
E X C E S S  P R E S S U R E  IN A P U L S E D  L I Q U I D  J E T  

G. N. C h e r m e n s k i i  

In 1954-1956 Dunne and C a s s e n  [1] made  a t he o r e t i c a l  and e x p e r i m e n t a l  s tudy of the b e h a v i o r  of l i -  
quid j e t s  and came to the conc lus ion  that  the jet c o n s i s t s  of d i s c r e t e  s e g m e n t s  moving  at d i f fe rent  veloci t ies .  
At the j unc t i on  be tween  the "fas t"  and "slow" je ts  it is p o s s i b l e  to o b s e r v e  a l iquid d i sk  moving at a v e l o c -  
ity equal  to the a r i t h m e t i c  m e a n  of the ve loc i t i e s  of the l iquid on e i t h e r  s ide  of the in te r face .  Such a d i sk  
was also obse rved  in [2] in connec t ion  with the s u p e r s o n i c  wa te r  jet  c r e a t e d  by a p i s ton  c o m p r e s s o r ,  when 
the p r e s s u r e  ahead of the nozzle  is a p e r i o d i c  func t ion  of t i m e  a s soc i a t ed  with the fo rward  and r e v e r s e  
mot ion of the p i s ton .  V. P. Borodin*  e s t a b l i s h e d  a c o r r e s p o n d e n c e  be tween  the mot ion of the d i s c r e t e  p o r -  
t ions  of the je t  at d i f fe ren t  ve loc i t i e s  and the p r e s s u r e  waves that  develop in a shock c h a m b e r  ahead of the 
nozzle  of a pu l sed  water  cannon.  As a r e s u l t  of the i n t e r a c t i on  of the p a r t s  of the pu l sed  jet  a c c e l e r a t e d  to 
d i f fe ren t  ve loc i t i e s  wa te r  is e jec ted  l a t e r a l l y  at va r ious  angles  to the jet  axis .  Below it is shown that a 
d i s c r e t e  pu l sed  je t  is c h a r a c t e r i z e d  by exces s  p r e s s u r e .  

1. If the flow of the individual  s ec t ions  of the jet  is s t a t i o n a r y  on a t i m e  i n t e r v a l  c o r r e s p o n d i n g  to the 
mot ion  of the p r e s s u r e  wave f r o m  the nozzle  to the p i s ton  rod of a 
water  cannon  and back,  B e r n o u l l i ' s  equa t ion  appl ies  on each s e c -  
t ion.  At the in t e r f ace  be tween  ad jacent  sec t ions  the equa t ion  

(1.1) Pl + 1/2 Piu~ ~ ~ Pi+x +~/~ Pi+l ui+l 

is sa t i s f i ed .  

Here  Pi and Pi+~, Pi and Pi+l, ui and ui+ 1 a re  the p r e s s u r e ,  
dens i ty ,  and ve loc i ty  of the jet  componen t s  on e i t h e r  s ide of the i n -  
t e r f a c e  r e c k o n i n g  f r o m  the nozz le .  

Owing to the d e c e l e r a t i o n  of the fast  po r t i on  of the jet on 
c r o s s i n g  the l ine  of ve loc i ty  d i s c on t i nu i t y  the p r e s s u r e  should 
change con t inuous ly .  The e x c e s s  p r e s s u r e  &p is d e t e r m i n e d  f r o m  
Eq. (1.1) and for  a water  je t  (it may  be a s s u m e d  that Pi = Pi+l = P) 
is equal  to 

Pi = P~I = P) ap =t.V~ p (u~+~ -- u~) , (1.2) 

This pressure front moves into the head of the jet at a vel- 
ocity i/2(U[+I + Ui) , and as a result of the relief of pressure be- 
hind the front a halo-like liquid disk is formed. The diameter and 
length of the halo are the greater, the greater the difference in the 
velocities of neighboring discrete portions of the jet and the great- 
er their length. As the velocities are equalized along the length of 
the jet, the excess pressure decreases, disappearing as the sec- 
tion with the maximum velocity reaches the head of the jet. 

