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The attenuation fac tor  for a p r e s s u r e  wave generated by water  h a m m e r  in the flow o f  a weak 
polyacrylamide solution is determined experimentally.  

The unsteady flow equations for a v iscoelas t ic  fluid in an elast ic pipe with a nonuniform velocity 
distr ibution in its c ross  sect ion and a flow velocity much less than the velocity of sound have the form [1] 
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It can be shown that express ion (1) is also valid for the flow of non-Newtonian fluids, polymer  solu- 
tions in par t icular ,  if the equation of state has the form [2] 

d 9 dp 

P K 

where K = const is the bulk elast ic modulus. 

The p resence  of the dissipative t e r m  (X Iwl/86)w resul ts  in attenuation of the p r e s s u r e  (velocity) dis-  
turbances produced at the ends of the pipe. We have for the head values of the p r e s s u r e  waves in this ease 
[3] 

p .... p, exp (-- kx), 
m 

where ~ is the p r e s s u r e  dis turbance above the steady value, Pl is the p r e s s u r e  disturbance in the c ross  
sect ion x = 0, and k is the attenuation factor .  

Inasmuch as the dependence of X on the flow pa rame te r s  in the turbulent unst ready regime is not 
known, k must  be determined experimentally.  

In the case of a pure  water  flow k can be fair ly accura te ly  determined f rom the express ion [4] 
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Fig. 1. Schematic of exper imen-  
tal a r rangement .  
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where w 0 is the steady value of the velocity and X 0 is the viscous 
fr ict ion coefficient for w = w 0. 

We have undertaken an experimental  study of the attenuation 
of a p r e s s u r e  shock in pipes for flows of weak solutions of poly-  
acry lamide  (PAA, p rocessed  according to Special Technical  Spec- 
ifications No. 0221-64) to determine the attenuation factor  and its 
dependence on the solution concentration,  to test  the validity of 
Eq. (3), and to ascer ta in  the influence of solution degradation on 
the value of the attenuation. 
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T A B L E  1. E x p e r i m e n t a l  A t t e n u a t i o n  F a c t o r  k e 

t Number of m.1 
Fluid ~,o, m/sec ] tests ke'l~ ke/~ 

Water 

PAA 
C::=3. I0" ~ 
g/em a 

PAA 
C:=2.10-t 

g/era 3 

PAA 
C=;l.t0 -~ 
g/em 3 

PAA 
C=5.10-5 
g/cm3 

PAA 
C=25. I0 "~ 

g/cm ~ 

PAA 
C== I. 10 "~ 
g/cm 3 

PAA 
C--5-10-" 
g/cm a 

0,69 
1,04 
1,30 
1,38 
1,62 

1,57 
1,51 
1,57 
1,56 

1,60 

1,54 
1,53 

1,58 
1,54 
1,60 

1,59 
1,58 

1,53 

1,63 

21 
34 
25 
20 
30 

23 
23 
30 
25 

26 

28 
29 

25 
30 
24 

19 
25 

23 

16 

3,20(t _-': O, 03) 
3,73(1 +0,05) 
5,15(1 ::: 0,02) 
4,81(1 :J:0,01 ) 
5 75(1 • 

5,28(140,02) 
5,05(1 • 
5,53(1 +_ 0,03) 
5,28(1 +0,03) 

5,39(1 :L 0,03) 

4,29(1_+0,03) 
4,68(1 +0,02) 

4,98(l+O,O4) 
4,83(1_+ 0,03) 
4,56(1 - 0,03) 

4,96(1 + 0,00~) 
5,27(1+__0,02) 

5,11(1 +0,02) 

5,28(t +_0,02) 

k ' 1 0  ~ , m-: 

2,96 
3,50 
4,75 
5,14 
5,81 

2,24 
2,58 
2,03 
1,87 

2,24 

2,40 
2,57 

2,68 
2,85 
2,91 

2,96 
2,93 

3,50 

4,45 

1,08 
I, 05 
1,08 
0,,-,4 
0,99 

2,36 
1,96 
2,72 
2,82 

2,41 

1,79 
1,82 

1,86 
1,69 
1,57 

1,67 
1,80 

1,46 

1,19 

T h e  e x p e r i m e n t a l  a p p a r a t u s  (F ig .  1) c o n s i s t e d  of a d e l i v e r y  t ank  1, a s t e e l  g r a v i t y - f l o w  p i p e  2 wi th  
a d i a m e t e r  of 25 m m  and  length  of 110 m,  a f a s t - a c t i n g  v a l v e  ( ac tua t ion  t i m e  tv  = 5 -10 -3 s ee ) ,  and a m e a -  
s u r i n g  r e c e p t a c l e  4. 

