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Relations which contain no new empirical turbulence constants are 
proposed for calculation of the resistance coefficient and the Nusselt 
number in turbulent flow of structurally viscous fluids. 

The h y d r o d y n a m i c s  and hea t  t r a n s f e r  of t u rbu len t  
f lows of non-Newton ian  f lu ids  in e i r c u l a r  p ipes  w e r e  
d i s c u s s e d  in [1, 2]. T h e r e  the au thors ,  us ing  a t h e o -  
log ica l  p o w e r  equat ion and m a k i n g  a n u m b e r  of a s s u m p -  
t ions,  p r o p o s e d  f o r m u l a s  fo r  the ve loc i ty  d i s t r i b u t i o n s  
and the r e s i s t a n c e  coef f i c ien t s  which con ta ined  new 
e m p i r i c a l  cons tan t s  d e t e r m i n e d  f rom e x p e r i m e n t s  on 
t h e  flow of non-Newronian l iquids  and depending  on the 
" d e g r e e  of n o n - N e w t o n i a n - n e s s "  (the exponent  in the 
t h e o l o g i c a l  power  equat ion) .  

F o r  the  s t r u c t u r a l l y  v i scous  l iqu ids  examined  in 
t h e s e  r e f e r e n c e s ,  however ,  whe re  the r h e o l o g i c a l p r o p -  
e r t i e s  of the l iqu ids  depend only on the  t h e r m o d y n a m i c  
s t a t e  p a r a m e t e r s  and the t angen t i a l  s h e a r  s t r e s s ,  i t  i s  
not n e c e s s a r y  to in t roduce  any new e m p i r i c a l  t u rbu l ence  
cons t an t s .  It is  suf f ic ien t  to p r o c e e d  f rom the fol lowing 
two wel l -known facts :  

1) The th i ckness  of the v i scous  s u b l a y e r  is s m a l l  
c o m p a r e d  with the pipe d i a m e t e r ,  and the s h e a r  s t r e s s  
in it, and t h e r e f o r e  the f luidi ty ,  a r e  p r a c t i c a l l y  equal  
to t h e i r  values  at  the wal l ,  Tw and go w. 

2) In the tu rbu len t  c o r e  of the s t r e a m ,  the Reynolds  
s t r e s s e s  do not depend on the m o l e c u l a r  v i scos i ty ,  
i . e . ,  (when # > 0) the tu rbu len t  s h e a r  s t r e s s e s  a r e  
s e l f - s i m i l a r  r e l a t i v e  to the dependence  ~0(r). 

F u r t h e r ,  s ince  in the reg ion  y < Yl ,  r ~ T w and 
gO ~ const ,  the c r i t e r i o n  d e s c r i b i n g  the s t a b i l i t y  of the 
v i scous  s u b l a y e r  of Newtonian l iquids  [3] a l s o  holds  
fo r  s t r u c t u r a l l y  v i scous  l iquids ,  i . e . ,  

(o*y/~)l = o*y loll}w= const, 

whe re  Yi is the t h i cknes s  of the v i scous  s u b l a y e r ,  p is  
the dens i t y  of the l iquid ,  and (Pw is  t h e f l u i d i t y f o r  s h e a r  
s t r e s s  r w at  the wal l .  

Velocity distribution and resistance coefficient. 
F r o m  the above  i t  fo l lows that  the ve loc i ty  d i s t r i b u t i o n  
in a tu rbu len t  s t r e a m  of a s t r u c t u r a l l y  v i scous  l iquid,  
e x p r e s s e d  in d i m e n s i o n l e s s  c o o r d i n a t e s ,  wi l l  co inc ide  
with the u n i v e r s a l  ve loc i ty  p ro f i l e  of Newtonian l iquids ,  
if the d i m e n s i o n l e s s  c o o r d i n a t e  is  def ined with r e s p e c t  
to the f lu id i ty  a t  the wal l :  

w/v*='qw fo r  0~71w~6,  

w/v* = - -  3.05 + 5 In rlw fo r  6 ~ rlw.~ 30, 

w/v* ~ 5.5 + 2.5 In rlw f o r  Vlw> 30, (1) 

w h e r e  

~w=v*yp~w. (2) 
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Fig .  1. Dependence  of r e s i s t a n c e  coe f f i c i en t  ~ on 
Re0 with fl = 0 (1), 10 2 (2), 10 3 (3), 10 9 (4), and10  5 (5). 

