
H Y D R O D Y N A M I C  D R A G  O F  T H E  D O L P H I N  

T .  E .  A l e k s e e v a  a n d  B .  N .  S e m e n o v  

An expe r imen ta l  study of the hydrodynamic  drag  of the dolphin is r epor ted .  The r e su l t s  a r e  
compared  with calculat ions for  the s t eady- s t a t e  motion of a s im i l a r  r ig id  model,  and p r e v i -  
ously r ep o r t ed  data on the hydrodynamic  drag  of the dolphin a r e  ref ined.  The drag  turns  out 
to be much l e s s  than the calculated drag,  even when the init ial  l aminar  region is  taken into 
account.  Severa l  conclusions can be drawn f r o m  the resu l t s :  1) The exper imen ta l  r e su l t s  
show quite r e l i ab ly  that  hydrodynamical ly  the dolphin is in fact  a unique phenomenon. 2) The 
phenomenon is explained in t e r m s  of G r a y ' s  paradox for  the dolphin. 3) The mechan i sm by 
which the dolphin 's  drag  is reduced is apparent ly  control lable .  4) Flow around the dolphin 
can be a s sumed  to be l aminar  undetaehed flow. 

1 .  E x p e r i m e n t a l  P r o c e d u r e  

The p rocedu re  used  p rev ious ly  by one of the authors  [1] was ref ined so that the e r r o r  in the drag  
m e a s u r e m e n t  was reduced  by a factor  of about two. Prev ious ly ,  a study was made of the t e m p o r a l  and 
spat ia l  motion of the dolphin, and then the veloci ty  and acce le ra t ion  were  found through differentiat ion with 
r e s p e c t  to t ime;  the second different ia t ion involves e x t r e m e l y  la rge  e r r o r s .  In the ref ined exper imenta l  
p rocedure ,  the dolphin veloci ty  was de te rmined  by a compar i son  with the veloci ty  of a s tandard sphere  6 m m  
in d i ame te r  falling in a tube having an i.d. of 12 m m  and photographed by a mot ion-p ic ture  c a m e r a  along 
with the dolphin motion. 

The acce le ra t ion  was calculated as the f i r s t  t ime  der iva t ive  of the measu red  veloci ty.  The e x p e r i -  
ments  we re  c a r r i e d  out with Tu r s i ops  ( turs io)pont icus  dolphins. The dolphin drag  was de te rmined  during 
iner t ia l  motion f r o m  

It = (m + ;%D a 

where a is the dece lera t ion ,  m is the mass  of the dolphin (determined by weighing), and ~ii is the at tached 
m a s s  of wa te r  for  motion along the axis  of the object ,  de te rmined  by calculat ion [1]. 

The dolphin and s p h e r e s  were  photographed under wa te r  by th ree  Konvasav tomat  mot ion-p ic ture  
c a m e r a s  in meta l  boxes .  The optical  axes  of the c a m e r a s  were  held para l le l .  We used DS-5 f i lm and RO- 
70 object ive lenses  having a focal  length of F =22 mm.  A white s c reen  was used for  improved cont ras t .  

The appara tus  was a r r a n g e d  as  descr ibed  in [1]; the c a m e r a s  were  turned on s imul taneously  and 
opera ted  by r e m o t e  control .  The fi lm was p r o c e s s e d  in the following manner:  

1) Sequences were  se lec ted  for  p rocess ing ;  a n e c e s s a r y  condition was that  the re  be no l a t e ra l  motion 
of the tai l .  

2) The yaw angle of the dolphin was de termined,  and i ts  constancy was evaluated;  sequences with 
varying yaw angles  were  d iscarded .  

3) The sequence s ize  and the sca le  of the dolphin d i sp lacement  were  de te rmined  f r o m  the length of 
the dolphin. 
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4) The displacement  scale of the sphere was determined.  

5) The dolphin and sphere displacements  over 5-7 f rames  were determined as a function of the 
dolphin velocity; the displacement  was determined repeatedly (30-40 times) for each sequence, and the a v e r -  
age displacement  over these 5-7 f rames ,  the r m s  e r r o r ,  and the simple e r r o r  were calculated. 

6) The dolphin velocity U 1 was calculated f rom 

LAb 
U1 = U0 -~- ,  

where U 0 is the sphere velocity, ,~b is the dolphin displacement,  and Ah is the sphere displacement during 
the same time interval.  The e r r o r s  in the determination of the dolphin velocity were calculated. 

7) The accelera t ion  was determined by a t ime differentiation of the velocity,  and the calculation e r r o r  
was determined.  A numerica l  differentiation ca r r i ed  out for n points for each sequence yielded the average 
accelerat ion,  the r m s  e r ro r ,  and the simple e r r o r .  The lat ter  values were compared to those found above; 
this compar ison served as a check on the calculation e r r o r .  

