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d s t r ,  s t r e a m  d iame te r ;  dd, drop  d i ame te r ;  / s t r ,  s t r e a m  length; 6c r  , r i m  th ickness ;  u, velocity;  gf i lm,  
speci f ic  flow ra te  of fluid in f i lm; v, coeff icient  of kinetic v i scos i ty ;  p~ density;  a, coefficient  of su r face  t en-  
sion; g, acce le ra t ion  of g rav i ty ;  Ref i lm = gf i lm/gpf ,  Reynolds number  of f i lm; We, Weber  number .  
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The effect  of po lyac ry lamide  d isso lved  in wa te r  on the s t ruc tu re  of a re f lec ted  shock wave 
in a gas . - l iqu id  medium is  studied. Success ive  record ings  a r e  obtained of the behavior  of 
a gas bubble behind a shock wave in wa te r  containing admix tu res  of po lyac ry lamide .  

The capaci ty  of sma l l  admix tu res  of p o l y m e r s  to essen t ia l ly  a l t e r  the c h a r a c t e r i s t i c s  of the turbulent  
flow of a liquid is well  known. A multi tude of r epo r t s  have been devoted to the invest igat ion of this effect.  
At the s a m e  t ime ,  new aspec t s  of the effect  of admix tu res  of p o l y m e r s  on the p rope r t i e s  of a liquid a r e  a l -  
ways appear ing .  

One of the recent ly  d i scove red  effects  is the effect  of the des t ruc t ion  of b a r r i e r s  made of s tee l  by jets  
of wa te r  with sma l l  po l ym er  admix tu res  at p r e s s u r e s  insuff icient  for  des t ruc t ion  by pure  water  [1, 3]. Another  
effect  of the act ion of po l ym er  admix tu re s ,  which appea r s  during the motion of shock waves in mix tu res  of a 
liquid with gas  bubbles ,  is the topic below. 

1 .  E x p e r i m e n t a l  I n s t a l l a t i o n  

The expe r imen t s  on the study of the motion of shock waves in a liquid with gas  bubbles in the p r e sen ce  
of p o l y m e r  admix tu res  were  c a r r i e d  out on an ins ta l la t ion for  which a d i ag ram is  p resen ted  in Fig. 1. The 
ins ta l la t ion included a hydrodynamic shock tube with h i g h - p r e s s u r e  (1) and l o w - p r e s s u r e  chambe r s  (2). The 
l o w - p r e s s u r e  c h a m b e r  was equipped with pickups 3 record ing  the var ia t ion  in p r e s s u r e  in the shock wave. 
The dis tance  between pickups is 240 ram.  In addition, the l o w - p r e s s u r e  chambe r  is  equipped with viewing 
windows for  the observa t ion  of a i r  bubbles floating up inside the tube. The bubbles behind the wave were  
photographed on s ta t ionary  f i lm with the help of a s t robo t ron  lamp with an ass igned delay following the wave 
front .  The exper imen t s  on the m e a s u r e m e n t  of the p a r a m e t e r s  of p r e s s u r e  waves before  and a f t e r  the m o -  
ment  of ref lec t ion  f r o m  the bot tom were  conducted with a concentra t ion  of gas  bubbles of 1-10% by volume,  
with wa te r  adopted as the liquid. In the ma jo r i ty  of t e s t s  the s ize  of the gas  bubbles was 2-5 ram.  The intem- 
si ty of the incident  p r e s s u r e  waves was va r i ed  in the range  of 3-20 arm with an ini t ial  p r e s s u r e  of 1 arm in the 
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Fig. 1, Diagram of experimental  installation: 1) h igh-pressure  chamber;  2) low-pres -  
sure  chamber ;  3) p re s su re  pickups. 

Fig, 2,  Recordings of shock waves: a) gas-- l iquid medium without polymer;  b) gas - -  
liquid medium with 0.I% polymer  admixture;  c) s t ruc ture  of incident shock wave in 
gas-- l iquid medium with 1% polymer  concentrat ion.  

medium. Suspensions of polyacrylamide with a molecular  weight of 2-106 were used as the polymer  admix-  
ture .  The concentrat ion (by weight) of the po lymer  was var ied in the range of 0.1-1%. 

2 .  P r i n c i p a l  R e s u l t s  o f  E x p e r i m e n t s  

Photographic recordings  of the p r e s s u r e  waves observed in pure water (Fig. 2a) and in water  containing 
po lymer  admixtures  (Fig. 2b) are  presented in Fig. 2. The intensity of the incident wave is Pl/P0 = 15 and the 
bubble concentrat ion is 3%. Here Pl is the p r e s s u r e  behind the wave and P0 = 1 arm. The p r e s s u r e  scale for  
osc i l lograph beams 1-5 cor responds  to the following values:  36.4 tech.  a tm/div,  f o r b e a m s  1-2 and20.0 teeh. 
atm/div, f o r b e a m s 3 - 5 .  The t ime scale (along the horizontal) is 1500 #sec per  division for  all the osci l lo-  
graph beams.  The readings of the pickups in beams 5-1 in Fig. 2a ref lect  the evolution of the incident wave 
during its passage  into the in te r ior  of the two-phase medium to the bottom of the low-pressure  chamber .  
Then the pa rame te r s  of the p r e s s u r e  wave ref lected f rom the wall are  recorded  in beam 1 and its t r a n s f o r m a -  
tion during the ascent  to the f ree  surface  is success ive ly  descr ibed  in osci l lograph beams 1-5.  The initial 
surges  in all the osci l lograph beams correspond, to the a r r iva l  of the p r e s s u r e  wave. Beams 1 and 2 are  
t r iggered  with a delay relative to beams 3-5. In the recording of Fig. 2b the t ransformat ion  of the incident 
and ref lected waves should be t r aced  f rom beam 1 to beam 4. In beam 1 the ref lected wave appears  1500 psec 
af ter  the a r r iva l  of the incident wave. 

