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FLUID FRICTION OF A POLYMER SOLUTION FLOWING 

IN A LARGE-DIAMETER PIPE 

Yu. F. Ivanyuta and L. A. Chekalova UDC 532.135 

Expe r imen ta l  data a r e  given f r o m  compara t ive  t e s t s  to de te rmine  the fluid f r ic t ion  in flows of a 
Polyox solution with a concentra t ion c = 7" 10 -6 g /e ra  3 in pipes having d i a m e t e r s  d = 35.5 m m  and 
d = 514 mm.  

I t  1. The d i scovery  of drag  reduct ion effected in turbulent  flows of water  n e a r  a r igid wall  by the addi- 
tion of smal l  quant i t ies  of h igh -molecu la r -we igh t  compounds (polymers)  to the flow has in the las t  few y e a r s  
mot iva ted  extensive r e s e a r c h  a imed at explaining this  phenomenon and devising p rac t i ca l  methods  for  p r ed i c t -  
ing the at ta inable net effect. One of the poss ib le  techniques for  calculat ing the net effect  of drag  reduction in 
pipe flows of p o l y m e r  solutions has been p roposed  by the authors  [1]. The method is  based on un iversa l  
g raphs  of the inves t iga ted  influence of p o l y m e r  addit ives as a function of the type of po lymer ,  flow veloci ty  
in the pipe,  and concentra t ion of the solution [1, 2]. However ,  all  the exper imenta l  m a t e r i a l  used for  analysis  
and plot ted in the f o r m  of un ive r sa l  g raphs  r e f e r s  to flows in pipes whose d i a m e t e r s  do not exceed 35 m m  and 
the flow veloci ty  is such that the range  of Reynolds number s  is  7.103 to 3.105 . The published data on the 
influence of p o l y m e r  addit ives in a flow on the fr ic t ion in pipes  have also been obtained in the same range of 
pipe d i a m e t e r s  (d < 50 ram) and Reynolds number s  (Re < 5.105) and co r r e spond  quali tat ively to the resu l t s  of 
our  e a r l i e r  genera l iza t ion  [1, 2]. 

Thus,  all the ci ted expe r imen t s  have been conducted under  conditions of a l imi ted range of Reynolds 
number s  in compara t i ve ly  s m a l l - d i a m e t e r  pipes.  The diff icult ies  inherent  in the exper imen ta l  invest igat ion of 
the c h a r a c t e r i s t i c s  of turbulent  flow of po l ymer  solutions in pipes of l a rge  d i ame te r  s tem p r i m a r i l y  f rom the 

, b o f i 

0'0089 8 I0 s 2 4, 6 fos 2 4 Re 

Fig. 1. Coefficient  of fluid fr ic t ion v e r s u s  Reynolds number  Re 
for  flow of wa te r  and a Polyox solution with concentra t ion c = 
7 . 1 0  -6 g /cm 3 in pipes with d i a m e t e r s  d = 35.5 m m  (a) and d = 
514 m m  (b). 1) Water ;  2) Polyox solution; 3) Galav ics '  t es t s  
with wa te r  [4]: I) 1/'~-k'= 2 log Re'h---0.8.  
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Fig.  2. Coef f ic ien t  of f luid f r i c t i on  A v e r s u s  
Reynolds  n u m b e r  Re for  f lows of Polyox  so lu t ions  
at d i f f e ren t  c o n c e n t r a t i o n s  in a pipe of d i a m e t e r  
d = 3 5 . 5 m m ,  a: 1) c = 5 . 1 0  - 6 g / c m 3 ; 2 )  10-5; 3) 
2 . 1 0  -5 . b: c = 2" 10 -5 g /cm3:  1) f r e s h  so lu t ion;  2) 
so lu t ion  a f t e r  one run ;  3) a f t e r  two r u n s ;  4) a f te r  
t h r ee  runs .  

need  to p r e p a r e  a l a rge  quant i ty  of the so lu t ion  (as m u c h  as s e v e r a l  t housand  tons) .  Th i s  fact  accounts  for  
the pub l i ca t ion  of only one "known pape r  [3], in  which a flow of a p o l y a c r y l  amide  (Separan  AP-30)  so lu t ion  with 
a c o n c e n t r a t i o n  c = 5 . 1 0  -5 g / c m  3 in a pipe with d i a m e t e r  d = 254 m m  at Reynolds  n u m b e r s  Re = 7 .104 to 
7.105 is  inves t iga ted .  

