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Force	  Vectoring	  with	  Flapping	  Foils	   Global	  Vor9city	  Shedding	  for	  Maneuverability	  
	  
	  
	  
	  
	  
	  
	  

Global	   vor)city	   shedding	   is	   a	   phenomenon	  where	   the	   boundary	  
layer	   vor)city	   on	   an	   object	   is	   released	   into	   the	   fluid	   as	   a	   free	  
vortex	  when	   the	   object	   is	   vanished.	   Retrac)ng	   a	  wing	   can	   be	   a	  
good	  approxima)on	  to	  ‘vanishing’	  if	  the	  retrac)on	  is	  fast	  enough.	  
Various	   animals	   that	   are	   acroba)c	   tumblers	   through	   the	   air	   or	  
water	  retract	  their	  wings,	  such	  as	  the	  sailfish,	  which	  can	  retract	  its	  
massive	   sail-‐like	   dorsal	   fin,	   and	   the	   swiE,	   which	   can	   rapidly	  
change	  wing	  sweep	  for	  )ght	  turns.	  	  
	  
	  
A	  towed	  foil	  can	  be	  ‘vanished’	  by	  rapidly	  retrac)ng	  the	  foil	  in	  the	  
span-‐wise	   direc)on.	   As	   illustrated	   above,	   the	   boundary	   layer	  
vor)city	  on	  a	  towed	  foil	  reforms	  into	  two	  vor)ces	  in	  the	  fluid	  that	  
produce	  strong	  forces	  to	  be	  used	  	  for	  maneuverability	  .	  
We	  see	  global	  vor)city	  shedding	  in	  ac)on	  below.	  The	  leE	  column	  
shows	   experimental	   Par)cle	   Imaging	   Velocimetry	   vor)city	   data.	  
The	  right	  column	  shows	  a	  3D	  simula)on;	  curtains	  of	  vor)city	  shed	  
and	  collapse	  into	  two	  vortex	  tubes	  in	  the	  wake.	  (G.	  Weymouth)	  	  	  	  
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Flow	  Separa9on	  Control	  

At	  right	  is	  simulated	  	  
vortex	  separa)on	  from	  a	  	  
maneuvering	  submersible.	  	  	  
Massive	  flow	  separa)on	  like	  
this	  increases	  drag	  by	  as	  much	  as	  	  
ten	  )mes	  and	  severely	  limits	  
maneuverability.	  	  Fish	  and	  other	  swimming	  	  
animals	  control	  flow	  separa)on	  to	  improve	  
maneuverability	  and	  swimming	  efficiency.	  	  	  

Rota9ng	  Cylinder	  Control	  
	  
Rota)ng	   cylinders	   can	   be	   used	   to	  
control	   flow	   separa)on	   and	   reduce	  
drag	  on	  maneuvering	  vehicles.	  	  	  

Rota)ng	   cylinders	   are	  
p o s i ) o n e d	   a t	   1 2 0	  
degrees	   to	   the	   upstream	  
stagna)on	   point	   in	   the	  
immediate	   vicinity	   of	   a	  
larger	  main	  cylinder.	  	  The	  
control	   cylinders	   are	  
r o t a t e d	   t o 	   i n j e c t	  
momentum	   into	   the	  
slow-‐moving	   boundary	  
layer	   flow	   of	   the	   main	  
cylinder.	  	  This	  delays	  flow	  
separa)on	   and	   reduces	  
drag.	   Implemen)ng	   this	  
type	   of	   control	   on	   a	  
vehicle	   would	   improve	  
maneuverabi l i ty	   and	  
efficiency.	  

Above,	   contours	   of	   velocity	   fluctua)ons	   are	   ploYed	   for	   an	  
experiment	  with	  rota)ng	  cylinder	  control.	  The	  rota)on	  parameter,	  
ξ,	  is	  the	  normalized	  control	  cylinder	  rota)on	  rate.	   	  Rota)ng	  control	  
cylinders	   in	   the	  boYom	   image	  delays	   separa)on	  and	  reduces	  drag	  
by	   20%,	  which	   is	   apparent	   in	   the	   reduc)on	   of	   both	   the	   area	   and	  
intensity	  of	  fluctua)ng	  flow	  in	  the	  wake.	  

