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A method of reducing hydrodynamic drag based on the addition of 
high-polymer surface-active agents is examined, An attempt is made 
to expla!n the mechanism of this phenomenon, and a method of 
selecting additives is proposed, 

The hydrodynamic  drag that develops when a solid 
sur face  is in contact with a tu rbulen t  s t r e a m  of liquid 
is due to molecu la r  and mola r  momentum t r a n s f e r  
effects.  Molar t r a n s f e r  in a turbulent  s t r e a m  is due 
to tu rbu len t  f luctuat ions and quant i ta t ively  de t e rmines  
the energy d iss ipa t ion  in such a s t r e a m  [1]. 

Recent  inves t iga t ions  have shown that energy dis-  
s ipat ion in a tu rbulen t  s t r e a m  may be dec reased  
apprec iably  by addition of cer ta in  h igh-po lymer  com-  
pounds [2 -4 ,  10-12].  

There  is a need to furn ish  an explanat ion of the 
na ture  of this phenomenon and to make avai lable  a 
method of choosing the opt imum addit ives to decrease  
the hydrodynamic  drag of the sys t em,  depending on 
the kind of l iquid and the flow reg ime .  The occu r -  
rence  of tu rbu lence  in a l iquid s t r e a m  under  appro-  
pr ia te  condit ions is explained [15] by d i s tu rbance  of 
the l a m i n a r  flow s tabi l i ty  by pe r tu rba t ions  en te r ing  
the sys t em from outside or a r i s ing  within it at a 
phase in ter face .  

The s tabi l i ty  of a l a m i n a r  flow may be i nc r e a se d  by 
i n c r e a s i n g  the liquid v iscos i ty  or  by a l t e r ing  the 
s t r e a m  s t ruc tu re ,  when a body of liquid is t r an s f o r me d  
into a quas i - so l id .  Although there  is then damping of 
tu rbu len t  f luctuat ions randomly int roduced into the 
sys t em and d i s tu rbance  of the l a m i n a r  flow is not 
observed ,  the hydrodynamic  drag may not be lowered, 
but, on the con t ra ry ,  may inc rease .  This is the 
p ic ture  encountered  in o rd inary  rheologieal  sys t ems  
whose hydrodynamic  drag exceeds that of the or iginal  
Newtonian liquid without rheological  addi t ives  (clay 
s lu r ry ) .  However, it appears  to be poss ib le  to c rea te  
a rheologieal  sys t em in which the hydrodynamic  drag 
wil l  be less  than in the o r ig ina l  Newtonian liquid. F o r  
this it is n e c e s s a r y  that the rheological  additive should 
c rea te  nonuni form viscosi ty  in the liquid s t r e a m ,  the 
v iscos i ty  being,  in fact, g r e a t e r  in the core of the 
s t r e a m ,  where the development  of tu rbulen t  f luctua-  
t ions is most  probable ,  and less  nea r  the wall, where 
the pr inc ipa l  deformat ion  of the liquid occurs ,  and 
where there  consequently is an apprec iable  i nc r ea se  
in veloci ty g rad ien t  and in viscous fr ic t ion [16]. 

High-molecu la r  compounds (lyophilic polymers) ,  
as su r f ace -ac t i ve  agents  for a given sys tem,  may 
act as addit ives for genera t ing  se lec t ive  v iscos i ty  in 
the liquid, i . e . ,  v iscosi ty  higher  in the s t r e a m  core 
and lower nea r  the wall. For  example ,  for polar  
l iquids (water,  e tc . ) ,  high po lymers  whose molecules  