F rom the equation displayed above we calculated the drag; the dolphin dimensions were determined 
by direct  measurement .  

A clear  advantage of this procedure  for measur ing the drag is that the dolphins are  not subjected 
to any external  agents during the experiments ,  and the flow pat tern is not distorted by any type of pickup or 
at tachment.  On the other hand, an ext remely  important  disadvantage of this procedure  is the extensive data 
process ing  required.  We therefore  selected for careful  study the most  interesting sequences,  i.e., those 
in which the dolphin moved rapidly,  at a high Reynolds number.  

2 .  E x p e r i m e n t a l  R e s u l t s  

Figures  1 and 2 show the measured  dolphin drag; the coordinates are  the modified drag coefficient 
C R and the Reynolds number Re: 

2.t0v % U1L 
CR --  U ?  a. R e =  T . ,  

where v is the volume of the dolphin, L is its length, and u is the kinematic v iscos i ty  of water.  

These f igures show both new resul t s ,  for  the dolphins Basya and Neptun, and experimental  resu l t s  
f rom [1] for the dolphin Smelaya. Each c ross  r ep resen t s  the average value for n points; the e r r o r  bars  
give the standard deviation f rom the average  value. The values of n, the number of experimental  points, 
for each sequence a re  as follows: 

Sequence No. 9--9 9--17 9--t9 9 - -20  9--24 
n=  28 t8 39 50 9 

9--29 t0--3 15- -6  18- -7  18--t2 t8--t2. 
6 26 "46 34 72 65 
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For  comparison,  Fig. 1 shows experimental  data for U. S. sub- 
marines and a ful l -scale  torpedo [2]: 

1. The submarine Nautilus (1), which has a classical ly  shaped 
hull (L = 97.30 m, U = 23 knots, L / d  =11.4). 

2. Submarines whose outer hulls are  wel l -s t reamlined solids of 
revolution: 

a) Skipjack (4) (L = 76.8 m, U = 30 knots, L/d = 7.8). 
b) Tullibee (3) (L = 79.5 m, U = 15 knots, L/d =8.9). 
c) Thresher  (2) (L = 85.0 m, U =25 knots, L /d  = 10). 

3. The U. S. Navy torpedo MK-28 (5) (L = 6.25 m, U = 23 knots). 

A calculated curve of the hydrodynamic drag for a model of the 
Skipjack is also shown. This calculation was ca r r i ed  out by the standard 
procedure  [3] without an account of roughness for the case of turbulent 
flow. Comparison of these resu l t s  with the experimental  resu l t s  for the 
dolphin show that in nine ca se s  out of 11 the dolphin drag is severa l  
t imes lower (by a factor  of 2-10) than that of the best  submarine model. 

The dolphin is therefore  ext remely  efficient hydrodynamically.  Figure 2 shows the drag of a solid 
equivalent to the dolphin under various flow conditions. The top curve corresponds  to completely turbulent 
flow around the dolphin. This calculation was ca r r i ed  out by the procedure  of [3] without an account of 
roughness.  It was assumed for the calculation that there was laminar flow around the fins. A zero angle 
of attack was assumed for the fins. 

Comparing these resu l t s  with those calculated for the Skipjack model, we see that the dolphin shape 
is apparently near ly  optimum in this case, since even in the case of turbulent flow the calculated drag coef-  
ficients of the dolphin model a re  approximately 1.5 below those for the Skipjack at equal Reynolds numbers .  

Having taken note of this important  resu l t  that the dolphin shape is near ly  optimum, we must also 
note that Fig. 2 shows the dolphin drag to be much less than that of an equivalent solid model. T h e  p r e s -  
ence of the initial laminar-f low region reduces the calculated drag, but this decrease  is slight [1] for Reynolds 
numbers  g rea te r  than 6 x 106 for Re .  = 2 • 106. In these experiments  we found resul t s  for Reynolds numbers  
slightly g rea te r  than 1.5 x 10 ~. 

Accordingly,  the conclusion reached in [1] that the motion of the dolphin is a unique hydrodynamic 
phenomenon has been confirmed in new experiments which are  very  rel iable,  for several  reasons :  F i rs t ,  
the e r r o r  is smal le r  (by a factor  of ab0uttwo); second, the experiments were  car r ied  out for higher Reynolds 
numbers;  and third, we now have experimental  proof for three Tursiops ponticus individuals. The existence 
of this unique hydrodynamic phenomenon also follows f rom the a r i sa l  of Gray ' s  paradox.  In two cases  out 
of 11, however,  a drag g rea te r  than the calculated drag for the equivalent dolphin model was found in tu r -  
bulent flow. Although an explanation can be found in the presence  of a rudder  angle of the tailfin in sequence 
9-24, which would increase  the drag, there is no plausible explanation for sequence 15-6. In this sequence 
the dolphin moves horizontally,  and the rudder  angle of its tailfin is near ly  zero.  Presumably  the explana '  
tion for the low dolphin drag is to be found in some controllable mechanism. 

