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E x p e r i m e n t a l  r e su l t s  a re  given on reducing  the hydrodynamic  r e s i s t a n c e  in a flowing l iquid 
by adding su r fac tan t s ;  the effects  a r e  a s c r i b e d  to m i c e l l e s .  

Much impor tance  a t taches  to reduc ing  hydrodynamic  r e s i s t a n c e  via addi t ives ;  the technique has v a r -  
ious p r a c t i c a l  app l i ca t ions ,  although l i t t le  is known about how the addi t ives  affect  the turbulent  flow. Mac-  
r o m o t e c u l a r  compounds can give up to 80% reduct ion  in the hydrodynamic  r e s i s t a n c e ,  for  example .  

High p o l y m e r s  a r e  not the only such m a t e r i a l s  however;  some sur fac tan t s  can do the s a m e .  This 
was f i r s t  o b s e r v e d  for  napa lm moving in f lame th rowers  [1]. Resu l t s  have been r e p o r t e d  [2] for  a luminum 
dioleate  in toluene and sodium oleate  in wa te r ,  where  there  was 30% r e s i s t a n c e  reduct ion .  P o t a s s i u m  
chlor ide  added to the aqueous sodium oieate solut ion i n c r e a s e d  the ef fec t .  There  is a l so  cons ide rab le  r e -  
s i s t ance  reduct ion  f rom spec i a l  h a r d - w a t e r  soaps  [3]. Here  we r e p o r t  expe r imen t s  with aqueous solut ions 
of a mix tu re  of ce tyl  t r ime thy l  ammonium bromide  and 1-naphthol .  We examined  the effects  on the p r e s -  
su re  drop  in a tube f rom the component  ra t io ,  the ove r a l l  concent ra t ion ,  the t e m p e r a t u r e ,  and the age of 
the solut ion.  Soap solut ions show no m o l e c u l a r  des t ruc t ion ,  which gives them an advantage ove r  po lymer  
so lu t ions ,  

There  a r e  only a few pape r s  on the topic,  and the number  of r e su l t s  is ve ry  sma l l ,  so it is diff icult  
to t r a c e  the bas i c  t rends  in r e s i s t a n c e  reduct ion  by s u r f a c t a n t s .  Also ,  the mechan i sm is e n t i r e l y  u n c e r -  
ta in .  

Our  purpose  was to examine  the effects  of col lo idal  su r fac tan t s  on the r e s i s t a n c e  and to r e l a t e  the 
effect  to the c r i t i c a l  m ice l l e  fo rmat ion  concent ra t ion .  

We used  the appara tus  d e s c r i b e d  in [4]; F ig .  l a  shows the magni tude of the effect  Lx~/k as a function 
of the Reynolds  number  for  va r ious  concen t ra t ions  of common soap.  There  is a m a r k e d  reduct ion  in r e -  
s i s t ance  above a ce r t a in  c r i t i c a l  Reynolds number ,  and the magnitude of the effect  (up to 65%) i n c r e a s e s  
with the Reynolds  number  and the solute  concen t ra t ion .  R e s i s t a n c e  begins  to be reduced  as soon as the 
l a m i n a r  flow gives way to a turbulent  one, i . e . ,  the th re sho ld  Reynolds number  coincides  with the c r i t i c a l  
one.  In the l amina r  range ,  the addi t ive has an a dve r s e  effect~ which i n c r e a s e s  with the concent ra t ion ,  on 
account  of the i n c r e a s e d  v i s cos i t y .  

The curves  fo r  the var ious  concen t ra t ions  mee t  the a b s c i s s a  at  d i f ferent  points ,  which is due to 
va r i a t ion  in v i s cos i t y  and hence in the c r i t i c a l  Reynolds number .  The effect  tends to a l imi t  as the flow 
ra te  i n c r e a s e s .  Common soap includes subs tances  that  a d v e r s e l y  af fec t  the capac i ty  of the su r fac tan t  to 
reduce  the r e s i s t a n c e ,  while giving a fa lse  i m p r e s s i o n  of the t rue  su r fac tan t  concent ra t ion ,  so the tes t s  
with soap  solut ions m e r e l y  conf i rm that  su r fac tan t s  can reduce  the r e s i s t a n c e .  

More r igo rous  r e s u l t s  were  obtained with pure  subs tances  and d i s t i l l ed  w a t e r .  F igu re  l b  shows 
A~/~ as  a function of concen t ra t ion  C of the su r fac t an t .  We used  pure  sodium pa lmi ta te  and mix tu re s  of 
sodium pa lmi ta te  and po ta s s ium s t e a r a t e  in var ious  r a t i o s .  

The pure sodium pa lmi ta te  begins to reduce the r e s i s t a n c e  at  a c e r t a i n  in i t ia l  concen t ra t ion  (C 
= 0.065%); the value of AX/X i n c r e a s e s  with the concen t ra t ion  and a t ta ins  i ts  max imum of A~/X = 28% at  a 
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Fig .  1. Res i s tance  reduct ion A~./k (%) in a 
tube of d i a m e t e r  6 m m  as a function of Reynolds 
number  deduced for  the v i scos i ty  of the solvent: 
a) o rd inary  soap solutions for  C (%) of: 1) 0.5;  
2) 0 .8;  3) 1.1;  b) sodium palmita te  (%) +po-  
t a s s i u m s t e a r a t e ( % ) :  i)  100 +0; 2) 90 + 10; 
3) 70 +30; 4) 60 +40; 5) 55 +45; 6) 50 +50; 
7) 4 0 + 6 0 ;  8) 30 + 7 0 .  

ce r ta in  opt imal  concentra t ion (C = 0.22%). The effect  then begins to fal l .  This dependence of Ak/X on the 
concentra t ion  ag ree s  qual i ta t ively with the data for  weak po lymer  solut ions.  