Simula)on	  by	  Dr.	  Gabe	  
Weymouth	  (CENSAM)	  

LeE:	  	  A	  blue	  shark	  
gracefully	  maneuvers	  	  
with	  superior	  vor)city	  
and	  flow	  control.	  	  

Right:	  A	  sea	  lion	  nimbly	  
changes	  course	  just	  

beneath	  the	  sea	  surface.	  	  

Maneuvering	   rapidly	   in	   the	   ocean	   requires	   genera)ng	   large	   forces	  
and	   overcoming	   strong	   resistance	   due	   to	   massive	   flow	   separa)on.	  	  
Marine	   animals	   are	   experts	   in	   efficient	   and	   graceful	   underwater	  
acroba)cs.	   	  They	  maneuver	  effec)vely	  by	  both	  ac)vely	  and	  passively	  
controlling	  the	  flow	  around	  their	  bodies.	  Taking	  cues	  from	  the	  experts	  
in	   the	   field,	   we	   seek	   to	   develop	   technologies	   for	   super-‐
maneuverability	  of	  ocean	  vehicles	  through:	  

•  Genera)ng	  large	  transient	  forces	  
•  Controlling	  and	  minimizing	  flow	  separa)on	  
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Flapping	   hydrofoils,	   similar	   to	   the	   oscilla)ng	   fins	   of	   fish,	   can	  
dwarf	   the	  efficiency	  of	   the	  propeller,	  making	   them	  a	  promising	  
alterna)ve	   in	   ship	   and	   AUV	   design.	   Furthermore,	   the	   “waste”	  
component	   of	   a	   flapping	   foil	   wake	   can	   create	   high	   forces	  
perpendicular	   to	   the	   direc)on	   of	   travel,	   making	   them	   a	  
promising	  method	  for	  improving	  maneuverability.	  	  
	  
Unfortunately,	   those	  same	  forces	   that	   improve	  maneuverability	  
also	   oscillate,	   meaning	   that	   a	   flapping	   foil	   actuator	   makes	   the	  
vehicle	   a	   recoil	   back	   and	   forth	   as	   it	   moves.	   Controlling	   this	  
perpendicular	  force	  component	  is	  key	  to	  the	  adop)on	  of	  flapping	  
foil	  actua)on.	  

[1]	  Backwards	  in-‐line	  mo)on	  of	  a	  foil	  moving	  through	  a	  fluid,	  with	  respect	  to	  a	  sta)c	  observer.	  	  The	  red	  
arrows	  indicate	  the	  recorded	  instantaneous	  force	  on	  the	  foil.	  	  Figure	  taken	  from	  -‐	  Licht,	  S.	  C.,	  Wibawa,	  
M.	  S.,	  Hover,	  F.	  S.,	  &	  Triantafyllou,	  M.	  S.	  (2010).	  In-‐line	  mo)on	  causes	  high	  thrust	  and	  efficiency	  in	  
flapping	  foils	  that	  use	  power	  downstroke.	  The	  Journal	  of	  experimental	  biology,	  213(1),	  63-‐71.	  

Inline	  Foil	  Flapping	  
	  
Turtles	   solve	   this	   issue	   by	  
flapping	   their	  flippers	  diagonally	  
backwards	  (right	  top),	  essen)ally	  
rota)ng	   all	   the	   foil	   liE	   towards	  
the	   ideal	   forward	   direc)on.	   A	  
turtle	   flipper	   can	   therefore	  
con t ro l	   t he	   amount	   and	  
direc)on	  of	  resultant	  fluid	  force.	  
Birds	   (right	   boYom)	   instead	   use	  
inline	  foil	  mo)on	  in	  the	  opposite	  
direc)on	   to	   augment	   the	   liE	  
perpendicular	  to	  the	  airflow.	  
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LeE	  -‐	  Backwards	  inline	  mo)on	  of	  a	  
foil	   moving	   through	   a	   fluid,	   with	  
respect	   to	  a	   sta)c	  observer.	   	   The	  
red	  arrows	  indicate	  the	  recorded	  	  	  

instantaneous	  force	  on	  the	  foil.	  	  Note	  how	  almost	  all	  the	  force	  is	  in	  
the	  direc)on	  of	  travel.	  	  Figure	  taken	  from	  [1]	  
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