The r e s u l t s  of th i s  i nves t i ga t i on  can only be viewed as qua l i t a t ive ;  they show that  a c o n s i d e r a b l e  drag 
r educ t ion  is  to be expected  (40~ in the e x p e r i m e n t a l  data) in l a r g e - d i a m e t e r  p ipes  at l a rge  Reynolds  n u m b e r s .  
The inves t iga t ion ,  however ,  does not  suppor t  any conc lus ion  as  to whether  th is  r educ t ion  is  l e s s  than or  g r e a t e r  
than  the r educ t ion  in flows of the s a m e  so lu t ions  in  s m a l l e r - d i a m e t e r  pipes .  

The ob jec t ive  of the p r e s e n t  e x p e r i m e n t s  was to c o m p a r e  d i r e c t l y  the effects  of p o l y m e r  addi t ives  in 
flows in l a r g e -  and s m a l l - d i a m e t e r  p ipes ,  as wel l  as  to a s s e s s  the pos s i b i l i t y  of p red i c t i ng  the magn i tude  of 
those  effects  for  l a rge  Reyno lds  n u m b e r s .  

w 2. Al l  the e x p e r i m e n t s  were  conduc ted  on two d i f fe ren t  a r r a n g e m e n t s .  The s m a l l - d i a m e t e r  pipe (d = 
35.5 ram) was connec t ed  into a s t a n d a r d  c l o s e d - c y c l e  wa te r  t unne l  s y s t e m  with a capac i ty  of ~ 500 l i t e r s  [1]. 
The l a r g e - d i a m e t e r  pipe (d = 514 mm)  was i n s t a l l e d  in  a wa te r  t unne l  with o p e n - c y c l e  opera t ion .  A pump 
suppl ied  wa te r  f rom an open tank  in to  the pipe with d = 514 m m ,  which had a to ta l  l eng th  of 40 m. The vo lume  
of the tank,  i nc lud ing  the bypass ,  was  ,~ 5000 tons .  The s t r a igh t  pipe sec t ion  con ta in ing  the m e a s u r e m e n t  p a r t  
had a length  of 25 m. 

Data  f r o m  m e a s u r e m e n t s  of the f luid f r i c t i on  a s s o c i a t e d  with wa te r  f lowing in  the c l o s e d - c y c l e  hydrau l i c  
appa ra tu s  a r e  g iven  in  Fig. 1, where  they ev ince  a ful ly developed t u r b u l e n t  flow r e g i m e  in the hyd r au l i c a l l y  
smooth  pipe in the r ange  of Reyno lds  n u m b e r s  Re = 104 to 2" 105. 

The f luid f r i c t i on  of wa te r  in  the pipe with d = 514 m m  was m e a s u r e d  in  the r ange  of Reynolds  n u m b e r s  
Re = 1.8 �9 106 to 5 .2 .106 (Fig. 1). These  data  a re  in  good a g r e e m e n t  with the c o r r e s p o n d i n g  m e a s u r e m e n t  
r e s u l t s  ob ta ined  by G a l a v i c s  [4] for  wa te r  f lowing in  a t e c hn i c a l l y  smooth  pipe with a r o u g h n e s s  height  R / k  s = 
1300. 

For the experiments we used Polyox WSR-301 (polyethylene oxide), from which a solution having a single 
concentration was prepared. Polyox powder (40 kg) was dispersed uniformly over the surface of the open part 
of the tank. Due to the large surface area of the tank it was possible to disperse the powder uniformly without 
lumping. As soon as the solution was prepared a small pump was immediately turned on, pumping the solu- 
tion from the open part of the tank into the bypass channel to promote vigorous mixing. 

