
P I E R C I N G  A M E T A L L I C  B A R R I E R  W I T H  A 

J E T  O F  A D I L U T E  P O L Y M E R  S O L U T I O N  

A .  M.  K u d i n ,  G .  I .  B a r e n b l a t t ,  
V.  N. K a l a s h n i k o v ,  S.  A .  V l a s o v ,  
a n d  V.  S.  B e l o k o n '  

UDC 532.522.2 

Resul t s  a r e  shown per ta in ing  to the act ion of je ts  of dilute p o l y m e r  solutions on solid b a r -  
r i e r s .  The  p ie rc ing  of a b a r r i e r  is explained by the v i scoe las t i c  p r o p e r t i e s  of aggrega tes  
which, during an impact ,  behave l ike solid p a r t i c l e s .  

Cer ta in  soluble p o l y m e r s  a r e  known, t races  of which g rea t ly  reduce  the turbulent  f r ic t ion  drag  [1]. 
In o rde r  to explain this phenomenon,  it  has  been sugges ted  in [2] that  such po lymer  solutions contain l a rge  
s u p e r m o l e c u l a r  s t r u c t u r e s ,  aggrega te s ,  consis t ing of m a c r o m o l e c u l e s  and l a rge  amounts  of immobi l ized  
solvent .  This  hypothesis  evolved f r o m  the need to reconc i le ,  at leas t ,  the c h a r a c t e r i s t i c  d imensions  of 
the s m a l l e s t - s c a l e  (Kolmogorovian) eddies in the s t r e a m  with the s ize  of inhomogenei t ies  genera t ing them 
in the solvent .  A fu r the r  extension of this hypothesis  has  led to the concept of m a c r o m o l e c u l e  aggrega tes  
as v i scoe las t i c  drople ts  {particles) suspended in the solvent ,  whereupon the i r  actual  ex is tence  has  been 
conf i rmed in exper imen t s  [3, 4]. Subsequent r e s e a r c h  has made it poss ib le  to de t e rmine  the cha rac t e r i s t i c  
d imensions  as well as the volume concentra t ion of such aggrega tes  [5]. In an aqueous solution containing 
0.001% {weight) of polyoxyethylene with a mo lecu l a r  weight of 4 - 106, for  example ,  the dimensions  of these  
aggrega tes  were  found to be  of the o rde r  of 1 m m  and the i r  volume concentra t ion up to 3%. The m e a s u r e -  
ments  had been based  on the analogous behav ior  of solid pa r t i c l e s  and v i scoe las t i c  aggrega tes  in suspen-  
sion in a liquid during s tagnat ion at the c r i t i ca l  point of a Pitot  tube, this behavior  resul t ing  in anomalous  
readings  a l r eady  at a m a i n s t r e a m  veloci ty  of 3 m / s e c .  According to the data obtained f rom those m e a -  
s u r e m e n t s ,  aggrega tes  s tagnate  at a Pi tot  tube within 10-3-10 -2 sec ,  a f t e r  which t ime  the i r  behav ior  does 
not d i f fer  f rom that  of undeformable  pa r t i c l e s .  Thus,  the re laxa t ion  t ime  of aggrega tes  is of the s a m e  
o rde r  of magni tude.  During de fo rmat ion  p r o c e s s e s  with a cha r ac t e r i s t i c  t ime  longer  than that,  a g g r e -  
gates  behave like drople t s  of a plain liquid, while with sho r t e r  re laxat ion  t imes  they cannot be  deformed 
yet  and, t he re fo re ,  they behave l ike solid p a r t i c l e s .  

Extending this viewpoint to the s t r u c t u r e  of po lymer  solutions has led to the following hypothesis :  
as the m a i n s t r e a m  veloci ty  r i s e s  apprec iab ly ,  the r a t io  of de format ion  t ime  to re laxa t ion  t ime  becomes  
such that the aggrega tes  will behave like pa r t i c l e s  suff icient ly r ig id  to be capable  of p ie rc ing  a b a r r i e r .  
This  hypothesis  has  been conf i rmed exper imenta l ly  on a t e s t  appara tus  shown schemat ica l ly  in Fig. 1. The 
liquid was fed f r o m  tank 1 to the inlet  of a centr i fugal  pump 2, which produced a p r e s s u r e  head at the in- 
let of a pis ton pump 3. The la t t e r  r a i s ed  the p r e s s u r e  of the liquid to 320 a tm total  and thus ensured a 
flow r a t e  of 1.1 l i t e r / s e c .  The  liquid under  high p r e s s u r e  was fed to nozzle  4 with an inside d i ame te r  of 
2 m m .  A jet  was d i scharged  f r o m  this nozzle  toward a t a rge t  spec imen  5, a p la te  of g rade  St5 carbon 
s tee l  2.5 m m  thick, pe rpend icu la r  to the je t  axis at a d is tance  of 3 m m  f rom the nozzle  th roa t .  During 
opera t ion with pu re  water  under  the top p r e s s u r e  and at the top flow ra te ,  no breakdown of the spec imen  
su r f ace  was noted a f t e r  1 h. According to [6], a me ta l l i c  b a r r i e r  would not be  p ie rced  a f t e r  40 min by a 
jet  flowing under  a p r e s s u r e  of 500 arm total .  

When a 0.1% solution of g r ade  AMF po lyac ry t amide  with a mo lecu l a r  weight of 2.106 was used under  
a d i scha rge  p r e s s u r e  of 250 arm total  and at a flow r a t e  of 0.7-0.8 l i t e r  of liquid pe r  second,  a f te r  a few 
minutes  the jet  of liquid had p i e r ced  a hole in the plate  l a r g e r  in a r e a  than the act ive  nozzle  sect ion.  
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Fig. 1. Schematic  d i ag ram of the t es t  appara tus .  