The  p r e s s u r e  a t  the  ends  of the  t e s t  s e c t i o n  I - I I  of  l eng th  l = 73.4 m was  m e a s u r e d  fo r  s t e a d y  f low 
by  t h e  s t a n d a r d  m a n o m e t e r s  5 (at s m a l l  f low v e l o c i t i e s ,  the  p r e s s u r e  d r o p  was  m e a s u r e d  us ing  a m e r c u r y  
d i f f e r e n t i a l  m a n o m e t e r ) ,  and fo r  u n s t e a d y  f low by  the  DD-10  induc t ion  s e n s o r s  6. S igna l s  f r o m  the  s e n s o r s  
w e r e  a m p l i f i e d  in an I D - 2 I  i n s t r u m e n t  7 and  r e c o r d e d  on the  H-700  l i g h t - b e a m  o s c i t l o g r a m  8. The  l iqu id  
f low r a t e  at  s t e a d y  f low was  d e t e r m i n e d  by v o l u m e t r i c  m e a n s .  

T h e  a p p a r a t u s  was  c a l i b r a t e d  with  w a t e r  in both s t e a d y  and u n s t e a d y  f low r e g i m e s .  

In the  s t e a d y  r e g i m e s  we  ob t a ined  in  t he  r a n g e  500 - Re  <- 4 .104  a c u r v e  of X(Re) tha t  f i t s  t h e  func -  
t ion  6 4 / R e  fo r  l a m i n a r  f low and c o i n c i d e s  wi th  the  B l a s i u s  c u r v e  fo r  t u r b u l e n t  f low (the e r r o r  not  e x c e e d -  
trig 5%). 

In the  u n s t e a d y  r e g i m e s  we m e a s u r e d  the  v e l o c i t y  of sound and the  m a x i m u m  shock  p r e s s u r e .  T h e  
v e l o c i t y  of sound d e v i a t e d  at  m o s t  0.5% f r o m  the  c a l c u l a t e d  va lue ,  and the  s h o c k  p r e s s u r e  d e v i a t e d  a t  
m o s t  2% f r o m  the  v a l u e  c a l c u l a t e d  a c c o r d i n g  to  the  f o r m u l a  of N. E.  Z h u k o v s k i i .  The  v e l o c i t y  of sound  
in t he  PAA s o l u t i o n  f lows at  a l l  c o n c e n t r a t i o n s  was  the  s a m e  as  t he  v e l o c i t y  of sound  in p u r e  w a t e r .  

T h e  e x p e r i m e n t a l  v a l u e  ke  of t h e  a t t e n u a t i o n  was  d e t e r m i n e d  a c c o r d i n g  to  (2) : 

k e =  __1 . In  Pl 

w h e r e  P2 i s  the  p r e s s u r e  d i s t u r b a n c e  in  t h e  c r o s s  s e c t i o n  x = l ( s ec t i on  II  in  F ig .  1). 

A l l  of t he  t e s t s  wi th  f lows o f  w a t e r  a s  we l l  a s  the  PAA s o l u t i o n s  w e r e  r e p e a t e d  a n u m b e r  (20 to 30) of  
t i m e s ,  s o  tha t  the  e x p e r i m e n t a l  r e s u l t s  cou ld  b e  s u b j e c t e d  to  s t a t i s t i c a l  p r o c e s s i n g .  T h e  p r o c e s s i n g  r e -  
v e a l e d  tha t  the  r e l a t i o n  ~ = ~ ~J-~72/2 ho lds  in  e v e r y  c a s e ,  w h e r e  ~ i s  the  r m s  v a l u e  and v? i s  t he  a r i t h m e t i c -  
m e a n  v a l u e  of t he  i n d i v i d u a l - m e a s u r e m e n t  e r r o r ,  i . e . ,  t he  e r r o r  d i s t r i b u t i o n  m u s t  be  n o r m a l .  