S i m i l a r l y ,  the r e s i s t a n c e  coef f i c ien t  in a tu rbu len t  
flow, ~, m a y  be d e t e r m i n e d  f rom the f o r m u l a s  fo r  
Newtonian l iquids ,  w h e r e  the wa l l  value of the  v i s c o s i t y  
of the l iquid  e n t e r s  into the Re numbe r .  

I t  is  inconvenient ,  however ,  to u se  the r e l a t i o n  fo r  
the r e s i s t a n c e  coe f f i c i en t  in the fo rm ~ (Rew), s ince  
f o r  g iven  va lues  of the  mean  v e l o c i t y  W and p ipe  d i a m -  
e t e r  D, we r e q u i r e  an i n t e r a t i on  me thod  to d e t e r m i n e  
the quant i ty  ~.  (By a s s i g n i n g  f i r s t  the value  of TW, we 
d e t e r m i n e  go w and Rew, and then, having  d e t e r m i n e d  
~, we re f ine  the value of r w = (~ /8)  pw -2, etc.) F o r  
s t r u c t u r a l l y  v i scous  l iquids  with a l i n e a r  law of f lu id i ty  
[4] 

~ ( 3 )  

w h e r e  ~o 0 is  the f lu id i ty  at  Tw = 0; | i s  the coe f f i c i en t  
of s t r u c t u r a l  s t a b i l i t y  of the l iquid.  

In th is  c a s e  it is  convenien t  to in t roduce  the fo l -  
lowing d i m e n s i o n l e s s  p a r a m e t e r s :  

Re0 = v*D Pr (4) 

_ 2  

l~ = - -  o w .  (5) 
~o 

Subs t i tu t ing  the quant i ty  

( y~ I~) (6) Rew= Reo k 1 + 

in the f o r m u l a  fo r  d e t e r m i n i n g  the r e s i s t a n c e  coe f f i -  
c i en t  of Newtonian l iquids  [5], we obta in  

1 = 0 . 8 8 1 n [ R e 0 1 f ~ ( l + _ _ ~ ) ] _ 0 . 9 .  (7) 
V:-- 
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The dependence ~ (Re0, f l ) f o r  turbulent  flow is shown 
in Fig.  1. With ,8 > 100 formula  (7) m a y  be approx i -  
mated  by the express ion  

= ~0--0.11 Reo~ a(ln ~ - -2 ) ,  (8) 

where  ~0 is the r e s i s t ance  coeff icient  as de t e rmined  by 
the fo rmulas  fo r  Newtonian l iquids:  

~o =0.316 Reo~ for  l@.(..Reo~ 105 

and 

~-o ~ 0.0032 + 0.221/Re ~ for  Re 0 > 10 ~. 

/0 

/ 

I0 log I000 ~ r 

Fig. 2. Velocity distr ibution:  a) un iversa l  
veloci ty profi le;  b) exper imenta l  data of 
Clapp [2]; 1) w/v*  = 5.5 + 2.5 In r/w; 2) 

w / v *  = -3 .05  + 5 In rl w. 

It should be borne  in mind that the number  Re0.er  , 
co r r e spond ing  to t rans i t ion  f rom the l amina r  to the 
turbulent  regime,  will depend on the quant i ty /3 .  

Heat t r ans fe r .  In calcula t ing the  heat  t r a n s f e r  coef -  
ficient fo r  liquids with s t ruc tu ra l  viscosi ty,  we m a y  
use  the usual  fo rmulas  for  Newtonian liquids, inser t ing  
in them the values of the Reynolds and Prandt l  number s  
computed f rom the v iscos i ty  at the wall. However,  in 
the ma jo r i ty  of cases ,  the Prandt l  numbers  a r e  la rge  
(Pr  > 100) fo r  s t ruc tu ra l ly  viscous liquids, and the 
ent i re  t h e r m a l  r e s i s t ance  i s  p rac t i ca l ly  concen t ra ted  
inside the viscous sublayer .  In this case,  to de te rmine  
the d imens ion less  heat t r a n s f e r  coefficient,  under  the 
assumpt ion  that the liquid p rope r t i e s  a r e  independent 
of t empera tu re ,  we m a y  use the approx imate  fo rmula  
of [5]: 

i 

�9 1 + Prw~/l~ w ' (9) 

where  ~1 = 1 - y /R  is the d imens ion less  boundary  of 
the viscous sub layer ;  p T is the turbulent  v iscosi ty ;  
P r  w and #w a r e  the Prandt l  number  and the v i scos i ty  
of the liquid at the pipe wall.  When P r  --- co this f o r -  
mula  m a y  be t r a n s f o r m e d  to the fo rm 

Nu =0.03b Re~ ~i/ '~-~ 4 = 

\ 3 / 4  
: o.03a ReoPr01/41/~ (1 q- -~- ~) , (10) 

where  Re0 and Pro a r e  de te rmined  f r o m  the z e r o  f luid-  
ity q~0, and the r e s i s t ance  coeff icient  I - - f r o m  (7). 