Photographs  of this hole on both s ides  of the pla te  a r e  shown in Fig. 2a, b. 

We then studied the initial  s tage  of breakdown in meta l l i c  spec imens .  This  was done by repea ted ly  
c i rcula t ing sma l l  volumes of up to 0.01% polyoxyethylene (grade WSR-301 Polyox) solutions in water .  
Under these  conditions such a solution usual ly  degrades  fast ,  which has  to do with the comminut ion of 
p o l y m e r  molecules  due to shea r  s t r e s s e s  during flow and during impact ,  as well  as due to the apprec iab le  
heating up of the liquid. For  this r eason ,  the des t ruc t ive  effect  was mos t  pronounced h e r e  only during 
the f i r s t  few c i rcu la t ions  of the solution in the appara tus .  

The c r a t e r  produced in the spec imen  was an a lmos t  c i r cu l a r  indentation with a p ro tube rance  at the 
center ,  the base  d i am e t e r  of the l a t t e r  being equal to the inside d i ame te r  of the nozzle.  The su r face  of 
the c r a t e r  was dull.  The photograph in Fig. 3 shows the effect  of a 0.001%solution of polyoxyethylene in 
wa te r  d i scharged  under  a p r e s s u r e  of 300 kgf/cm2~ 

It has been  found exper imenta l ly  that  the des t ruc t ive  capabi l i ty  of je t s  o f  po lymer  solutions depends 
on the po lymer  concentra t ion.  This  des t ruc t ive  capabil i ty was de te rmined  f rom the loss  of weight of a 
spec imen  plate  during the t ime  of t r e a t m e n t  with a solution containing definite amounts  of po lymer  m a t e -  
r ia l .  Under a constant  d i scharge  p r e s s u r e  and during equally long per iods  of jet  action, the des t ruc t ive  
capabi l i ty  of a je t  f i r s t  i nc reased  with inc reas ing  p o l y m e r  concentra t ion C and then, a f t e r  a m a x i m u m  at  
C = 0.001%, began to d e c r e a s e .  This  may indicate an analogy between the phenomenon under  study he re  
and a s and-b la s t  t r ea tmen t  of m a t e r i a l s .  Such a dependence of the des t ruc t ive  capabil i ty on the p o l y m e r  
�9 concentrat ion in a je t  is qual i ta t ively analogous to the well known re la t ion  between the des t ruc t ive  ef fec t ive-  
ness  of w a t e r - s a n d  je t s  and the weight concentra t ion of a b r a s i v e s  in the ac t ive  liquid - -  a re la t ion  which 
has been recen t ly  e s t ab l i shed  in l abo ra to ry  t e s t s  with meta l l i c  p la te  spec imens .  According to the data 
obtained by var ious  authors  [6-10], with all other  conditions the s ame ,  a jet  of liquid and sand p i e r c e s  a 
b a r r i e r  f a s t e s t  when the sand concentra t ion is within 70-120 g / l i t e r .  This  is equivalent to a volume con- 
centra t ion of quar tz  g r i t  (density 2.6 g / l i t e r )  in the act ive  liquid as high as 2.7-3.8%. In e a r l i e r  mentioned 
t e s t s  [5] the des t ruc t ive  capabi l i ty  of h igh-veloc i ty  je t s  of aqueous polyoxyethylene (grade WSR-301 Polyox) 
solutions was m a x i m u m  when C = 0.001%. The  volume concentra t ion of aggrega tes  in solutions with such 
a concentra t ion of polyoxyethylene was a lso  3% [5], 

It was noted in [6, 7, 9, 10] that,  when the dis tance f r o m  nozzle  to spec imen  plate  was shor t  (3 m m  or  
less) ,  the re f lec ted  j e t  with a b r a s i v e s  damaged the p i e r c e r - n o z z l e  casing.  An analogous effect  is ,  a p p a r -  
ently, a lso  produced by a je t  of p o l y m e r  solution, In the lower  r igh t -hand  co rne r  on the photograph (Fig. 
2b) t he r e  appea r s  an indentation in the back su r face  of the plate,  caused by a jet  of po lymer  solution a f te r  
the l a t t e r  had been re f l ec ted  f r o m  a cyl indrical  p ro tec t ive  case  behind that  plate .  A meta l lographic  analy-  
s is  r evea led  that the m i c r o h a r d n e s s  of the su r face  l aye r  within the c r a t e r  region was higher  than within 
the pe r iphe ra l  zone. A m i c r o s c o p i c  examinat ion of mic rocu t s  under 2000• magnif icat ion indicated the 
exis tence  of a co ld-worked l aye r  within the zone of jet  action, the th ickness  of this l aye r  :~ot exceeding two 
or  th ree  gra in  d i a m e t e r s .  Slip zones were  dis t inct ly not iceable  within the me ta l  s t ruc tu re .  An x - r a y  
examinat ion of the c r a t e r  su r f ace  a lso  r evea led  a l aye r  where  p las t ic  deformat ion  had occur red .  
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Fig. 2 Fig. 3 

Fig. 2. Hole made in a s tee l  plate by a je t  of po lyacry lamide  solution (concentrat ion 
C = 0.1%) flowing at a veloci ty  of 150 m / s e c :  (a) front  view, (b) back view. 

Fig. 3. Initial stage of breakdown in a s teel  plate,  caused by a je t  of a 0.001%polyoxy- 
ethylene solution. Discharge  p r e s s u r e  300 arm total.  

Thus, mic rocu t  examinations of the c r a t e r  sur face  in specimens  af te r  t r ea tment  with h igh-veloci ty  
je ts  of po lymer  solutions indicate an impac t - type  breakdown. 
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