1 0 7 5  



~ ! I i i o 1 ~ r  / ~ I 

! : I o - - L  a N ~ 

2 0  ' i ' " I .  �9 
2 ~ "  ~ ' i ~  

I ' i ! I 

/03 4 6 W' 2 3 4 6 s o 2 3 * 6 c/co 

Fig.  3. Maximum f r i c t iona l  d rag  reduct ion  S = (r w -  
Tp) / r  w v e r s u s  r e l a t i v e  concent ra t ion  c / c  0 of p o l y m e r  
solut ion at t e m p e r a t u r e  t = 10 to 20~ 1) Polyox,  c = 
2 . 7 . 1 0  -6 g / c m  ~ [1]; 2) Polyox,  c = 7 .7 .10  -6 g/cm3; 3) 
p o l y a c r y l  amide ,  c = 2 . 7 . 1 0  -5 [1]; 4) gua r  gum, c = 
6 .7 .10  -a g / c m  3 [1]; 5) gua r  gum, c = 6.7" 10 -4 g / c m  3 [5]; 
6) Polyox,  c = 2.  I0-5 g l c m  3. 

Two hours  a f t e r  the ins tant  of p r e p a r a t i o n  the f luid f r ic t ion  of the solution was d e t e r m i n e d  as  a function 
of i t s  flow ve loc i ty  in the l a r g e - d i a m e t e r  pipe. The m e a s u r e m e n t  data  a r e p l o t t e d  in d imens ion l e s s  form as  X 
v e r s u s  Re in Fig .  1. The expe r imen t  was r e p e a t e d  t h r e e  t i m e s  and y ie lded  iden t ica l  r e su l t s .  During each 
expe r imen t  the p r e p a r e d  solut ion p a s s e d  only once through the pump and e x p e r i m e n t a l  pipe due to the l a rge  
volume of the tank in which the solution was p r e p a r e d  and due to the b rev i ty  of the m e a s u r e m e n t  per iods .  

Concur ren t ly  with the t e s t ed  flows of Polyox solut ion in the l a r g e - d i a m e t e r  pipe (d = 514 ram) we t e s t ed  
the same  solut ion in the s m a l l  wa te r - t tmne l  sys t em with a working sect ion of d i a m e t e r  d = 35.5 ram. The 
r e q u i r e d  quanti ty of the solut ion (~ 500 l i t e r s )  was drawn f rom the open tank and t r a n s f e r r e d  into the t es t  s e c -  
t ion without the use of a pump. The r e s u l t s  obtained for  th is  solution flowing in the pipe with d i a m e t e r  d = 
35.5 mm a re  a lso  given in Fig .  1. Since the Polyox solut ion was t e s t ed  s imul taneous ly  in pipe~ with d i a m e t e r s  
d = 514 m m  and d = 35.5 mm,  i t s  qual i ty  may  be p r e s u m e d  uniform. 

A c o m p a r i s o n  of the r e s u l t s  of the t e s t s  shows that  the e f fec t iveness  (p roper ty  of reducing f r i c t iona l  
drag) of the same  Polyox  solut ion flowing in p ipes  of d i f ferent  d i a m e t e r s  is  iden t ica l  (S O = 20%). 

It may  t h e r e f o r e  be concluded on the bas i s  of the given m e a s u r e m e n t s  that  the max imum drag reduct ion 

in p ipes  i s  de t e rmined  so le ly  by the p a r t i c u l a r  concent ra t ion  of the p o l y m e r  solution and i s  independent of the 
pipe d i ame te r .  

