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tt is shown that when a viscoptastic fluid has weakly plastic properties 
the effective turbulent viscosity of the flow may be lowered. 

A r ecen t  s e r i e s  of exper imenta l  inves t iga t ions  
has re l i abIy  es tab l i shed  the fact that the hydraul ic  
r e s i s t a n c e  for  tu rbu len t  flow reg imes  in channels  is  
lowered by in t roducing sma l l  quant i t ies  of addit ives 
into the flow [i] .  In view of possible  p rac t i ca l  appl i -  
cat ions,  it  is impor tan t  to explain the na tu re  of this  
phenomenon.  As yet, however,  there  is no single 
sa t i s fac tory  theory to explain it. Some authors  [2], for 
example,  a t t r ibute  the lowering of hydraul ic  r e s i s t a n c e  
to a decrease  of v i scos i ty  in the layer  next  to the 
channel  wall  on in t roducing su r face -ac t ive  addit ives 
into the s t r eam.  Others  [3] explain it  as the r e s u l t  of 
the fo rmat ion  of a dis t inct ive  supe rmolecu la r  s t r u c -  
tu re  in the flow, which damps the h igh- f requency  
pa r t  of the tu rbu len t  puIsat ion spec t rum.  These two 
explanat ions do not exclude each other,  however,  
and it  is poss ib le  that both causes  are  operat ive  
s imul taneous ly .  

The p r e sen t  paper  d i scusses  s t i l l  another  expla-  
nat ion for  the lowering of hydraul ic  r e s i s t ance  in 
tu rbulen t  flow reg imes  by int roducing additives into 
the flow. It i s  based  on the supposit ion that the s u p e r -  
molecu la r  s t r u c t u r e  formed by in t roducing addit ives 
to the fluid t r a n s f o r m s  the fluid into a genera l  c lass  
of non-Newtonian media ,  the so cal led v iscopIas t ic  
f luids.  These med ia  are  eons idered  in rheology,  and 
some examples  a re  oil paints ,  solut ions of clay in 
water ,  and pas tes  [4, 5]. The in te rna l  spat ial  s t ruc tu re  
is governed by the fact  that v iscoplas t ic  fluids have 
a ce r t a in  l imi t ing  shear  s t r e s s  r 0. For  s t r e s s e s  less  
than ~'0, the s t r uc tu r e  tu rns  out to be suff icient ly 
r ig id  not to b r eak  down, and the v iscoplas t ic  fluid 
behaves like a sol id e las t ic  body. For  s t r e s s e s  g rea te r  
than To, the v i scop las t i c  fluid behaves Iike an o rd ina ry  
Newtonian fluid. ~iNe rheoIogicaI equation of a v i sco -  
p las t ic  fluid connect ing the shear  s t r e s s  r with the 
r a t e  of shear  deformat ion  ~ = dv/dy  has the following 
form for two-d imens iona l  motion: 

where  the p las t ic  v i scos i ty  ~? and % are  rheological  
cha rac t e r i s t i c s  of the medium.  For  % = O we have 
the case of an o rd ina ry  Newtonian fluid. 

If the fluids in the exper iments  [1] r ea l ly  had a 
supe rmo lecu l a r  s t ruc ture ,  they could ce r ta in ly  be 
rega rded  as v iseoplas t ie  with vanishingly  smal l  values  
of ~-0. The p r e s e n c e  of a smal l  l imi t ing  shea r  s t r e s s  
"r o would be v i r tua l ly  ins igni f icant  for l a m i n a r  flow 

reg imes ,  but on the other  hand could tu rn  out to be 
impor tan t  for tu rbu len t  flow. 

It is  well  known that in  developed turbulence  the 
kinet ic  energy  of the average flow is t r a n s f e r r e d  
through pulsa t ions  of success ive ly  s m a l l e r  scale  
sizes~ Energy  d iss ipa t ion  occurs  in  the sma l l e s t  of 
these, s m a l l e r  than the Kolmogorov inner  scale  l [6]. 
If the medium has v iscoplas t ic  p roper t i es ,  we may as -  
sume that those pulsat ions are damped in which values  
of shear  s t r e s s  r 0 are  not attained. We shall  show 
that, for vanishingly  smal l  ~0, this  action may lead to 
a diminut ion of the effective tu rbulen t  v iscosi ty .  

We shall  consider  developed turbulent  motion in 
a s t ra ight  cy l indr ica l  pipe, where the fluid is  v i sco-  
p las t ic  with a smal l  value of l imi t ing  shear  s t r e s s  
(T 0 - -  0). Assuming  that the plas t ic  p rope r t i e s  of the 
f luid a re  of fundamental  impor tance  for  the s m a l l e s t  
pulsa t ion scale  s izes  in the in terva l  X < l ,  we shal l  
suppose that all  the conclusions of turbulence  theory 
for o rd ina ry  Newtonian fluids are  val id  for the en t i re  
ine r t i a l  in te rva l  of pulsat ion scale  s izes  X > 1 and 
for scale s izes  1 approximately  equal to the inner  
scale  (X ~ l) .  Thus, if U is the max imum value of 
the veloci ty at the center  of the pipe, and L is the 
d iamete r  of the pipe, then the energy diss ipated per  
uni t  t ime  per  unit  mass  is defined as 

U s 
- - - ,  (2) 

L 

and the inner  sca le  1 and the cor responding  pulsat ion 
veloci ty  v I for  this scale are  

L 
l ~ ,  (3) 

U 
~Jl ~ ~ 1 / 4 '  (4) 

where  R = UL/v  is  the Reynolds number  of the ma in  
flow [6]. 