Let us analyze some hypotheses which have been advanced to explain this phenomenon. We turn f i r s t  
to the model of the dolphin. Direct  measurements  show that the c ross - sec t iona l  area  of the dolphin is ellip- 
tical; for a large pa r t  of its length the ellipticity is slight, or  the c ross  section is near ly  c i rcular .  We cal -  
culated the equivalent solid of revolution on the basis  of equal a reas  at  each c ross  section, completing the 
shape with a smooth curve.  The solid of revolution constructed in this manner corresponds  approximately 
to model 25, for  which computer calculations were car r ied  out of the potential-flow charac te r i s t i cs  and the 
laminar  boundary layer at  the Computer Center,  Siberian Branch, Academy of Sciences of the USSR [4]. 

Figure 3 shows the relat ive potential-flow velocity V for this model, the relat ive hydrodynamic ove r -  
p r e s su re  P, and the relat ive laminar tangential s t r e s s  at the wall (Su/0y)+. Kramer  has suggested [5] that 
the good per formance  of dolphins can be at tr ibuted to the preservat ion  of a laminar  boundary layer through 
the damping of pulsations in this layer  by the elast ici ty of the surface.  This method does not assume a 
change in the potential flow pat tern.  
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This calculat ion should thus be valid for l aminar  flow about an e las t ic  boundary.  At z = 0.696, how- 
ever ,  the l amina r  boundary l aye r  is disrupted,  and a la rge  additional drag  appea r s  because  the p r e s s u r e  
is not r ee s t ab l i shed  at  the tail .  The drag  coefficient  calculated for  this case  is shown by the lower solid 
curve  in Fig. 2. We see that  when the boundary layer  is disrupted,  l amina r  flow does not lead to a s igni-  
f icant  reduct ion of the total  drag  below that  cor responding  to comple te ly  turbulent  flow. If it were  poss ib le  
to p reven t  the disrupt ion of the boundary layer  by some method without increas ing  the energy expenditure,  
the si tuat ion would change rad ica l ly .  The lower broken  curve  in Fig. 2 shows the drag  calculated for  the 
dolphin model in the case  of l amina r  flow, c a r r i e d  out under  the assumpt ion  of a vanishing separa t ion  drag.  
In this case  the re  is no significant  d i f ference  between the calculated and exper imenta l  data, except  for s e -  
quences 10-3 and 18-7, for  which the r e s u l t s  lie below the calculated curve .  It should be noted, however,  
that  the f r ic t ional  drag in motion a t  a constant  negat ive acce le ra t ion  (i .e. ,  for  the conditions cor responding  
to the exper imen t  described)  is sl ightly l ess  than the drag in s t eady- s t a t e  flow. 

The upper  broken  curve  in Fig. 2 shows the drag calculated for  the dolphin model  for  the case  of mixed 
flow: l amina r  f r o m  the nose to z = 0.687, i .e. ,  essen t ia l ly  up to the separa t ion  point; and turbulent  f rom z = 
0.687 to z = 1. This  calculat ion was c a r r i e d  out by the Trukenbrodt  method [6]; the l amina r - f r i c t i on  c h a r a c -  
t e r i s t i c s  for  the model were  taken f rom the compute r  calculat ion of [4], and the two solutions were  joined 
at  the t rans i t ion  f rom lamina r  to turbulent  flow on the bas i s  of the m o m e n t u m - l o s s  th ickness .  We see that  
in this case  the re  is  a d i sc repancy  between calculat ion and expe r imen t  for  five sequences ,  so we must  ap -  
pa ren t ly  r e j e c t  this  explanation.  Accordingly,  of the s chemes  considered,  l aminar  undetached flow c o r r e -  
sponds bes t  to expe r imen t  in t e r m s  of drag .  Two p r o b l e m s  of fundamental  impor tance  a r i se :  

1. How can a c r i t i ca l  Reynolds number  R e .  > 107 be achieved for  a solid of revolut ion in a region with 
a pos i t ive  potent ial  gradient  in flow with a nonvanishing turbulence level  ? 

2. How can the separa t ion  of the l amina r  boundary l ayer  at  the tai l  be p reven ted  ? 

Note. After  this pape r  was completed,  the authors  learned  of a r e p o r t  b y p r o f e s s o r  Wu [7] of the Cal i for -  
nia Insti tute of Technology in which he p re sen t ed  exper imen ta l  data on drag values found by Lang for  the 
dolphinTurs iops  gilli  (native to the Pacif ic  Ocean) and r eached  the conclusion that  l aminar  flow apparent ly  
occurs  aound this dolphin. 

Accordingly,  analogous r e s u l t s  have been obtained in two independent studies for  two ve ry  s im i l a r  
types  of dolphin. 
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