylinder with small k, becomes
stronger.

Fig. 19 shows the close-up flow patterns of the deformed cylinder with k = 1.0 and ¢ = 0.1, shown in Fig. 18(b). The
direction of the induced internal flow near the back side changes alternately with the same period of vortex shedding. As
shown in Figs. 11 and 12, the rear membrane moves with the change in pressure due to vortex shedding, so that the
internal flow is induced by the local deformation due to vortex shedding. In Fig. 20, the distribution of the rms value of
velocity fluctuation along the x-axis inside the compliant cylinder is shown. The maxima appear at x/R = —0.76, 0.00
and 0.79. The maximum value is 2.8 x 107> at x/R = 0.79, and the value at the center is approximately 0. The Reynolds
number of the internal flow, based on the value at the center, is 1000 times smaller than that of the external flow.
Therefore, the internal flow easily follows the motion of the membrane because of the reduced inertia. The relation
between the velocity fluctuations at x/R = —0.76 and 0.79 is shown in Fig. 21. The phase difference between these
points is approximately 180°. Therefore, the directions of these flows are opposite but have the same period. The
membrane of the body appears to transform the external flow pattern into the internal flow pattern. In this case,
the regular vortex flow in the external region is changed to alternating sink-source flow with the same frequency as the
shedding vortices in the internal region of the compliant cylinder.
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Fig. 19. Internal and external flow patterns of the deformed cylinder measured at (a) Tk and (b) %TK (k=1.0, ¢ = 0.1 and Re = 400),
the velocity vector are magnified 1000 times (the ranges at which all figures are shown are —1.5<y/R<1.5 and —1.5<x/R<3).
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Fig. 20. Distribution of rms values of the velocity fluctuation along the x-axis. The rms value of v, is represented as ﬁ, which is
averaged over Tk after Tr. Here, ‘max a)’ shows the extremum at —0.76 of x/R, and ‘max b)’ shows the extremum at 0.79 of x/R for
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Fig. 21. Velocity fluctuations of v,, observed at positions at which the rms value achieved the extrema ‘max a)’ and ‘max b)’ in Fig. 20
for k =1.0, ¢ = 0.1 and Re = 400.
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6. Conclusion

The deformation of a compliant cylinder filled with fluid in uniform flow, and flow characteristics were investigated
by a numerical simulation in order to determine the link between the external and internal flows through a membrane.
The compliant cylinder was modeled as a circular cylinder with a surface consisting of a network of mass-spring-
damper systems, representing its mechanical characteristics. The compliant cylinder was deformed from that of circular
cylinder by the internal and external forces, which were determined by the internal and external flows. The drag
coefficient and Strouhal number of shed vortices after deformation were compared with those of a rigid circular
cylinder. The shape, initially a circular cylinder, became an oval cylinder, with the major axis perpendicular to the main
direction of flow. The ratio of the major to minor axis, i.e., aspect ratio, increased with decreasing stiffness of the
membrane. The drag coefficient of the deformed compliant cylinder became larger than that of a rigid circular cylinder,
because the back pressure became lower as a result of stronger shed vortices. The rear membrane of the compliant
cylinder in uniform flow was found to oscillate with a small amplitude and the same frequency as that of shedding
vortices. The membrane oscillation induced internal flows; and the internal flow affected the deformation of the
membrane because of the change in internal stress. The internal flow observed near the rear membrane was similar to a
combination of sink- and source-flows, the magnitude and direction of which changed with the period of the shedding
vortices. The amplitude of the internal flow became larger with smaller stiffness. Since the object with smaller stiffness
has high ductility, velocity fluctuations of the external flow influence the internal flow in the compliant object through
deformation of the membrane.
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