Compar i son  with exper imenta l  data,  It should be 
noted that the m a j o r i t y  of authors ,  us ing the rheo-  
logical  power  equation 

( d a l n  ( 1 1 )  
" ~ = k L d y  ] , 

reduce  the exper imenta l  data in the fo rm ~ = f l (Re ' )  
and w / v *  = f2(y+), where  

/ [ ( 1 2 )  R e ' =  ~v pD n k ~ /  , 

y +  = v * ~ - n  p y " / k .  (13) 

Compar i son  of (7) and (10) with the data avai lable in 
the l i t e ra tu re  is t he re fo re  difficult.  

However,  we can show that ~w and y+ a r e  connected 
by the re la t ion  

~ l w  = ( y + ) ' / "  (qDw/(pwa)Un, (14) 

where  q)aw ls the apparen t  fluidity (~0 a = 8w/D r w for  
l amina r  flow in a c i r c u l a r  pipe). F o r  s t r uc tu r a l l y  
viscous liquids with a l inear  fluidity law, the relat ion 
between the t rue  and the apparent  fluidity is de t e r -  
mined  by the s imple  express ion  [4] 

qo~q~a( l+  O X w ) / ( l + l . 2 5  0 % -  --?o ~w)" (15) 

The exper imenta l  data of Clapp [2] on veloci ty d is -  
tr ibution,  conver ted  using (14) and (15), a re  shown in 
Fig.  2. The a g r e e m e n t  between these data and the 
un ive r sa l  prof i le  m a y  be cons idered  good. The a g r e e -  
ment  in p rac t i ce  of veloci ty prof i les  in the turbulent  
co re  of a s t r e a m  for  Newtonian and s t ruc tu r a l l y  vis-  
cous liquids in the coord ina tes  w/w = f ( y I R )  [7] a lso  
conf i rms  the c o r r e c t n e s s  of re la t ions  (1) and (2). 

There  a r e  few exper imenta l  data on heat  t r a n s f e r  
in turbulent  flows of non-Newtonian liquids. We know 
of only Clapp ' s  tes ts  [2] of heat  t r a n s f e r  with carbopol  
solutions of two different  concent ra t ions  in a c o m p a r a -  
t ive ly  smal l  range of var ia t ion of the p a r a m e t e r s  (5. 
�9 103 - Re w <- 2.7.104 and 80 -< P r  w -< 104). These  data 
a r e  in s a t i s f ac to ry  ag reemen t  with calculat ions  aco rd -  
ing to (10). 

It should be noted that in a number  of tes ts  we 
obse rved  anomalous ly  low values of the r e s i s t ance  
coeff ic ient  in a turbulent  flow of water  with smal l  
additions of soluble h igh -molecu la r  compounds [1, 7, 8]. 
The causes  of this phenomenon a re  not known at p r e s -  
ent. The hypothesis  has  been expres sed  that  it may  be 
connected  with the fo rmat ion  in these  solutions of a 
supra  m o l e c u l a r  s t ruc tu re  [9] or  with the influence of 
e las t ic  p rope r t i e s  of the liquid [7]. Of course ,  these 
solutions cannot be re la ted  to the type of liquids with 
s t ruc tu r a l  v iscosi ty .  

'NOTATION 

T--shear stresses; ~-fluidity of liquid; y-distance from surface; 
v*-dynamic viscosity; v-kinematic viscosity; p-density; w-flow 
velocity of liquid; ~--mean mass flow velocity; ~-dimemionless 
coordinate; C-resistance coefficient; R--pipe radius; D--pipe diameter; 
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(~--coefficient of structural stability of liquid; 13-dimensionless param- 
eter; g = 1 - y/R-dimensionless coordinate; /IT-tUrbulent viscosity. 
Subscripts: O--at T w = O; 1--at edge of viscous sublayer; w-at  tube 
wall. 
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