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Exper imenta l  data r e l a t ing to  the veloci ty profi le  s of the turbulent  flow of polyox, guar  re  sin, and 
polyacry lamide  solutions (10 -6 to 6.10 -4 g / c m  3) in a 35 -mm d iame te r  tube are  presented .  Analy-  
t ica l  re la t ionships  obtained by exp re s s ing the se  prof i les  in the fo rm of a t h r e e - l a y e r  model enable 
us to re la te  the fo rm of the veloci ty  prof i les  to the r e s i s t ance  coefficient  and theR eynolds number  
of the flow. 

In o rde r  to d i scover  the laws of turbulent  flow in weak po lymer  solutions exhibiting the T o m s  effect  
[1] we requ i re  to study the s t ruc tu res  of these flows. The veloci ty  profi le is  the mos t  access ib le  c h a r a c -  
t e r i s t i c  of the turblent  flow of solutions in tubes for  exper imenta l  de terminat ion .  

The r e su l t s  of e a r l i e r  m e a s u r e m e n t s  of veloci ty  prof i les  c lose  to the tube wall  in a l aminary  sublayer  
[2, 3] revea led  no apprec iable  difference between the shapes  of the veloci ty prof i les  of wa te r  and weak 
po lymer  solutions.  Any specia l  influence of the po lymer  addit ives on the shape of the profi le  might be 
expected to appear  outside this zone. 

The velocity prof i les  extending a c r o s s  the tube were  measu red  by means  of mic ro tubes  of the to ta l -  
head type. This  method was reasonably  s imple  and enabled a large number  of m e a s u r e m e n t s  to be made.  
The invest igat ions were  ca r r i ed  out in a hydraulic appara tus  of the closed type in a tube 35 m m  in d i ame te r ,  
a descr ip t ion of which was presented  in [4]. As po lymer  samples  we used polyox, guar  r e s in  and poly-  
ac ry lamide  of va r ious  concentra t ions .  

Certain diff icult ies  assoc ia ted  with the degradat ion of the po lymer  solutions and with the phenomenon 
known in the l i t e ra tu re  as the "tube defect" [5-7] were  e l iminated (as fa r  as possible)  by only r e c o r d i n g  
the r e su l t s  of those exper imen t s  in which the degradat ion of the solution led to an i nc rea se  in r e s i s t a n c e  
of no more  than 5% above the initial  value,  and a di f ference of no more  than 1-2% between the r a t e s  of 
flow calculated f rom the m eas u red  prof i les  and r eco rded  in the MIR-1 f lowmeter .  The flow data d e t e r -  
mined in these two ways are  presented  in Table  1, f rom which we see that in the expe r imen t s  under con-  
s idera t ion no tube defect  appeared .  The effect  of the degradat ion of the solution on the shape of the veloci ty 
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Fig.  1. Velocity prof i les  of turbulent  flows in 
a tube 35 mm in d i ame te r  involving polyox 
solutions of concentra t ion c = 10 -5 g / c m  z: 1) 
f resh  solution (S = 65%); 2} degraded solu-  
t ion (S = 53%); I) by the equation u / v .  = y (v .  
/Usol); II) (1)~ III) ( 2 ) .  
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TABLE 1. V e l o c i t y  P r o f i l e  o f  the F l o w  o f  a Solut ion o f  Guar R e s i n  o f  

C o n c e n t r a t i o n  c = 3 .10 -4 g / c m  3 in a Tube  w i t h  a D i a m e t e r  o f  d = 35 m m  

ArZ(v i + v i +1) mm z. lg (yv,/  
y, rnm r, mm v,m/sec -m/sec --  u/v,, Vsol ) 

17,50 
16,35 
15,35 
14,35 
13,35 
12,35 
11,35 
10,35 
9,35 
8,35 
7,35 
6,35 
5,35 
4,85 
4,35 
3,85 
3,35 
2,85 
2,35 
2,05 
1,75 
1,35 
1,05 
0,75 
0,55 
0,45 
0,35 
0,25 

