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Scallop  Shells  Exhibit  Optimization  of  Riblet

Dimensions  for  Drag  Reduction
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Drag reduction by streamwise surface grooves,  or rib-
lets,  has been observed by engineers and has been sug-
gested to apply to certain biological systems. Drag reduc-
tions  as  high  as  8%  have  been  observed  (1),  leading  to
practical  nautical  and  aeronautical  applications  (2,  3.  4).
The  shells  of  several  species  of  scallop,  including  Placo-
pecten  magellanicus,  display  rib/els  arranged  radially.
and  therefore  roughly  parallel  to  the  How  during  swim-
ming (Fig.  la).  The dimensions of  these riblets  on partic-
ular scallops fall within the region necessary for drag re-
duction  at  experimentally  measured  swimming  speeds.
Moreover,  the actual  spacing of  the riblets  gradually  mi-
grates  into  the  theoretically  optimal  spacing  region  as
shell  length  increases  beyond  40  mm  (Figs.  2.  3).  Speci-
mens  of  P.  magellanicus  40  to  80  mm  in  length  demon-
strate the greatest swimming ability (5): our data strongly
suggest that streamwise riblets may be a contributing fac-
tor to the swimming success in scallops of this siie range.

The  giant  scallop,  Placopecten  magellanicus,  was
the  subject  of  a  recent  comprehensive  work  on  the  hy-
drodynamics  and  energetics  of  locomotion  (6,  7,  8,  9).
Scallops  utilize  a  jet-propulsion  system  in  swimming:
water  is  taken  in  when  the  shells  open,  and  the  valve-
like  velum  traps  a  volume  of  water  between  the  shells
which  is  expelled  in  two  jets  adjacent  to  the  hinge  as
the  shells  clap  shut.  The  scallop  is  therefore  propelled
through  the  water  gape-leading,  hinge-trailing,  at
speeds  up  to  about  0.55  m/s,  the  swimming  speed
common  to  scallops  65  mm  in  ventral-dorsal  length.
LI  (5).  Their  swimming  ability  enables  scallops  to  es-
cape from predators, such as starfish, and, as some sug-
gest,  to  migrate  with  the  seasons  (5).  Certainly  if  the

Received 2 December 1 996; accepted 1 4 April 1997.
* Author for correspondence.

latter  behavior  were  a  significant  part  of  the  scallop  life
cycle,  development  of  drag-reducing  structural  fea-
tures would not be surprising.

Recent  years  have seen the application of  streamwise
grooves, or riblets, to aircraft and the hulls of racing boats
as  a  means  of  drag  reduction  and,  therefore,  enhanced
speed  capability  and  decreased  energy  requirements.
The mechanism involves a reduction in the surface shear
stress  arising  from  a  turbulent  boundary  layer.  Similar
grooves in aquatic organisms may offer the same advan-
tage  (3,  4,  10,  1  1).  We  examined  about  440  species  of
bivalves  from  60  families  representing  over  160  genera
and  found  that,  with  the  exception  of  7  genera,  radial
riblets  of  dimensions  similar  to  those  in  P.  magellanicus
occur  almost  exclusively  in  swimming  bivalves  (ob-
served  in  16  genera).  The  Limidae.  which  swim  hinge
first,  in the direction opposite to that of the scallop, also
exhibit radial riblets.

Theoretical  and  experimental  work  by  fluid  engineers
has  elucidated  the  function  and  efficacy  of  riblets  (  12.
13)  with  drag  reductions  of  3%-8%  observed  in  various
systems, from flat plates, to the hulls of racing boats (2),
the surfaces of aircraft ( 3 ), and the skin of sharks (3,4, 10,
1 1 ).  Though riblet function is still  not fully understood,
researchers have put forth a theory, based on the organi-
zation  of  surface  vortices,  to  explain  the  drag-reducing
mechanism. According to the theory, there is a reduction
in the component of  drag arising from a particular  high
shear  occurrence  generated  by  the  action  of  so-called
hairpin  vortex  tubes.  In  turbulent  boundary  layers,  hair-
pin-shaped vortex tubes occur near the surface, oriented
so  the  bend  of  the  hairpin  is  downstream  and  the  two
prongs of the hairpin are pointed upstream and aligned
roughly parallel to the flow. As the bend of the hairpin is
swept  further  downstream,  the  remaining  vortex  tubes
move  toward  each  other  in  a  spanwise  direction,  which
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Figure I. Photographs of rihlets on the scallop Placopecien magellanicm (a) Whole shell. Shell length,
L, = 63 mm. (h) Magnified image of rihlets. Note the two newly added riblets marked with circles. For
scale, the distance between the two circles is 1 mm.

