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Scaling of fluid drag vs. flow speed 
for various plants

Vogel, Life in Moving Fluids D ~ U2+E

E



A more controlled experiment: 1-D Leaf in a 2-D Flow
Flexible fiber in soap film

Re ~ 104U = 0.7 m/s 1.4 m/s

Rigid-body drag ~ U2

Flexible-body drag ~ U?



A Free-Streamline Model for the Flow Past a Bluff Body

In the flow:
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Numerical Solutions vs. Experiment 
Shapes vs. Flow speed

Self-similar 

ExperimentTheory

η4/3

Scale distance from tip by η-2/3 :

η

Drag vs. Flow speed
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How the length scale η-2/3 arises

Set S ≡

→ small tip scaleU = 1
Uniform flow, folded fiber 
is singular limit as η → ∞

U = 0

( / )s αθ η −= Θ ( / )p P s αη −=

collapsing length scales
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The length scale explains:

1. η4/3 drag, set by the tip region

2. body and wake asymptote to 
same parabolic shape

2
tipDrag tip p dyη= ∫
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Summary

Model for drag reduction from flexibility 
in a 2-D high-Re flow

Shapes are self-similar with η-2/3 scale

Drag ~ η4/3 

Body and wake quasi-parabolic 
(“body sits inside wake of tip region”)

Solutions have form:

1/ 2 1 1/3
1 2( ) ~ cos(2 ) ...S C S C Sη φ− −Θ + + +

Other wake models lead to the same scalings



Forward flight as an attracting state of 
vertical flapping

time-reversible motions do not generate locomotion

“Scallop theorem” from linearity of Stokes equations

Re 0 :LUρ
µ

= =

Re >> 1: (e.g. birds, fish, insects) Re = 0:
background flow

thrust

Reciprocal flapping is used often for locomotion

We investigate the transition (bifurcation) between these states (vs. Re) 



An experimental study in a rotational geometry

Vandenberghe, Zhang 
and Childress, 2004
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Set flapping speed ,

Measure rotational speed

free to rotate

sin(2 )y A ftπ=

ReU
LUρ
µ

=

Near  :
Bistability, hysteresis

Recr

Re f
LAfρ
µ

=

2

0.26

AfSt
U

=

≈

ReU

Ref



Our 2D simulation to examine the transition

How do the fluid dynamics coordinate with the body motion?

Effect of body mass and shape?
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Solved with semi-implicit method



“Phase diagram” of states vs. M, Ref

(take-off)
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The sequence of events leading to forward flight

pressure
viscous

Power 

Exponential growth of 
small perturbations

Flow asymmetry O(1)
vx << 1

BB

…punctuated by 
vortex collisions...
vx becomes O(1)

…yielding quasi-steady 
locomotion.

FF

vx



The sequence of events leading to forward flight






Forward speed (ReU) vs. flapping speed (Ref)

ρbody /ρfluid = 17 Aspect ratio 10:1
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St = 2Af/U “Optimal 
efficiency
in biology”
(G. Taylor et al.
Nature '03 711)
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Summary

We have explored the threshold Re at which pure heaving generates locomotion

Forward flight at “efficient” St numbers is an attracting state, 
for large enough body mass

For smaller masses and thick wings, 
phase-locked oscillations (at low Ref),
and chaotic trajectories (at high Ref) are seen

A thin wing experiences a smoother start-up, and viscous thrust

The wing “takes off” by colliding with previously-shed vortices

The initial instability is purely fluid-dynamical (von Karman shedding)
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