APPENDIX 

D e t e r m i n a t i o n  o f  t h e  S o l u t i o n  C o n c e n t r a t i o n  

F o r  p r e p a r a t i o n  of the po lymer  solution 40 kg of powdered  Polyox were  d i s p e r s e d  over  the sur face  in the 
open pa r t  of the tank. However ,  some of the powder found i t s  way into stagnant  reg ions  of the tank (in the 
c o r n e r s  of the open tank and p a r t i a l l y  in the bypass  channel),  and some of the powder  se t t l ed  to the bottom. 
Consequently,  not a l l  of the powder  became mixed  and involved in the exper imen t s .  It was t h e r e f o r e  difficult  
to de t e rmine  the t rue  concen t ra t ion  of the p r e p a r e d  solution. F o r  a m o r e  p r e c i s e  de te rmina t ion  of the solut ion 
concen t ra t ion  and i ts  qual i ty  we conducted a p r e l i m i n a r y  study. 

P o l y m e r s ,  as  we know [1, 2], can be c h a r a c t e r i z e d  by two p a r a m e t e r s :  1) the t h r e sho ld  value ~ .  of the 
tangent ia l  f r i c t i ona l  s t r e s s ;  2) the c h a r a c t e r i s t i c  concen t ra t ion  c o of a solut ion of the given type of p o l y m e r  for  
max imum drag  reduct ion in the flow, S O = 60%. The f i r s t  of these  p a r a m e t e r s  c h a r a c t e r i z e s  the condit ion for  
ex i s tence  of the effect  when ~- > r . ,  and the second the spec i f ic  e f fec t iveness  of the p o l y m e r  f rom the s tand-  
point  of d rag  reduct ion.  The va lues  of these  p a r a m e t e r s  a r e  affected not only by the type of po lymer ,  but a l so  
by the condi t ions  under  which tim solut ion is  p r epa red .  It i s  well  known that  the e f fec t iveness  of solut ions of 
the same  concent ra t ion  depends on the  solution t e m p e r a t u r e ,  the t ime  to p r e p a r e  i t ,  the magni tude of the acting 
shea r  s t r e s s e s  at the t ime  of solut ion p r epa ra t i on ,  the ac t ive  dura t ion of those  s t r e s s e s ,  etc. It i s  noted that 
in a l l  e a s e s ,  except  the influence of t e m p e r a t u r e ,  s imul taneous  va r ia t ion  of both p a r a m e t e r s  is  observed.  

I t  was a s s u m e d  in the p r e s e n t  study that  for  one type of p o l y m e r  at a cons tant  solut ion t e m p e r a t u r e  i t  
should be p o s s i b l e  to find a r e l a t ionsh ip  between the va r i a t i ons  of the two p a r a m e t e r s ;  accord ing ly ,  we 
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Fig .  4. T h r e s h o l d f r i c t i o n a l s t r e s s  
T, ,  d y n / c m  2, v e r s u s  c o n c e n t r a t i o n  
Co, g / c m  3, t ~ 10~ 

conduc t ed  a s e r i e s  of t e s t s  in the  c l o s e d - c y c l e  w a t e r  tunne l  s y s t e m  with a work ing  s e c t i o n  of d i a m e t e r  d = 
35.5 r am,  us ing  P o l y o x  so lu t i ons  f r o m  the  s a m e  ba t ch  as  tha t  f r o m  which  the  40 kg w e r e  t a k e n  fo r  p r e p a r a -  
t ion  of the  p o l y m e r  so lu t ion  in the  m a i n  e x p e r i m e n t .  The  s o l u t i o n s  w e r e  p r e p a r e d  in c o n c e n t r a t i o n s  of 5 . 1 0  -6, 
10 -5, and 2 o 10 -5 g/Cm3o The  m e a s u r e d  v a l u e s  of the  f lu id  f r i c t i o n  of the  so lu t i ons  a s  a funct ion  of t h e i r  f low v e l o c -  
i ty  in the pipe with diameter d = 35.5 mm are given in dimensionless plots of J~ versus Re in Fig. 2a, b. The 
solution with a concentration of 2. i0 -5 g/cm 3 was tested repeatedly, providing a basis for estimation of the 

decrease in its effectiveness from one run to another (Fig. 2b). The temperature of the solutions fluctuated 
only slightly (7 to 12~ corresponding to the temperature of the main experiment. 