ultimately  results  in  a  downwash  of  fluid  onto  the  sur-
face. This phenomenon is known as near-wall burst. Rih-
lets  may  inhibit  this  spanwise  movement  by  organizing

adjacent  surface  vortex  tubes  into  streamwise  corridors
and thus restricting the vortex tubes from interacting to
cause near-wall burst.
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present the boundaries of the optimal riblet spacing region for rihlet-based drag
reduction v.hiehr to each scallop on the basis of shell length and swimming speed (Eqs. Iand2).
A series (// -.HH^IH shells of L, from 10 mm to 90 mm was used in this study. Arcs were
established at posi = 0. 0.25/.,, 0.5L V , and 0.75L, over the central 30 degree sector of each shell, and
the number of riblt s on each arc was counted: Bioquanl OS/2 image analysis software was used for posi-
tioning and counting. Real riblet spacings were calculated by dividing the arc length. / = w(L, - .v)/6. at

the four positions by the number of riblets on the arc. Swimming velocities, needed to calculate
,ir stresses (t.q. 2}. vary significantly with shell length and were taken from published data obtained

from film of I' inaxc/liinicia swimming ui iini (5). Note that despite the radial pattern of rihlets. spacing
remains relatively constant due to riblet addition. Note also that the spacing measurements move into the
optimal region between A' = Klandi' = 20 as shell length increases from 32 mm to 48 mm.
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Rihlet  spacing  for  optimal  drag  reduction  can  be  de-
termined from the following expression.

(Eq.s  =  vs  \

where s is actual rihlet spacing, v is the kinematic viscos-
ity of the fluid, s + is a dimensionless expression of riblet
spacing for  which the range 10-20 has been determined
to  be  optimal  (11,  14).  r,,  is  the  wall  shear  stress  due  to
the flow, and p is the fluid density. The equation is simply
a rearrangement of the standard expression for a dimen-
sionless length parameter,  in terms of v,  r  a and p. Such
dimensionless parameters are used in fluid dynamics for
the  reason  that,  in  general,  any  two  systems  with  the
same s^ value will  behave similarly,  though values of ac-
tual spacing, .v, may differ. Wall shear stress for the swim-
ming scallop was determined from the equation for flow
over a flat plate with a turbulent boundary; the equation
was  obtained  through  the  standard  practice  of  applying
the momentum integral equation to a '/ 7 power velocity
profile.

1  .  0.0594
,  =  (Eq.  2)

where  U  is  the  flow  velocity  over  the  scallop.  Re*  is  the
length (or local) Reynolds number, and .v is the distance
measured along the line bisecting the valve, starting from
the most ventral edge of the valve (i.e., the leading edge
of  the  scallop).  Due  to  the  shell  curvature,  the  shear
would  be  slightly  higher  than  the  equation  predicts  for
the  leading  section  of  the  scallop.  A  turbulent  boundary
layer is assumed on the basis of Reynolds numbers close
to the transition between laminar and turbulent flow; an
early breakdown of the laminar boundary layer is proba-
bly  triggered  by  the  combined  effects  of  leading  edge
roughness and the rapid clapping of the leading edge of
the scallop during swimming.

