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Bio-Inspired Flow Control 

How does non-smooth flexible surfaces, appendages affect 
moving bodies? 
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Frank Fish 



Configuration 
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Moving
blu! body

Flexible "lament 

U

•  A moving body with a hinged flexible filament 

•  How does the filament 
–  interact with the fluid? 
–  modify the motion of the body? 



Symmetry Breaking 

•  Filament flaps asymmetrically 
 a net force/torque on body  
 reduced drag on body 
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Flow Past Body  
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–  Reynolds number 

–  Vortex shedding for                     with frequency Re > Rec

U

fc

(Williamson, Ann. Rev. Fluid Mech. 1996) 
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Flow Past Filament 

–  Reynolds number 

–  mass 

–  rigidity 
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Flexible !lament 
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Flow Past Filament 

•  Flapping when 
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Flapping
structure

Re > 103 R1 > 0 R2 < R2,c

U

(Zhang & Shelley, Ann. Rev. Fluid Mech. 2012) 



Numerical Treatment 

–  Flow dynamics (Navier-Stokes) 
–  Filament dynamics (Euler-Bernoulli Beam) 
–  4 parameters 
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Long Filament 
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Re = 100 R2 = 0.05 R1 = 0.1 L = 3



Short Filament 
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Re = 100 R2 = 0.05 R1 = 0.1 L = 1.5



Symmetry Breaking 
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�Cq� = 0.01

�CL� = 0.18

�Cq� = 0

L = 0
(drag) 

(lift) 

(torque) 

(drag) 

(lift) 

(torque) 



Choice of Observable 

•  Angle of horizontal line & line connecting filament tail 

•  Consider 2 cases 
–  Rigid filament:  

–  Flexible filament: 
12 

R2 = 0.1

R2 = 0.005



Bifurcation  
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•  Bifurcation:             (flexible filament) 

 (rigid filament) 



•  Equation governing unforced beam 

•  Eigenfrequency 

Beam Equation 
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•  Free vibrations of filament 

•  Vortex shedding frequency 

•  If               filament very slow reaction time 

•  If               filament react instantaneously 

•  Thus               separates two different regimes 

•  Gives resonance condition:  

Resonance Condition 

15 

fs



Filament Energy 

–  Energy 

–  Rescaled with filament density and length  

–  Flapping synchronized with vortex shedding, time scale 

 rescaled non-dimensional filament energy 
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E =
1

2

� L

0
R1|Xt|2 +R2|Xss|2 ds



•  Resonance:            (flexible) 

(rigid) 

Resonance 
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Resonance 
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Resonance 
(theoretical) 

Resonance 
(computed) 

Bifurcation 
(computed) 

Flexible 1.25 1.25 1.6 
Rigid 2.6 2.25 2.25 



Can Filament Alter Motion? 

(Childress, & Dudley, JFM 2004)  19 

Clione antarctica 

•  Swimming sea slug 
–  flapping of wings (Re>10) 
–  beating of cilia (Re<1) 

•  Inert cilia alter motion  
–  interaction with fluid 
–  without energy expended 



Can Filament Increase Drift? 

20 

•  Efficient wind-borne seed dispersal 
–  Side force due to symmetry breaking may increase drift 

Ground level

Release point
Wind

Rigid body

Rigid body with !lament

Drift

Dandelion plant 

(Burrows, New Phytol. 1975) 



     Thank you! 

Reference: 
Bagheri, Mazzino & Bottaro, PRL, 109, 2012 

See also: 
Lisa Zyga, PhysORG, 22nd Oct 
(http://phys.org/news/2012-10-symmetry.html#ajTabs) 



Outline 

•  General physics of 
–  flow past a cylinder 
–  flow past a filament 

•  Symmetry breaking of cylinder + filament 
–  resonance between fluid & structure 
–  generation of net lift, torque 

•  Immersed boundary method 

•  Conlusion & outlook 

22 



•  Viscous incompressible fluid 

Momentum 

Continuity 

•  Flow solver 
–  Discretize on Cartesian grid  
–  No dynamic equation for pressure 
–  Projection method  

Fluid Equations 

 (Chorin, 1968 & Temam, 1969) 23 

∂u

∂t
+ u ·∇u = −∇p+

1

Re
∇2u

∇ · u = 0



•  Viscous incompressible fluid 
Momentum 

Continuity 

No-slip 

Flow Past Rigid Body 

∂u

∂t
+ u ·∇u = −∇p+

1

Re
∇2u

∇ · u = 0

u = 0 on Γ

!ow

rigid body
Γ

24 



•  Viscous incompressible fluid 
Momentum 

Continuity 

No-slip 

Immersed Boundary Method 

25 

∂u

∂t
+ u ·∇u = −∇p+

1

Re
∇2u

∇ · u = 0

u = 0 on Γ

+

�

Γ
f(ζ)δ(x− ζ) dζ
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ζ2
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!ow
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Immersed Boundary Method 
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ζ1

ζ2

ζ3

f1
f2

f3

!ow

rigid body

•  Immersed boundary method 

–  Flow field: Eulerian (Cartesian grid) 
–  Boundary: Lagrangian points 
–  Boundary force to enforce no-slip 
–  Projection method  

∂u

∂t
+ u ·∇u = −∇p+

1

Re
∇2u

∇ · u = 0

u = 0 on Γ

+

�

Γ
f(ζ)δ(x− ζ) dζ

 (Taira & Colonius, JCP, 2005) 



Flow Past Flexible Filament 
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!ow