0 7,05 
1,15 7,05 
2,I5 6,97 
3,15 6,97 
4,15 6,88 
5,15 6,90 
6,15 6,81 
7,15 6,78 
8,15 6,72 
9,15 6,65 

10,15 6,56 
11,15 6,45 
12,15 6,31 
12,65 6,30 
13,15 6,22 
13,65 6,19 
14,15 6,12 
14,65 6,05 
15,15 5,94 
15,45 5,85 
15,75 5,75 
16,15 5,62 
16,45 5,51 
16,75 5,28 
16,95 5,06 
17,05 4,85 
17,15 4,50 
17,25 4,21 

18,6 
46,0 
73,9 

101,0 
128,0 
154,1 
180,0 
208,0 
233,0 
231,5 
295,6 
300,0 
153,0 
162,8 
161,3 
172,2 
182,7 
174,0 
106,0 
98,6 

142,3 
150,3 
107,9 
103,4 
59,5 
32,7 
26,2 

~=3843,3~m2; 'm 

38,3 
38,3 
37,8 
37,8 
37,4 
37,5 
37,0 
36,8 
36,5 
36,1 
35,6 
35,0 
34,4 
34,2 
33,8 
33,6 
33,2 
32,8 
32,2 
31,8 
31,2 
30,6 
30,0 
28,8 
27,5 
26,3 
24,5 
22,8 

3,33 
3,31 
3,28 
3,25 
3,22 
3,19 
3,16 
3,11 
3,07 
3,02 
2,96 
2,90 
2,82 
2,78 
2,73 
2,68 
2,62 
2,55 
2,47 
2,4t 
2,34 
2,23 
2,12 
1,97 
1,84 
1,75 
1,64 
1,59 

Note: q ~ 6 lkers/sec; V S = 6.2 m/sec (by instrument); X = 0.00704; Vsol = 1.48 
: 1--6=- 6 mZ/sec; v.  = 0.184 m/sec; Re = 1.46.10s; V s = (l/2RZ)~.(vi + Vi+l) 5r  z = 6.26 
m/sec (by profile). 1 

p r o f i l e  i s  shown in F i g .  1, which  g i v e s  the  v e l o c i t y  p r o f i l e s  of two f lows of  a po lyox  so lu t i on  of  c o n c e n t r a -  
t ion  c = 10 -5 g / c m  3, n a m e l y  a f r e s h  so lu t ion ,  wi th  a r e d u c t i o n  in r e s i s t a n c e  of S = 65%, and the s a m e  s o l u -  
t i on  in which  t h i s  f i gu re  had changed  to 8 = 53% a s  a r e s u l t  of  d e g r a d a t i o n .  We see  f r o m  F i g .  1 tha t  the 
v e l o c i t y  p r o f i l e s  of the  two f lows d i f f e r  v e r y  c o n s i d e r a b l y  f r o m  one a n o t h e r .  The  d i f f e r e n c e  in the  a b s o l u t e  
v e l o c i t i e s  c l o s e  to  the  w a l l  i s  ~ 11%, whi le  in the c e n t e r  of  the  tube i t  i s  no g r e a t e r  than  1%. On the b a s i s  
o f  t h i s  f ac t ,  in a l l  s u b s e q u e n t  e x p e r i m e n t s  we m e a s u r e d  f r o m  the w a l l  of  the  tube  in the  d i r e c t i o n  of  the  ax i s  
of  the  f low. 