The  e x p e r i m e n t a l  a t t e n u a t i o n  v a l u e s  k e fo r  w a t e r  and  the  PAA s o l u t i o n s  a r e  g i v e n  in T a b l e  1, a long  
with  t he  s o l u t i o n  c o n c e n t r a t i o n s  C, t he  s t e a d y  flow v e l o c i t y  w0, and  the  n u m b e r  of t e s t s  n at  t he  g i v e n  
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Fig. 2. Ratios ke /k  and ke /k  w 
versus  relat ive reduction s of the 
viscous frict ion for flows of PAA 
solutions at various concentrat ions:  
1) C = 3 . 1 0 - 4 ;  2) 2 .10-4;  3) 1-10-4; 
4) 5" 10-5; 5) 25.10-6; 6) 1.10-5;  
7) 5-  10 -6 g / c m  3. 

velocity w 0. Also given for  compar ison a re  the attenuation values calculated according to Eq. (3). The 
values of h 0 corresponding to the values of w 0 were determined experimentally.  

The dependence of ke/k  and ke/k  w on s = 1--  kop /kow is given in Fig. 2. Here kop and Xow are  the 
viscous fr ict ion coefficients for steady flows of the PAA solutions and water at the respect ive  velocities Wop 
and Wow. The coefficients Xop and Xow were determined experimental ly under the condition Wow = Wop. 

It is evident f rom Table 1 and Fig. 2 that Eq. (3), which holds for water,  is inapplicable to flows of 
weak PAA solutions; the deviation f rom Eq. (3) increases  with the net effect of the polymer,  i . e . ,  as the 
value of s increases ;  the absolute value of the attenuation of the p r e s s u r e  head wave for weak PAA solu- 
tions is somewhat lower than for water  and attains a minimum for s ~ 0.5. 

Simultaneously with the exper iments  descr ibed above we also investigated the influence of degrada-  
tion of the PAA solution on the attenuation. We per formed four ser ies  of identical tes ts  with a solution at 
C = 3 -10  -4 g / c m  3. 

It turned out that success ive  water hammers  essential ly do not produce degradation of the solution. 
In a ser ies  of 80 water hammers  following one immediately af ter  another we were unable to detect any 
regular  variat ion of the attenuation. 

Accelera ted  degradation of the solution took place when it was t r ans fe r r ed  f rom the measur ing r e -  
ceptacle 4 into the del ivery tank I by  means of a high-speed centrifugal pump. After each t r ans fe r  we 
measured  the viscous fr ict ion coefficient kop and generated a se r ies  of water  hammers .  

The experimental  resul ts  a re  summar ized  in Figs.  3a and 3b. It is evident f rom the graphs that as 
the polymer  solution is degraded the dispar i ty  between the experimental  value ke of the attenuation and the 
attenuation k calculated according to Eq. (3) continuously diminishes.  

We also note that the dependence of ke/k  w on s, as in the case  of the undegraded solutions (see Fig. 
2), has a minimum at s ~ 0.5. 
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Fig. 3. Ratio ke /k  versus  number m of pumpings of the total vo-  
lume of PAA solution (a) and versus  relat ive reduction s of the 
viscous fr ict ion with degradation of the PAA solution (b) for an 
initial concentrat ion C = 3 ' 10 -4 g / c m  3 in four se r ies  of identical 

tests  (1-4). 
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NOTATION 

are the pressure, density, and flow velocity of the fluid, averaged over pipe 
c r o s s  sect ion;  
a r e  the s t eady  flow ve loc i t ies  of the  fluid, the p o l y m e r  solution, and water ;  
is the reduced  veloci ty  of sound; 

is  the hydraul ic  radius ;  
a r e  the v iscous  f r ic t ion  coeff ic ients  for  unsteady and s teady flow; 
a r e  the v iscous  f r ic t ion coeff icients  for  s teady flow of the p o l y m e r  solution 
and water ;  
is  the bulk e las t ic  modulus;  
is the m e a s u r e m e n t  length in the pipe; 
is the p r e s s u r e - w a v e  at tenuation fac tor  calculated according  to (3); 
is the exper imenta l  value of the at tenuation fac tor ;  
is the at tenuat ion fac tor  calcula ted for  wa te r  accord ing  to (3); 
is the concentra t ion  of the PAA solution; 
is the r e l a t ive  reduct ion of the v iscous  fr ict ion;  
is the r m s  ind iv idua l -measu remen t  e r r o r ;  
is  the a r i t h m e t i c - m e a n  ind iv idua l -measu remen t  e r r o r ;  
is the p r e s s u r e  d is turbance  in excess  of the s teady value.  

1o 

2. 
3. 

4. 
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