!exible 
"lament

•  Viscous incompressible fluid 

No-slip 

Filament dynamics 

(Peskin, 1997, 2002, Kim & Peskin 2007) 

∂u

∂t
+ u ·∇u = −∇p+

1

Re
∇2u

∇ · u = 0

+

�

Γ
f(ζ)δ(x− ζ) dζ

u(Γ) = ζ̇

Tensile  

force 

Bending 

force 

Inertia 

+fρsζ̈ = ∂(T τ̂)−B∂2(Cn̂)

f1

f2

f3



Current Work 

28 

Problems to be tackled: 
1.  Free falling bluff body with filament 

2.  Interaction among particles with filament 

3.  Bodies with distributed, anisotropic coatings 

Approach: 
1.  Numerical (Lagrangian methods) 

2.  Experimental (soap film experiments) 

3.  Theoretical (stability/bifurcation/resonance analyses) 



FSI for Multiple Moving/Flexible 
Bodies 

(Gazzola et al, JCP, 2011) 29 

Developing direct numerical simulation of fluid/structure  
  combination of vortex methods and immersed boundary methods 
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Soap Film Experiments 

•  Developing experimental facilities for fluid/structure  
 soap film, water tank et 
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© 2000 Macmillan Magazines Ltdelement has reached a near constant ‘‘terminal velocity’’ due
to the balance between gravitational and air drag forces. Dur-
ing this time the soap film is between 2 and 6 !m thick and
travels between 0.5 and 4 m/s, depending on the fluid injec-
tion rate. At the bottom of the channel the element encoun-
ters the contraction section "III# where the film thickens and
slows in a process nearly the reverse of the expansion section
"I#. The film finally drips from the guide wire tensioning
weight "g# into the bottom collection reservoir "h#.

If the film breaks, one simply releases the tension on pull
lines, allowing the weight to pull the guide wires together
until they are touching. Once sufficient soap solution has
dripped from the nozzle to wet the entire length of the guide
wires, tension is reapplied to the pull lines, and a new film
appears between them.

The general laminar and turbulent flow characteristics of
vertically flowing soap films have already been described in
a number of accounts.14–18,2,19–21

II. BUILDING A VERTICALLY FLOWING FILM

A variety of ways to build long lasting vertically flowing
films are outlined in this section. All the designs are varia-
tions of the diagram in Fig. 3 and will be decomposed into

four stages: "1# the fluid injection scheme, "2# the expansion
of the channel, "3# the measurement test section, and "4# the
deceleration or contraction section.

The apparatus usually stands about 2 m tall. In the sim-
plest case the upper fluid reservoir is hung from a hook in the
ceiling, the injection nozzle attached to it, and the pull lines
operated by hand. It can however, be useful to erect a frame
to hold each of the components. Options for frame materials
abound, but we prefer a system of extruded aluminum tubes
manufactured by 80/20 Inc. "www.8020.net#.

Such a system is shown in Fig. 4. Reservoirs are located
at both the top and bottom of the frame, and the solution
recirculated between them using a magnetically coupled
pump "Cole Parmer Inc.#. Recirculation saves potentially
costly particles introduced into the solution for flow tracking,
allows for runs of extended length with an essentially unlim-
ited supply of solution, and can maintain a constant pressure
head to eliminate changes in the mean velocity caused by a
reduction in the amount of solution in the upper reservoir. To
avoid contaminating the solution during the recirculation
process, all parts of the pump that are wetted are either stain-
less steel or Teflon. Wires for stretching the film are mounted
on the frame sides, and both these and the flow valve, are
computer controlled for accuracy and repeatability.

A. Fluid injection
Soap solution can be supplied to the flowing film in a

variety of ways. Figure 5"a# is a variation on the method

FIG. 3. Diagram of a vertically flowing film showing the evolution of a
constant volume of soap solution. The terminology used is as follows: "a#
upper supply reservoir, "b# feed tube, "c# metering valve, "d# injection
nozzle, "e# guide wires, "f# pull lines, "g# tensioning weight, and "h# collec-
tion reservoir. Regions of the flow channel are: ($P) the pressure head, "I#
expansion section, "II# test section, and "III# contraction section.

FIG. 4. Side view of soap film tower. Illustration is generally to scale,
however, the angle at which the film spreads has been greatly exaggerated to
conserve space. The entire apparatus is surrounded by 1/2 in. steel mesh in
case of chamber rupture.

3027Rev. Sci. Instrum., Vol. 72, No. 7, July 2001 Fluid dynamics experiments

Downloaded 04 Sep 2001 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp

(Zhang etal, Nature, 2000) (Rutgers etal, Rev. Sci. Inst. 2001) 30 



•  Viscous incompressible fluid 

Momentum 

Continuity 

•  Discretize (Adams-Bashforth+Crank-Nicolson) 

Momentum 

Continuity      

Discretization of Fluid Equations 

31 

∂u

∂t
+ u ·∇u = −∇p+

1

Re
∇2u

∇ · u = 0

un+1 − un

∆t
+

3

2
N(un)− 1

2
N(un−1) = −Gpn+1 +

1

2Re
L(un+1 + un)

Dun+1 = 0



Algebraic system 

•  Algebraic system 
–  Linear system 

–  LU Factorization 

–  Projection/Fractional step method 
•  Momentum 
•  Pressure Poisson 
•  Projection 
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Symmetry Breaking 

33 

�Cq� = 0

�Cq� = 0.01

�Cq� = 0

�CL� = 0.18

L = 0

(drag) 

(lift) 

(torque) 