The principal  s imi lar i ty  in the photographic recordings  obtained comes down to the identical nature of 
the motion of the incident p r e s s u r e  waves. The polymer  admixtures do not affect the pa ramete r s  of the inci-  
dent waves.  The velocity of propagation and the p r e s s u r e  in the wave are  the same.  One must  only note a 
cer ta in  difference in the s t ruc ture  of the p re s su re  variat ion in the relaxation zone behind the wave. Whereas 
in pure water  containing bubbles the p r e s s u r e  oscil lat ions af ter  the wave always die out smoothly,  in water 
with po lymer  admixtures one observes  the growth of the oscillations at a cer ta in  moment following the wave. 
An example of such an effect is presented in Fig.  2c. Here the t ime scale is 600 psec per  division in osc i l lo-  
graph  beams 1-2 and 150 psec per  division in beam 3, and it is c lear ly  seen that intensive growth of the p r e s -  
sure  oscil lat ions is observed 100 psec af ter  the wave front.  

A considerable  difference in the pa rame te r s  of the waves is observed in the propagation of the ref lected 
wave in pure water  containing bubbles and with a po lymer  admixture.  Let us compare  the readings of the 
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Fig. 3. Experimental values of reflected wave as a function of incident wave: i) 

in pure water containing gas bubbles; 2) in water containing gas bubbles and with 

dissolved polymer. 

Fig. 4. Behavior of a gas bubble with a diameter d o = 3.5 mm in pure water (a) 

and behavior of a gas bubble with a diameter d o = 5 mm in water with a polymer 

concentration of 0.1% (b). Pressure at shock front Pl = 15 arm in both cases. 

pickups in osci l lograph beam 2 of Fig. 2a and beam 2 of Fig.  2b. It is easy to see that the amplitude of the 
ref lected wave is considerably lower in the second case  (with a polymer  admixture).  It must  be noted that in 
pure water  containing bubbles the p r e s s u r e  behind the ref lected wave is constant for  a t ime of 2000 ~sec,  while 
in a po lymer  solution the p r e s s u r e  dec reases  sharply immediately  behind the front. Thus,  the p res su re  pulse 
in the ref lected wave proved to be reduced by 6-8 t imes because of the polymer  admixture.  Because of the 
c loseness  of the ra refac t ion  wave to the front in a polymer  solution the rarefact ion wave interacts  with the 
leading front  and the ref lected wave dies out as it propagates  through the two-phase medium. 

The resul ts  of the measurement  of the in tens i~  of the ref lected wave in water containing bubbles [2] and 
in a po lymer  solution containing bubbles are  presented in Fig. 3 (curves 1 and 2, respect ively) .  The p re s su re  
rat io P~/P0 in the incident wave is laid out along the absc i ssa  and the ratio PiP0 of the p re s su re  in the ref lect-  
ed wave to the initial p r e s s u r e  P0 is laid out along the ordinate.  Curve 1 corresponds  to measurements  in 
water  containing bubbles and curve 2 to measurements  in water  containing bubbles with a polymer  admixture 
in an amount of 1 and 0.1%. It is seen that a change in the weight concentrat ion of po lymer  by 10 t imes does 
not affect the p r e s s u r e  in the ref lected wave. 

The observed difference in the behavior  of shock waves in gas-bubble-- l iquid two-phase media containing 
a po lymer  admixture can only be connected with the different nature of the motion of the gas bubbles. How 
such a difference is manifested is c lear ly  seen f rom a compar ison  of the two motion pictures  presented in Fig. 
4. The variat ion in the shape of a gas bubble in pure water is shown in Fig. 4a. The size of the bubble is 
3.5 ram. The intensity of the p r e s s u r e  wave is Pl = 15 arm. The states of the bubble are  recorded  at t imes  
of 0, 140, and 720 psec af ter  the wave. The states of a bubble 5 mm in size in an identical p re s su re  wave but 
in a solution of water  and polymer  at a concentrat ion of 0.1% of the la t ter  are  recorded  in Fig. 4b. The times 
of photography cor respond  to 0, 580, 650, and 1400 ~sec af ter  the wave. In the pure liquid the gas bubble is 
deformed in the direct ion across  the wave and is then pierced by a cent ra l  jet of liquid moving in the direct ion 
of the wave. In the solution of liquid and polymer  the gas  bubble is rotated 90 ~ as it were,  and its de forma-  
tion develops along the direct ion of the wave. The rate of destruct ion of the bubbles is g r ea t e r  in water than 
in the polymer  solution. Evidently this difference in the nature of the destruct ion of a bubble is also important  
for  the p r e s s u r e  level which develops during the reflect ion of the wave at the wall. 