contain polar  groups (earboxymethyl  cel lu lose ,  e tc . )  
may serve  as addi t ives .  When such po lymers  dissolve 
in a liquid, t rue  solut ions are  formed,  i . e . ,  homo-  
geneous sy s t e ms  that are  the rmodynamica l ly  in 
equ i l ib r ium and stable.  The s t ruc tu r a l  uni t  of such 
solut ions is composed of solvated mac romolecu l e s  
of h igh -po lymer  compound, which cannot be observed  
even under  the u l t r a mi c r o sc ope  [6-9] .  The i nc rea sed  
viscos i ty  and changed s t r uc t u r e  of the s t r e a m  when 
the high po lymers  dissolve in the liquid may be due 
to polar ,  hydrogen and other  molecu la r  or  chemical  
forces  a r i s ing  between molecules  in the solut ion,  to 
solvat ion,  to in te r twining  of long molecu les ,  or  to 
other  factors .  The rheological  p roper t i e s  of high- 
po lymer  solut ions have been studied in detai l  by 
Rebinder  e ta l .  [9]. It has become evident  f rom these 
inves t iga t ions  that the v i scoe las t i c  p roper t i e s  of such 
solut ions a re  due in the f i r s t  ins tance  to pecu l i a r i t i e s  
of the molecu la r  s t r uc t u r e  of high po lymers ,  and that 
the reduct ion of the i r  specific flow proper t i e s  to 
solvat ion of the mac romolecu l e s  alone is a crude 
approximat ion.  

The r e su l t  of the f low's  acqui r ing  a s t r uc t u r e  and 
of the inc reased  liquid viscosi ty ,  as shown above, is 
a damping of turbulent  f luctuat ions in the core and an 
i nc r ea se  of l a m i n a r  s tabi l i ty  of the s t r e a m .  At the 
same  t ime,  at the flow per iphery  (in a thin l ayer  at 
the wall), the viscosi ty  is lowered,  and an effective 
s l ip  velocity at the wall [13] is c rea ted  by the o r i en t -  
ing action of the unbalanced molecu la r  field at the 
solid wall sur face  on the molecules  of the solution.  
This hypothesis  is conf i rmed by the na ture  of the 
velocity profi le  in a pipe with a flow of pseudoplas t ic  
rheological  l iqu ids- -a  constant  velocity in the s t r e a m  
core and a sha rp  fall in velocity at the wall [13]. 

For  pa r t i cu l a r  rheological  solut ions,  sl ippage of 
the s t r e a m  at the wall has been observed.  In this 
case the shear  velocity near  the wall (y = 0) will 
differ f rom its value outside the anomalous  flow 
region (which region is  usual ly  very small)  by an 
amount  depending on dis tance  [13] 

d;z' 
. . . . . .  f (~) .  ~(~, .), (1) 
dg 

where the function g(T,y)y>~ = 0 (~ is the th ickness  
of the s l ip  layer) .  

It follows f rom (1) that sl ippage favors  lowering 
of the hydrodynamic  drag.  

Adsorption of h igh-po lymer  su r f ace -ac t i ve  mole-  
cules on the tube wall and a cor responding  or ien ta t ion  
of molecules  in the layer  at the wall may not only 
lower the liquid v iscos i ty  near  the wall and crea te  a 
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s l i p  e f fec t ,  but  a l so  p r o m o t e  damping  of tu rbu len t  
f luc tua t ions  e n t e r i n g  f r o m  outs ide ,  as  wel l  as  h i n d e r -  
ing f o r m a t i o n  of edd i e s  at  the wal l .  

The p r o p o s e d  s c h e m e  a l so  a g r e e s  with the known 
fac t  that  we t t ab i l i t y  of the tube wal l  has  no inf luence 
on h y d r o d y n a m i c  d r a g  [18]. Indeed,  in th is  e a s e  
t h e r e  is  no damping  of tu rbu len t  f luc tua t ions  in the 
flow co re  a r i s i n g  f r o m  e n e r g y  d i s s i p a t i o n .  Then, 
b e e a n s e  of the r e d u c e d  s t a b i l i z i n g  ac t ion  of the wa l l s ,  
the length of the s t a b i l i z i n g  sec t ion  (Lst)  i n c r e a s e s ,  
and, when L < Ls t ,  the l o w e r  c r i t i c a l  Re numbe r*  
[17] is  r educed ,  which e l i m i n a t e s  even the  s m a l l  p o s i -  
l i ve  effect  which, a c c o r d i n g  to [13], is  p r o d u c e d  by 
s l ip  of the  l iquid at  the  w a l l .  