The results of the foregoing measurements were used to determine the initial threshold Reynolds num- 

bers, the corresponding threshold tangential frictional stresses T* at the wall, and the maximum drag reduc- 

tion S o attained in each specific case. The drag reduction S o corresponds to the parameter c o characterizing 

the effectiveness of the given solution as determined from Fig. 3, which is taken in part from our earlier work 
[1]. 

F o r  e x a m p l e ,  in the  c a s e  of a P o l y o x  so lu t ion  wi th  c = 2 . 1 0  -5 g / c m  3 (Fig.  2) we ob ta in  a s  a r e s u l t  of a 
s e c o n d  run  in  the  p ipe  wi th  d i a m e t e r  d = 35.5 ram:  

Reth r = 4.5.10~; v t ~ =  1.72 m/see; ~thr := 0.022; 

S o = 41%; c / c  0 = 0.3 (on the  b a s i s  of the  d e p e n d e n c e  g iven  in F ig .  3). 

F o r  t h e s e  cond i t i ons  the  va lue  of the  f i r s t  p a r a m e t e r  T ,  ( t h r e s h o l d  f r i c t i o n a l  s t r e s s )  i s  

~ , _  ~t~r8__ p v ~  - -  81 dyn/cm 2 

and the  va lue  of  the  s e c o n d  p a r a m e t e r  c o ( c h a r a c t e r i s t i c  c o n c e n t r a t i o n  of solut ion)  i s  

c o = c / ( c / c o ) s ~  : 2.10 -5 ~]cmS/0.3 = 6.7.10 -5 g/era s. 

The  da t a  ob t a ined  and p r o c e s s e d  a s  i n d i c a t e d  f o r  p ipe  f lows  of P o l y o x  s o l u t i o n s  y i e l d  a s i m p l e  r e l a t i o n -  
sh ip  be tween  the  two p a r a m e t e r s  (F ig .  4). Consequen t ly ,  fo r  one g iven  type  of p o l y m e r  i t  i s  p o s s i b l e  to  
e s t i m a t e  the  e f f e c t i v e n e s s  of tha t  so lu t i on  even in the  even t  of i t s  d e g r a d a t i o n .  

The  c u r v e s  g iven  in  F i g s .  3 and 4 a l so  p e r m i t  us  to  d e t e r m i n e  the  c o n c e n t r a t i o n  of the  so lu t i on  when the 
t a n g e n t i a l  f r i c t i o n a l  s t r e s s  T ,  a t  the  wa l l  and the  m a x i m u m  d r a g  r e d u c t i o n  S o at  the  wal l  a r e  known, a s  in 
e x p e r i m e n t s  wi th  P o l y o x  s o l u t i o n s  f lowing in s m a l l -  and  l a r g e - d i a m e t e r  p ipes .  F o r  e x a m p l e ,  the  t h r e s h o l d  
t a n g e n t i a l  f r i c t i o n a l  s t r e s s  at  the  wa l l  in t h e s e  e x p e r i m e n t s  was  (Fig.  1) T ,  = 130 d y n / c m  2. 

F o r  t h i s  va lue  of the  f i r s t  p a r a m e t e r ,  a c c o r d i n g  to  the  c u r v e  in F ig .  4, i t  i s  p o s s i b l e  to  d e t e r m i n e  the  
va lue  of the  s e c o n d  p a r a m e t e r :  c o = 10 -4 g / c m  3. 