It only remains  to c lea r  up the question of the mechanism of the observed action of polymer  admixtures 
on the behavior  of gas bubbles in a liquid. 

Thus,  it is established in the work that upon the addition of smal l  amounts of polymer  to a l iquid--gas-  
bubble sys tem one observes  a considerable  dec rease  in the impulse in the ref lected p r e s s u r e  wave. 

N O T A T I O N  

P0, initial p r e s su re ;  Pl, p r e s s u r e  behind wave; P2, p r e s su re  in ref lected wave. 
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The p r e s s u r e  losses  up to the ent rance  to nozzles  in the flow of inelas t ic  liquids in wide ranges  
of v i scos i t i e s  and flow r a t e s  a r e  de te rmined .  An empi r i ca l  equation is p roposed  for  calculat ing 
en t rance  p r e s s u r e  l o s s e s .  

The flow of a v i scoe las t i c  medium in the ini t ial  sect ion of a cyl indr ica l  channel has been studied in nu-  
me rous  theore t i ca l  and expe r imen ta l  r e p o r t s .  The cons iderab le  in te res t  in this p rob lem is explained by i ts  
urgency for  engineer ing applicat ion (such as the ext rus ion of p o l y m e r  solutions and mel t s  through shor t  noz-  
z les  o r  sp inners  in obtaining chemica l  f i laments ) ,  on the one hand, and by the g r e a t  complexi ty  of the ob-  
s e rved  phenomena ,  on the o ther .  The unsteady flow of p o l y m e r  s y s t e m s  is  c h a r a c t e r i z e d  by the s imul taneous  
development  of p las t ic  and e las t ic  deformat ions  and the effect  of thixotropic des t ruc t ion  of the s t ruc tu re ;  the 
conditions of the fo rmat ion  of the veloci ty prof i le  at the ent rance  to a cy l indr ica l  channel also exer t  a ce r ta in  
effect .  Whereas  in a r o t a ry  v i s c o s i m e t e r  one is  able to s epa ra t e  the r e v e r s i b l e  and i r r e v e r s i b l e  deformat ions  
expe r imen ta l ly ,  with flow in a cap i l l a ry  such a separa t ion  is  imposs ib le  in pr inc ip le ,  and is done by var ious  
ind i rec t  methods .  

To al low for  the addit ional energy  expendi tures  before  the nozzle  ent rance  and in the sect ion of unsteady 
flow one usual ly  uses  the so -ca l l ed  "inlet" c o r r e c t i o n  / in ,  which in a number  of r epo r t s  [1-4] is  cons idered  
as a p a r a m e t e r  of the v i scoe las t i c  behavior .  However ,  in [5] it  has been shown that the s t rength  of the s t r u c -  
tu re  mus t  c r e a t e  a la rge  en t rance  effect ,  so that  in the gene ra l  case  the possibi l i ty  of using m e a s u r e m e n t s  of 
inlet  co r r ec t i ons  as a method of es t imat ing  the highly e las t ic  p rope r t i e s  of a s y s t e m  is connected with the r e l a -  
t ionship of the effects  of the development  of p las t ic  r e v e r s i b l e  deformat ions  and of des t ruc t ion  of the s t ruc tu re .  

The published data relative to the quantity /geom, the "geometrical" or "Couette" correction, which de- 
termines the additional energy losses due to the reorganization of the velocity profile at the nozzle entrance, 
are contradictory. Couette [6] found that the value of the inlet correction is equivalent to the fictitious length- 
ening of a capillary by five to sex radii (/geom = nR, n = 5-6). In [7, 9] /geom was equal to 1.146R. Barr [8] 
took n = 0.9. Schurz [I0] indicates that according to the literature data n = 0.5-1.0, but he notes in this con- 
nection that the direct determination of /geom is possible only in measurements on inelastic liquids. The 
authors of [2, 11] assume that /geom is negligibly small in comparison with /in and does not depend on the dis- 
charge velocity; in [3, 12], conversely, it is noted that the energy dissipated in the entrance zone depends on 
the velocity gradient and can have rather large values. 

And there is no single opinion on the question of where the additional pressure drop takes place: Some 
investigators [1, 2] assume that the entire end effect is concentrated in front of the entrance to the capillary; 
others [9] declare for two components characterizing the pressure drops up to the entrance to a nozzle and in 
its initial section. 

Trans l a t ed  f rom Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 31, No. 6, pp. 1084-1091, D e c e m b e r ,  1976. 
Original  a r t i c l e  submit ted  D e c e m b e r  8, 1975. 

This material is protected by copyright registered in the  name o f  Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 1001 I. No part 
o f  this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, 
microfilming, recording or otherwise w i t h o u t  wr i t ten  permission o f  the publisher. A copy o f  this article is available from the publisher for $ 7.50. 

1464 