The  r e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s  w e r e  then  e x p r e s s e d  in s e m i l o g a r i t h m i c  c o o r d i n a t e s  u / v . - - l g ( y v .  
/Vsol )  (F ig .  2). On the  b a s i s  of  t h e s e  e x p e r i m e n t a l  da t a  we m a y  r e a s o n a b l y  a s s u m e  tha t  t h e r e  a r e  two 
l i m i t i n g  f o r m s  of  v e l o c i t y  p r o f i l e  fo r  f lows  of  w e a k  p o l y m e r  s o l u t i o n s :  

u/v. = 26 lg (yv./Vso 1 ) - -  18.2 (1) 

fo r  c o n c e n t r a t i o n s  g r e a t e r  than  o r  equa l  to the  l i m i t i n g  va lue  and 

u/v. = 5.75 lg (yv./V so 1 ) ~ 5.5, (2) 

when t h e r e  i s  no r e d u c t i o n  in the  r e s i s t a n c e ,  e i t h e r  b e c a u s e  of  the  low p o l y m e r  c o n c e n t r a t i o n  o r  b e c a u s e  
o f  the  low v a l u e s  of  the  d y n a m i c  v e l o c i t y  v ,  = ~ < v . i i m  [4]. The  i n t e r m e d i a t e  c a s e  of  v e l o c i t y  d i s -  
t r i b u t i o n s  o v e r  the  tube c r o s s  s e c t i o n  for  the  f lows  of  w e a k  p o l y m e r  s o l u t i o n s  w i l l  be  d e s c r i b e d  by Eq.  (1) 
fo r  y < Yl, and by  

u/v. = 5.75 lg (yv./V so 1) @ B, (3) 

w h e r e  B > 5.5, fo r  y >Yl. 

At  the  poin t  wi th  the c o o r d i n a t e  Yl, bo th  equa t i ons  [(1) and (3)] a r e  s a t i s f i e d  at  the  s a m e  t i m e ,  e n -  
a b l i n g  us  to  d e t e r m i n e  the f r e e  t e r m  B of  Eq.  (3) in the  f o r m  

B (V) = 20.25 lg (ylv,/Vsol) - -  18.2. (4) 
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Fig. 2. Velocity profiles of turbulent flows in a 35-mm diameter  tube involving the following polymer so-  
lutions: a) polyox: 1) e = 2" 10 -6 g /em 3, q = 2.6 l i t e r s / s ee ;  2) respect ively  2 .10  -6 and 1.61 3) 2.5. !0 -s and 
1.7; 4) 10 -5 and 1.71 5) 10 -~ and 1.9; b) guar res in :  1) c = 3-10 -4 g/era 3, q = 1.86 l i t e r s / see ;  2) 6 .10  -5 and 
1.821 3) 3 .10  -4 and 6.0; 4) 3-10 -4 and 7.5; 5) 6 .10  -4 and 6.451 6) 1 .5-10 -4 and 6.0; 7) 6 .10  -~ and 6.5; c) 
polyaerylamide:  1) e = 7 .10  -5 g/era 3, q = 4.17 l i ters /sec$ 2) 1.4" 10 -4 and 4.28; 3) 3.5" 10 -5 and 2.61 4) 3.5 
�9 10 -5 and 1.4; 5) 5 .10  -6 and 2.51 6) 1 .4 .10 -5 and 2.51 7} 10 -6 and 2.51 curves  I, II, and III have the same 
meanings as in Fig. 1. 

The value of the pa ramete r  T = yl /R changes from yl /R = 1, corresponding to the limiting form of 
velocity profile (1) to y l /R ~ 83/Re v~k when the velocity profile coincides with that of the flow of water  in 
the tube. 

The shape of the profiles of polymer  solutions flowing in tubes enables us to find the res i s tance  co-  
efficients corresponding to specified ra tes  of flow of the liquid in the tube (or a specified Reynolds number).  
Fo r  this purpose we f i rs t  have to find the relat ionship between the mean rate  of flow and the maximum velo-  
city in the c ros s  section of the tube. 