In the case of a Newtonian fluid, the cor responding  
ve loc i t ies  v X for  pulsat ions  of scale  s izes  l e s s  than 
the inner  scMe I may  be r e p r e se n t e d  in the fo rm 
of an expansion in powers of ~t, where it  is  suff icient  
t o  confine ourse lves  to the f i r s t  t e r m  in the f i r s t  
approximat ion [6]: 

vz = ai~, al = const. (5) 

The order  of magnitude of the expansion coefficient al  
is found f rom (3)-(4),  s ince v x = v 1 for X = 1 : 

U R~/2 
a~ ~ T -  (6) 
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In the case of a v i scoplas t ic  fluid with smal l  r0, the 
expansion in powers of ~ in the express ion  for v X 
(5) should contain a z e r o - o r d e r  t e r m  a0, which is 
a function of the p las t ic i ty  pa r ame te r  To: 

v~=ao+at~ . ,  ao, a~=consL (7) 

As I decreases ,  the veloci ty  decreases ,  and beg in-  
ning f rom some scale size s, pulsat ions  with scale 
s izes ~ < s will be suppressed  due to the plas t ic  
p r o p e r t i e s  of the medium.  The scale  size s of the 
sma l l e s t  p e r m i s s i b l e  pulsat ions  may  be de te rmined  
f rom (7) and the condition v s = 0: 

S=- a0. (8) 
al 

On the assumption which has been made, the plastic 
properties of the fluid exert a negligible effect on the 
velocity pulsations for scale sizes I ~ l, in view of 
the smallness of %. Thus, 

la0] << all (9) 

or, from (8), 

s << I. (i0) 

We stress that the strong inequality (i0), a result of 
the fact that the medium has only weakly plastic prop- 
erties, is at the same time the condition for retaining 
the results of turbulence theory for Newtonian fluids 
in the inertial interval of scale sizes I > I and for 
I ~ I. Consequently, expression (6) may be retained 
for determining the coefficient a I. Together with this, 
the relation (1) may be applied to pulsations of scale 
size l ,  to give 

vt 

t 

where r l is the shear  

Tl-- ~~ (ii) 

s t r e s s  in pulsat ions  of scale  
size l o Comparing (11) and (7), for  k = l we may wri te  
down an express ion  for the coefficient a0 in the form 

a0m To l. (12) 
n 

As is to be expected, 
(6) and (12) in (8), we 
for  s: 

a 0, s ~ 0 for ~'0 "~ 0. Inser t ing  
have the following express ion  

s ~ ~o t L 
~l UR./2 : IkR '/~, (13) 

where k ~- r0/pU 2 is a d imens ion less  c r i t e r i on  of the 
plas t ic  p roper t i es  of the medium. It follows f rom 
(10) and (13) that kR 1/2 << 1. 

Relat ions (5) and (6) may- be obtained in the case of 
a Newtonian fluid, if we d i rec t ly  equate express ion  
(2) to the quanti ty 

which de te rmines  the energy e d iss ipa ted  through the 
veloci ty  gradient  of one of the pulsat ions  of scale s ize  

< 1 in which the diss ipat ion actual ly  occurs  [6]. 

In the case of a v iscoplas t ic  fluid with vanish ingly  
smal l  r0, the definition (14) may be re ta ined  only for 
those values  of k ~ l ,  for whichthe p resence  of plas t ic  
p rope r t i e s  is unimportant .  Thus, set t ing vk = a 0 + alX 
in (14) and k = l ,  and neglect ing smal l  s econd-0 rde r  
quant i t ies ,  we obtain 

Final ly ,  de te rmin ing  the turbMent  v i scos i ty  v T f rom 
the express ion  

U S 
e ~ v t - -  ~ (16) 

and equating (15) and (16), while taking (6) and (12) into 
account,  we obtain 

~;t ~ ~; [R - -  2kP$/2 ]. (17) 

Thus, on increasing the plasticity criterion k, the 
effective turbulent viscosity may d e c r e a s e .  It should, 
however, be remembered that this proof refers only 
to viscoplastic media with vanishingly small TO, for 
which kR 1/z << 1. 

NOTATION 

a0 and al are pulsation-velocity expansion coeffi- 
cients; %~, v l, and v s are pulsation velocities; T and 
T l are shear stresses; ~'0 is the limiting shear stress; 
T is the rate of shear deformation; I is the inner scale 
size of the turbulence; s is the scale size of the min- 
imum permissible pulsations; L is the diameter of the 
pipe; U is the velocity at the center of the pipe; v is 
the kinematic viscosity coefficient; v t is the turbulent 
viscosity coefficient; R is the Reynolds number for the 
main flow; k is the dimensionless plasticity criterion; 

e is the dissipated-energ~ density. 
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