Turn ing  now to the  choice  of the o p t i m u m  addi t ive  
to p r o m o t e  r educ t ion  of h y d r o d y n a m i c  d r a g ,  i t  should  
be noted  that  lyophobic  p o l y m e r s  and i n e r t  co l lo ida l  
p a r t i c l e s  cannot  p roduce  the e f fec t s  d e s c r i b e d  above,  
and t h e r e f o r e  cannot  p r o m o t e  r educ t ion  of h y d r o -  
dynamic  d rag .  M o r e o v e r ,  s y s t e m s  with such add i t ives  
a r e  t h e r m o d y n a m i c a l l y  uns t ab l e ,  and to s t a b i l i z e  
t h e m  r e q u i r e s  the addi t ion  to the s y s t e m  of add i t iona l  
s t ab i I i z ing  s u r f a c e - a c t i v e  componen t s .  I t  may  thus 
be a s s e r t e d  tha t  add i t ives  to l o w e r  h y d r o d y n a m i c  
d r ag  should  be s u r f a c e - a c t i v e  s u b s t a n c e s .  The c o m -  
p lex i ty  of the m e c h a n i s m  of the phenomenon r e n d e r s  
i t  i m p o s s i b l e  at the p r e s e n t  t i m e  to give a p u r e l y  
a na ly t i c a l  exp lana t ion  of the op t imum type  of addi t ive  
as  a funct ion of the p h y s i c a l  and c h e m i c a l  p r o p e r t i e s  
of the s y s t e m  and of the f low r e g i m e  p a r a m e t e r s .  
For ,  th is  r e a s o n  i t  i s  exped ien t  to use  the r h e o l o g i c a l  
p r o p e r t i e s .  

In rheo logy  a p o w e r  dependence  is  a s s u m e d  b e -  
tween s h e a r  s t r e s s  and s h e a r  r a t e  in a l iquid:  

"c = k @. (2) 

F o r  an i n t e r n a l  flow p r o b l e m  i t  is  m o r e  convenient  
to w r i t e  (2) in the fol lowing f o r m  [5,131 

= D A P r / 4 L  = k' (8win/D) ~" . (3) 

F r o m  (3) we d e t e r m i n e  the p r e s s u r e  l o s s  of a 
s ec t i on  of p ipe  of length L to be  

AP r = 

The exponent  n '  and coef f ic ien t  k v in (4), e a l i e d  the 
b e h a v i o r  and c o n s i s t e n c y  ind i ces  of the  l iquid,  r e -  
spec t ive ly ,  depend in the  g e n e r a l  c a s e  on the  f r i c t i o n  
s t r e s s  % and a r e  d e t e r m i n e d  f r o m  the  f o r m u l a s  [13] 

n = n  1 1 [ dn' ~ - l  
k 3 n ' + l  ~ d l n T J ]  ' 

k' = k[(3n § 1)/4n] n . (5) 

In some cases n' may be assumed to be independent 
of ~" (in a narrow range of Y). Then, according to (5), 

*The r e d u c t i o n  of the  l o w e r  c r i t i c a l  Re n u m b e r  on 
lyophob iza t ion  of the  tube wal l  ha s  been  a t t r i b u t e d  by 
P e r e l ' m a n  to lower ing  of the e f fec t ive  v i s c o s i t y  of 

the l iquid  s t r e a m .  

n' = n. (5a) 

Thus ,  knowing the r h e o l o g i c a l  coe f f i c i en t s  n and k 
of the l iquid ,  o r  va lues  c l o s e  to t hem in the s e n s e  of 
n v and k ' ,  we may  d e t e r m i n e  the p r e s s u r e  l o s s  A P r  
f r o m  (4). A c c o r d i n g l y ,  fo r  a Newtonian l o s s  A P r  
p r e s s u r e  l o s s  in a p ipe  of d i a m e t e r  D and iength L 
m a y  be d e t e r m i n e d  f r o m  the f o r m u l a  