The mean flow rate of the liquid in the tube may be expressed thus: 

1 ~ uds, whereds = 2r~ (R - -  y) dy. (5) 
U S ~ ~1~2 

U 

The velocity distribution over the tube cross section should be taken in the following form:  

, ,  I / 
f / 

-lg ~ j r 

/ 

, e A e ~ + �9 /d '  e e ,  T--y, IR 

Fig.  3. Coefficients F and C as fune- 
tions of the pa ramete r  T = Yl/R. 

ulv, = 26 Ig(yv,/Vsol) - -  18.2, 0 ~ ' y  < y, 
(6) 

U/V, = 5,75 ]g(yo,/Vsol) + 20.251g (ylv,/Vsol) - -  18.2, Yi < Y <  R. 

Integration of Eq. (5) with due allowance for (6) gives 
the following relat ionship between the mean velocity and the 
maximum velocity on the axis of the tube: 

v s = U - -  v , F  (~), (7) 

where 

F(?) = 1.09(3.75 + 17.67-- 4.4r ? = y,/R. (8) 

In Eq. (8) we have introduced the factor  1.09 so as to 
make the calculation agree with Nikuradze ' s  experimental  data 
for the flow of water  in a tube [10]. 
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Fig.  4. Res i s t ance  coeff ic ient  X = 8Tsol/,av~ as a function of 
the Reynolds  number  Re = vsd /uso l  for  h igh-eff ic iency solutions 
flowing i.a tubes:  1) d = 9.75 m m ,  c = 10 -5 g/cm3; 2) r e spec t ive ly  
9~75 and 5.10-5;  3) 9.75 and 5.10-6;  4) 9.75 and 10-4; 5) 20.9 
and 10-5; 6) 20.9 and 5.10-5;  7) 35.5 and 10-5; 8) 35.5 and 5.10-5;  
9) 20.9 and 7 .10-5;  10) 35.5 and 7- 10-5; 11) 10.2 and 6.6.10-5;  
12) 10.2 and 5.10-4;  13) 10.2 and 3.3.10-5;  14) 10.2 and 5 .10  -4. 
1)-8) F o r  polyox 301, au thors '  data; 9)-10) for  po lyacry lamine ,  
au thors '  data; 11)-14) r e spec t ive ly  polyox 301, P35, PC1, 205, 
F abu l a ' s  data; I) X = 64/Re;  II) 1/~X = 9.6 l g R e  ~k--19.2; III) 
1Afh = 9.2 lg Re 4X --19.6; IV) 1/~fk = 2 Ig :Re 4-k --0.8.  

F o r  the l imit ing fo rm of the veloci ty profi le  of po lymer  solutions flowing in a tube, [Eq. (1)] Eq. (7) 
gives the following re la t ionsh ip  between the veloci ty  values  in question: 

v s = U - -  18.5 v.. (9) 

In o rde r  to de te rmine  the r e s i s t a n c e  law for  the genera l  case  of po lymer  solutions flowing in a tube 
we may  use Eqs.  (3) and (4), which a re  sat isf ied on the tube axis:  

U/v. = 5.75 lg (Rv./,,,so 1) + 20.25 lg (ylv.'Vsol) - -  18.2. (10) 

Allowing for  the re la t ionsh ips  Re = v sd /Pso l  and v .  = vs~-;~/8, this  condition enables  us to exp re s s  the r e -  
s i s tance  law in the following form:  

1/V'E= 9,2 IgRe ] r Z +  C - -  14.7, (11) 

where  

C = 7.16 lg? -/- 1.7v.~_ 6.8V. (12) 

Corresponding  to the fo rm of the veloci ty  profi le  of po lymer  solutions defined by Eq. (1), we have the 
r e s i s t a n c e  law 