The  average  riblet  spacing  as  a  function  of  distance
from  the  leading  edge  was  determined  for  each  scallop
observed,  then  plotted  together  with  the  theoretically
predicted optimal riblet  spacing for s* = 10 and s + = 20
(Fig. 2). At smaller shell lengths, the actual riblet spacing
data  fall  below  the  optimal  region  (Fig.  2a).  Since  scal-
lops  of  lengths  up  to  about  30  mm  are  attached  to  the
ocean  bottom  by  byssal  threads  (5),  there  would  be  no
advantage  for  optimized  riblet  spacing  in  these  smaller
scallops.  At  a  shell  length  of  about  50  mm  the  size  at
which  P.  inagellanicus  exhibits  the  greatest  swimming
speed  (in  body  lengths  per  second)  the  actual  riblet
spacing  data  fall  near  the  center  of  the  optimal  region
for riblet-based drag reduction (Fig. 2b). When the riblet
spacing at A = 0.5L X for each scallop observed is plotted
against  shell  length,  the  riblet  spacing  on  scallop  shells
larger  than  40  mm  remains  in  the  optimal  region  (Fig.
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Figure 3. Real riblet spaeing at position .v = 0.5L, plotted against
shell length. The plot compares the riblet spacings of the entire series (n
= 20) of shells observed at the same relative position on each shell.
Thus, each data point (circle) is produced from the spacing data of a
different shell. The solid lines are the predicted optimal rihlet spacing
for .f 4 = 10 and .v* = 20. at A = 0.5L, using swimming speeds corre-
sponding to the given shell lengths (5). Notice that as shell length in-
creases past 40 mm, the data points enter the optimal region.

3).  Moreover,  the  higher  Reynolds  numbers.  Re  =  2.0-
4.0 X 10 4 , at these larger scallop sizes, increase the likeli-
hood  of  transition  from  laminar  to  turbulent  boundary
flow.  Thus,  scallops  of  the  size  reported  to  swim  most
vigorously are highly favored for riblet-based drag reduc-
tion,  suggesting  an  optimization  of  shell  design.  Re-
search  on  P.  magellanicus  reveals  that  scallops  larger
than  80  mm  are  generally  less  active  swimmers  due  to
inferior  hydrodynamic  characteristics  and  heavy  bodies
(5,  7).  Scallops  of  this  size  are  also  commonly  covered
with  embionts  which  reduce  swimming  ability.

An  equally  impressive  aspect  of  riblet  design  in  these
scallops  is  best  introduced  by  examining  the  equations
for  determining  optimal  riblet  spacing,  s.  Combining
equations  1  and  2  reveals  that  optimal  riblet  spacing  is
inversely proportional to distance from the leading edge
to  the  '/!  power.  Therefore,  as  the  optimal  curves  show
(Fig.  2),  the  best  arrangement  would  be  to  have,  at  the
leading edge of an object (.v = 0),  narrow spacing which
gets wider as you move toward the trailing edge (.v = LJ.
The radial pattern of the scallop riblets. which has its ver-
tex at the trailing edge, would be the opposite of this op-
timal  arrangement  if  it  were  not  for  the  fact  that  riblets
are added to the pattern, by intercalation, as the scallop
grows (Fig. Ib); i.e.,  there are more riblets at the leading
edge than near the vertex. Shells showed an average of 3
to  4  times  as  many  riblets  at  the  leading  edge  as  at  A
=  0.75L,..  For  example,  in  a  shell  54  mm in  length,  riblet
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spacing  decreases,  from  i  \  =  0.75L,,  to  a  sur-
prising  0.66  mm  at  the  i.dge  (A  =  0).  In  contrast,
if  the  scallop  did  :  ,  the  geometrically  calcu-
lated  spacing  v  m  at  the  leading  edge.  If  the
riblet  spacing  v  maintained  by  intercalation,  the
riblet  spacinc  scallops  could  not  remain  within
the  optimal  spacing  region  for  riblet-based  drag  reduc-
tion.  Of  the  37  species  of  nonswimming  bivalves  ob-
served to have shells with radial riblets, none added rib-
lets except 12 species of ribbed mussels and 7 species of
Arcidae.  Glycymerididae,  and  Psammobiidae.  Although
there are  surely  more bivalves  with  this  trait,  the occur-
rence and addition of riblets does not appear to be wide-
spread;  yet  this  characteristic  is  fairly  common  in  the
scallops and limids.

The  combination  of  the  correlation  of  optimal  riblet
spacing  with  previously  observed  swimming  capability
and  the  maintenance  of  riblet  spacing  by  intercalation
implies that the apparent fine-tuning of riblet spacing on
P.  magellanicus  is  functionally  significant.
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