D -2-P" {6) 

In the case when transition from a newtonian liquid 
to a rheological one results from addition of surface- 
active polymer to the liquid, the hydrodynamic drag 
in  the  p ipe  wi l i  be d e c r e a s e d :  

~PN> APr. (7) 

Subst i tu t ing  va lues  of A P r  and A P  N f r o m  (4) and 
(6) into (7), we obta in  

~, w ~  9/2 > k'  (8w,~/D) 'v . (8) 

We sha l l  i n t roduce  the concept  of g e n e r a l i z e d  m a s s  
f l o w r a t e  of l iquid t h roug  h the  pipe:  

q = Q (7: D'~/6)-L (9) 

The quant i ty  q denotes  l iquid  m a s s  f l owra t e  th rough  
a p ipe  of d i a m e t e r  D, e x p r e s s e d  as  the n u m b e r  of 
s p h e r e s  with d i a m e t e r  equal  to tha t  of the  pipe .  

We t r a n s f o r m  (8), t ak ing  (9) into account ,  and 
a s s u m i n g ,  a c c o r d i n g  to B l a s i u s ,  tha t  X = 0.3164- 
�9 Re-25: obtain 

l 

q > a  D'aP v~ , 

w h e r e  

4 n ' ~ - 1 , 2 5  ] 
1 .75- -n"  } , 7 5 - - n '  

a = 3.2 . 0.3164 

F r o m  (10), a c c o r d i n g  to the r h e o l o g i c a l  p r o p e r t i e s  
of the  s u r f a c e - a c t i v e  p o l y m e r  so lu t ion  and to the ma in  
c h a r a c t e r i s t i c s  of the  s y s t e m  (X, p ,D) ,  we may  d e t e r -  
mine  the r ange  of condi t ions  in which r e d u c e d  h y d r o -  
dyna mic  d r a g  wil l  occur .  

I t  should  be noted  that  r educ t ion  of h y d r o d y n a m i c  
d r a g  may  occu r  only in a r e g i o n  of deve loped  tu rbu len t  
flow, when the ef fec t  of s l i p  and damping  of tu rbu len t  
f luc tua t ions  e x c e e d s  the i n c r e a s e  of d r a g  due to v i s -  
cos i ty  i n c r e a s e  upon addi t ion  of h i g h - p o l y m e r  [16]. 

As an e x a m p l e ,  we sha l l  e x a m i n e  a s y s t e m  con-  
s i s t i ng  of a smooth  tube of d i a m e t e r  D = 0.05 m and 0.1 
m,  along which f lows wa te r  at  t e m p e r a t u r e  t = 10 ~ C. 
As the add i t ive  to r e d u c e  f r i c t i on ,  we s h a l l  take  
c a r b o x y m e t h y l  c e l l u lo se  with concen t r a t i on  c = 0.7%. 
Ten ta t ive  va lues  of the r h e o l o g i c a l  cons tan t s  may  be  
taken  f r o m  [13]. Ca lcu la t ions  a c c o r d i n g  to (10) show 
tha t  we should  expec t  r e d u c e d  h y d r o d y n a m i c  d r a g  
fo r  a g e n e r a l i z e d  m a s s  flow q > 240 at  d i a m e t e r  0.05 
m,  and q > 87 at  d i a m e t e r  0.1 m. 

The method  d e s c r i b e d  may  f ind app l i ca t i on  in the  
p r e l i m i n a r y  choice  of h i g h - p o l y m e r  s u r f a c e - a c t i v e  
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additives to reduce hydrodynamic drag in given 
systems.  

NOTATION 

w--liquid flowrate; y--shear rate; r--shear stress; k(k')-rheologieal 
property of diluted material; n(n')-rheological behavior index of 
liquid; ziP-hydrodynamic drag; D--tube diameter; L--tube length; 
Q--liquid mass flowrate} k--friction coefficient of pipe; p--density of 
liquid, Subscripts: m--mean, r-theological. 
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