1/]~X= 9.2 lgRe ] / ~ - -  19.8, (13) 

der ived f rom the genera l  law (11) for the condition T = 1. In the range  of Reynolds numbers  Re = 2.  104-5 
�9 105 the m a x i m u m  reduct ion in the flow r e s i s t a n c e  of po lymer  solutions defined by Eq. (13) l ies in the 
range  75-80%. This  reduct ion in r e s i s t a n c e  over  the Reynolds number  range  indicated is supported by the 
many expe r imen ta l  r e s u l t s  [8, 41 presented  in Fig.  4. By ext rapola t ing  the un iversa l  re la t ionship  of Eq. 
(13) we may convince o u r s e l v e s  that the reduct ion which takes  place in the f r ic t ional  r e s i s t a n c e  dur ing the 
flow of a po lymer  solution of l imi t ing concentra t ion in a tube (when the whole flow region up to Yl = R 
const i tu tes  an expanded "buffer"  zone) is subject  to a scale  effect ,  which i n c r e a s e s  the extent of the r educ-  
tion in r e s i s t a n c e  on pass ing  to large Reynolds number s .  



P r e l i m i n a r y  calculat ions of the relat ionshipa~F = f(~) and C =fl(T)by means  of Eq. (8)and (12)are  p r e -  
sented graphical ly  in Fig.  3; these  enable us to predic t  the fo rm of the veloci ty  prof i le  for  specif ied flow 
p a r a m e t e r s  ( res i s tance  coefficient  k and Reynolds number  Re).  According to Eq. (11), the value of the 
f ree  t e r m  in this equat ion  is  given by 

C =  1/]/~-~--9.21gRe ~/~--t- 14.7. (14) 

F o r  the value of C valculated by means  of Eq, (14) we may de te rmine  Y = Yl/R f rom Fig.  3. 

The fo rm of the veloci ty profi le  for  specif ied flow conditions exp re s sed  in semi logar i thmic  coord i -  
nates  u / v .  - - Ig (yv . /vso l )  will  be de te rmined  by the law of Eq. (1) up to a value of the d imens ion less  co-  
ordinate (ylv. /Vsol) ,  and by that of Eq. (3) f rom this value to the tube axis .  F o r  example ,  the veloci ty  
profi le  r ep re sen t ing  the flow of a solution of guar  r e s in  of concentra t ion c = 1 .5 .10  -4 g / c m  3 was d e t e r -  
mined for the condition X = 0.00845 and Re = 1.49.105. Under these conditions y = y l /E  = 0.016. R e m e m -  
ber ing  that v ,  = 0.196 m / s e c ,  Vso 1 = 1.4" 10 -6 m2/sec ,  we may calcula te  the d imens ion less  value of the 
coordinate  Yl 

lg-Yiv* = 1:62, 
~oi 

which ag rees  c lose ly  with m e a s u r e m e n t s  of the velocity profi le  made under the same  conditions (Fig. 2, 
points 6). 

In de te rmin ing  the m ax i m um  veloci ty on the tube axis for  flows of po lymer  solutions with concen t ra -  
tions equal to the l imit ing value or  over ,  the concept  of the t h r e e - l a y e r  model  of the velocity profi le  in the 
tube is c l ea r ly  insufficient.  In this case  it is difficult to choose a value meaningful  of the p a r a m e t e r  for a 
value~of C ~ 5 since values of ~/= 0.5-1 may be made to fit the la t te r .  However ,  the change in the function 

~ F ~ e r  this range  is ve ry  cons iderable ,  in this case  we shall  have to allow for  the exis tence of an outer  
(fourth) zone of the veloci ty  profi le;  an es t imat ion  of the extent of this zone c a r r i e d  out for wa te r  flows indi- 
cated that is reached  f rom approximate ly  y /R  = 0.5 to the tube axis .  On the logar i thmic  scale  ( lg(yv, /Vsol))  
this  zone occupies  a v e r y  smal l  pa r t  of the profi le .  

The extent of the outer  zone cor responding  to the flows of po lymer  solutions of l imi t ing concentra t ion 
may be cons idered  as having the s ame  dimensions  as  those deduced f rom m e a s u r e m e n t s  of the veloci ty  
profi le  of a flow of polyox solution with a concentra t ion of c = 2 . 6  �9 10 -5 g / c m  3 (Fig. 2). The max imu m 
veloci ty in this case  may be defined thus:  

U = % §  Fv,, 

where  F = + 12.6 (for y l /R  = 0.5). 