We use  the  c u r v e  of F ig .  3 to f ind  the  d i m e n s i o n l e s s  so lu t i on  c o n c e n t r a t i o n  c o r r e s p o n d i n g  to  a va lue  of 
the  d r a g  r e d u c t i o n  S O = 20%, n a m e l y  c /c  0 = 0.07. 
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Consequen t ly ,  the t rue  value of the concentra t ion of the Polyox solution in the main  exper iments ,  based  
on our de te rmina t ion  of the effect ive drag  reduction in flow of the solution in pipes of different  d i ame te r s ,  is 

: c = co(c/Co)s~ % = 10-4.0.07 = 7-I0 -e g/crn3~ 

This  r e su l t  does not confl ict  with the expected  concentra t ion of the Polyox solution (c < 8- 10 -s g /e ra  3) when the 
inevitable m a t e r i a l  l o s ses  a s soc ia t ed  with the pa r t i cu l a r  technique for  p repa ra t ion  of the solution a re  taken 
into account. 

NOTATION 

d, pipe d iamete r ;  t, flow t e m p e r a t u r e ;  c, weight concentra t ion of po lymer  solution; v, k inemat ic  v i s -  
cos i ty  of water ;  Vp, k inemat ic  v i scos i ty  of p o l y m e r  solution; ~? = ~p/~, re la t ive  v i scos i ty  of p o l y m e r  solution; 
p,  densi ty of water ;  TW, Tp, tangent ia l  f r ic t ional  s t r e s s e s  at the wall in pipe flows of water  and po lymer  solu-  
tion, r e spec t ive ly ;  T*, th resho ld  tangential  f r ic t ional  s t r e s s  at the wall; vS, ave rage  veloci ty  in t e r m s  of m a s s  
flow of liquid in the pipe; hw, hp,  coeff ic ients  of fluid f r ic t ion in pipe flows of wa te r  and po lymer  solution, 
respec t ive ly ;  Re, Reynolds number ;  co, weight concentra t ion of po lymer  solution a r t ,  ~ for  60% d rag  reduction; 
S = f fw--Tp) / rw,  d rag  reduction at v S = const  for  flow of po lymer  solution; So, m a x i m u m  drag  reduction for  
flow of a p o l y m e r  solution of concentra t ion c; co, c h a r a c t e r i s t i c  concentra t ion of po lymer  solution for  m a x i -  
m u m  drag  reduct ion S O = 60%. 
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PERISTALTIC FLOW OF A NON-NEWTONIAN 

VISCOPLASTIC LIQUID IN A SLOT CHANNEL 

V. I. Vishnyakov, K. B. Parley, 
and A. S. Romanov 

UDC 532.54:532.135 

The "na r row-band"  asympto t ic  method [5] has been used to cons ider  the pe r i s t a l t i c  flow of a v i sco-  
p las t ic  medium in a slot  channel. It  is  found that the mode of flow differs  substant ia l ly  f rom that 
in a channel with r igid walls  when the axial  p r e s s u r e  gradient  is  small .  

Cons iderable  at tention has  recent ly  been given to the flow of liquids in channels  with e las t ic  walls  in 
connection with many  aspec ts  o f  b iomechanics  [1], with pa r t i cu l a r  i n t e re s t  attaching to non-Newtonian fluids 
with anomalous  mechan ica l  p r o p e r t i e s  [2]. One c l a s s  of non-Newtonian liquid is  that  of non l inea r -v i scos i ty  
media ,  for  which the s imples t  rheologica l  law is one that  r e l a t e s  the s t r e s s  t ensor  devia tor  s-_. to the s t r a in -  l j  
ra te  t enso r  fij- In pa r t i cu la r ,  a v i scoplas t ie  liquid is  a medium with nonl inear  v iscosi ty ,  for  which the 
rheologica l  law can be put in the follov~ing f o r m  [3]: 

Siy = 2 [~] ~- %/(2fiyTiy)l/~]fiy for (2SiYSlJ)]/~- ~ T~ (1) 

fiJ = 0 for (2s~js~j)'/~ ~ % .  

H e r e  we cons ider  the pe r i s t a l t i c  mot ion of a v i scoplas t ic  liquid (1) in a slot channel with e las t ic  walls;  
in the gene ra l  case ,  the pe r i s t a l t i c  flow of the med ium is  due to the joint action of the deformable  walls and a 
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