Curves  2-8 of Fig .  l b  show A~/X for  aqueous solutions of the sodium palmita te  and po tass ium s t ea -  
ra te  mix tu res  with var ious  propor t ion ,  the effect  is much inc reased  by the use of a mix ture  and at ta ins  its 
m a x i m u m  (A~/k = 72%) for  all  r a t i o s .  Higher  mix ture  concentra t ions  a re  r equ i red  to produce the effect  
as the propor t ion  of po ta s s ium s t ea ra t e  i n c r e a s e s .  

A sodium palmita te  concentra t ion in the range of C = 0.09--0.0975% is requ i red  to produce the effect  
in the mixed solut ions,  so the sodium palmi ta te  plays the main  par t ;  on the other  hand, the po tass ium 
s t ea ra t e  cons iderably  accentuates  the reduct ion (up to 72%) and in some way ca ta lyzes  the r e s i s t ance  r e -  
duction. 

We de te rmined  the c r i t i ca l  mice l le  fo rmat ion  concentrat ion by m e a s u r i n g  the e l ec t r i ca l  r e s i s t ance  
[5] to re la te  the reduct ion in hydrodynamic  r e s i s t ance  to the m i c e l l a r  s t r uc tu r e .  

F igure  2 shows the resu l t s ;  it is cur ren t ly  cons idered  [6] that low concentra t ions  (up to the f i r s t  
kink) produce true solutions of soap- l ike  sur fac tan t s ,  i . e . ,  the sur fac tan t  is p r e sen t  in mo lecu l a r  (ionic) 
f o rm .  At higher  concent ra t ions ,  the individual molecules  spontaneously clump together ,  with the hydro-  
ca rbon  rad ica l s  linked by van der  Waals fo rces  within the core  of the mice l l e ,  while the po la r  groups a re  
d i rec ted  into the wa te r  phase .  The bulk p rope r t i e s  of the solution a r e  much affected by these mice l l e s ,  
in pa r t i cu l a r  the e l ec t r i ca l  r e s i s t a n c e .  The f i r s t  kink (Fig.  2) co r responds  to mice l le  production,  and the 
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Reduct ion in r e s i s t a n c e  R (Ohms) as a 
function of concent ra t ion  C (%) for  sodium p a l m i -  
tate (%) + po ta s s ium s t e a r a t e  (%): 1) 100 + 0; 2) 
90 +10;  3) 70 +30;  4) 50 +50;  5) 30 +70;  6) 0 
+ 100. 

co r r e spond ing  concent ra t ion  is ca l l ed  the f i r s t  c r i t i c a l  concentra t ion ,  where  one gets Har t l ey  m i c e l l e s ,  
which a r e  s p h e r i c a l  groups of molecu les  o r  ions.  

The s i ze s  of the m i c e l l e s  i nc rea se  with the su r fac tan t  concent ra t ion ,  and the hydroca rbon  chains 
tend to become more  and more  p a r a l l e l .  The r e s u l t  is that  the m i c e l l e s  become of rod o r  plate f o r m s .  
This point c o r r e s p o n d s  to the second kink on the curve ,  namely  the second c r i t i c a l  concent ra t ion .  

The following explanat ion  may  be p roposed .  Low sodium pa lmi ta te  concent ra t ions  produce s p h e r i c a l  
m i c e l l e s ,  which become rods  at  h igher  concent ra t ions ;  po t a s s ium s t e a r a t e  i n c r e a s e s  the number  of f ree  
ions in such a solut ion,  and this i n c r e a s e s  the number  of counter  ions l inked to the m i c e l l e s ,  so the charge 
on the l a t t e r  is r educed .  This r educes  the effect ive e l e c t r o l y t i c  work  aga ins t  the repu l s ive  fo rces  needed 
to in jec t  a m i c e l l e - f o r m i n g  ion into a charged  m i c e l l e .  This the re fo re  fac i l i t a t es  mice l l e  format ion ,  and 
thus accentua tes  the r e s i s t a n c e  reduct ion .  As the po ta s s ium s t e a r a t e  concent ra t ion  i n c r e a s e s ,  the magni -  
tude of the effect  r e m a i n s  the same ,  but the effect  i t se l f  shif ts  to h igher  concen t ra t ions .  

The r ea son  would appea r  to be that po t a s s ium s t e a r a t e  cannot produce rod m i c e l l e s  of the s ize  needed 
to reduce  the r e s i s t a n c e .  A conf i rmat ion  is that po t a s s ium s t e a r a t e  alone i n c r e a s e s  the hydrodynamic  r e -  
s i s  tance .  

Figures ib and 2 show that the resistance is reduced only at surfactant concentrations above the first 
critical point, which indicates that the effect is related to the micellar structure. 

It has been claimed [7] that a surfactant acts on a turbulent flow by rendering the surface hydrophobic, 
with the resulting slip and viscosity reduction in a thin layer near the wall. We consider that the resistance 
is reduced because of the rod micelles, as is evident from the variation in the critical concentration, so 
we suppose that the resistance is reduced by a mechanism analogous to that suggested [8] for weak polymer 
solutions. 

NOTATION 

C, concentration; R, electrical resistance; Re, Reynolds number; k, resistance coefficient. 
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