According to m e a s u r e m e n t s  of this profi le  v S = 1.75 m/sec~ v .  = 0.0419 m / s e c  and U = 1.75 m / s e c  
+ 12.6 .0 .0419 m / s e c  = 2.28 m / s e c ,  which exact ly  co r r e sponds  to the e x p e r i m e n t a l l y - m e a s u r e d  value.  

Equations (6)-(8), which desc r ibe  the veloci ty  profi le  for  the flow of a po lymer  solution in a tube, 
may  be extended to the case  of the flow of a po lymer  solution of constant  concentra t ion around a plate.  
Here  the f r ic t ional  r e s i s t a n c e  coeff icient  of the plate for the g rea t e s t  feasible  reduct ion in r e s i s t a n c e  will  
be  given by 

0.78 
Re ~ 1 0 ~. (15) c i -  Re0.275, 

Rela t ionships  analogous to our  own were  der ived by V i rk  [9] for  the fo rm of veloci ty  profi le  a s s o -  
ciated with the flow of a po lymer  solution in a tube. The only di f ference l ies  in slight d i sc repanc ie s  between 
the constants  encountered in Eqs.  (1) and (13) (Rig. 4), 

Our invest igat ions into the veloci ty  prof i les  of turbulent  flows of polyox, guar  r e s i n ,  and po lyac ry l -  
amide in a tube have thus conf i rmed the genera l  c h a r a c t e r  of these flows. 

The reduct ion in r e s i s t a n c e  i n c r e a s e s  with inc reas ing  mean veloci ty ,  and espec ia l ly  with inc reas ing  
concentra t ion of the solution; at the s ame  t ime  the buffer  zone i n c r e a s e s  in s ize  by v i r tue  of a reduct ion in 
the extent of the developed turbulent  region.  Cor responding  to the max imum reduct ion in r e s i s t a n c e ,  we 
find an inc rease  in the buffer  zone, extending r ight  to the tube axis .  The concentra t ion of the solution 
cor responding  to this  l imi t ing case  should be r ega rded  as opt imum,  since any fur ther  i nc rea se  in concen-  
t ra t ion  will  not a l te r  the c h a r a c t e r  of the flow, and hence the reduct ion in r e s i s t a n c e  will be solely d e t e r -  
mined by the Reynolds number ,  as indicated in Eq. (15). 
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Equations (8) and (13) and the graphical  re la t ionships  F(7) and C(T) of Fig. 3 enable us to ~ t e r m i n e  
the flow res i s t ance  of a solution in a tube f rom the shape of the veloci ty profi le ,  or ,  on the other  hand, to 
predic t  the shape of the profi le  f rom the r e s i s t ance  and Reynolds number .  

NOTATION 

d is the tube diameter; 
r is the distance from tube axis; 
R is the tube radius;  
y is the distance f rom tube wall; 
v s  is  the mean veloci ty  (flow rate)  of the liquid in the working tube; 
p is the density of liquid; 
v is the kinematic v iscos i ty  of water;  
Vso 1 is the kinematic v iscos i ty  of the solution; 
c is the weight concentrat ion;  
lqe is the Reynolds number;  
�9 w is  the tangential  s t r e s s  of wall f r ic t ion for  the flow of water;  
~'sol is the tangential  s t r e s s  of wall fr ict ion for the flow of polymer  solution; 

= 8Tsol/P7 ~ is the r e s i s t ance  coefficient;  
u is the velocity in the tube c ro s s  section; 
U is the maximum veloci ty on the tube axis; 
v .  = ~ is the dynamic velocity;  
Yl is the thickness of buffer  sublayer;  
S = (~w--~sol/~rw) is  the reduct ion in r e s i s t ance .  
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