Figure 1 shows a series of frames of the pulsed jet of a IV- 
5 water cannon taken with a SKS-1M high-speed motion-picture 
camera at a maximum pressure of 690 MN/m 2 in the barrel of the 

Fig. 1 
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Fig .  2 

w a t e r  cannon.  The f i r s t  zone (without a gr id)  
c o v e r s  the  i n t e r v a l  f r o m  0 to 2.1 m,  the second  
zone (with a g r id )  c o v e r s  the  i n t e r v a l  f r o m  2.0 
to 4.3 m r e c k o n i n g  f r o m  the n o z z l e .  In the  f i r s t  
zone ( f i lm speed  3500 f r a m e s / s e e )  it is  e a s y  to 
d i s t i n g u i s h  the bu lg ing  r e s u l t i n g  f r o m  the i n -  
t e r a c t i o n  of the d i s c r e t e  p o r t i o n s  ot the j e t  
moving  at d i f f e r e n t  v e l o c i t i e s .  As the fas t  s e c -  
t ions  r e a c h  the head of  the  j e t ,  i m m e d i a t e l y  b e -  
hind the e x c e s s  p r e s s u r e  f ront  the  bu lges  a r e  
c o n v e r t e d  into w e l l - d e v e l o p e d  h a l o e s ,  which 
a b s o r b  the e n t i r e  je t .  When the fas t  s e c t i o n  
r e a c h e s  the head ,  the e x c e s s  p r e s s u r e  in the  
je t  d i s a p p e a r s  and the  ha loe s  beg in  to l ag  b e -  
hind. In the f r a m e s  c o r r e s p o n d i n g  to the  s e c -  
ond zone ( f i lm speed  4700 f r a m e s / s e c )  it is  
p o s s i b l e  to  d i s t i n g u i s h  a s m a l l  s w e l l i n g  of  the  
j e t  c a u s e d  by  the p a s s a g e  of the faste~st s e c t i o n  
at  a v e l o c i t y  l i t t l e  d i f f e r e n t  f r o m  that  of the  
p r e c e d i n g  s e c t i o n  of the  j e t .  

At the  m o m e n t  at which the s e c t i o n s  with 
m a x i m u m  ve loc i ty  r e a c h e d  the  head of the  j e t ,  
the  p r o c e s s  of p r e s s u r e  d e v e l o p m e n t  in the  
b a r r e l  of the  w a t e r  cannon ends  and i ts  va lue  
b e g i n s  to d e c r e a s e ,  the  nozz l e  v e l o c i t y  of  the  
j e t  d e c r e a s e s ,  a nega t ive  p r e s s u r e  d rop  is 
c r e a t e d  in the  j e t ,  and it should  b r e a k  up. 
B r e a k u p  has  been  e x p e r i m e n t a l l y  o b s e r v e d  by  
V. P.  B o r o d i n  in the c o u r s e  of an x - r a y  s tudy  
of p u l s e d  j e t s .  

F i g u r e  2 shows a t h e o r e t i c a l  p i c t u r e  of  
the  a c c e l e r a t i o n  of  a p u l s e d  je t  as  t h e ' p r e s s u r e  
in the  w a t e r  cannon b a r r e l ,  r e c o r d e d  b y  s t r a i n  

gauges ,  r i s e s  to 433 M N / m  2. In t h i s  c a s e  the  w a t e r  m a y  be r e g a r d e d  as  a b a r o t r o p i c  idea l  l iquid and v i s -  
c o s i t y  f o r c e s  and t h e r m a l  c o n d u c t i v i t y  m a y  be  n e g l e c t e d ,  s i n c e  the  R e y n o l d s  n u m b e r  Re = 106-4 �9 106 and 
the P e c l e t  n u m b e r  Pe  = 5.  106-30 �9 106. H e r e  and in what fo l lows  the fo l lowing  no ta t ion  has  been  e m p l o y e d :  

%je t  f low t i m e  f r o m  e n t r y  of p i s t o n  r o d  into w a t e r - c a n n o n  b a r r e l ,  m s e c ;  # , v e l o c i t y  of d i s c r e t e  s e c t i o n s  
of the j e t ,  m / s e e ;  Ap, e x c e s s  p r e s s u r e  d e v e l o p e d  at i n t e r f a c e ,  MN/m2; Ap*, h y d r o d y n a m i c  i m p a c t  p r e s -  
s u r e  j u m p ,  MN/m2; L, d i s t a n c e  f r o m  n o z z l e ,  m.  

C a l c u l a t i o n s  show that  the  e x c e s s  p r e s s u r e  in the  je t  m a y  have a c o n s i d e r a b l e  va lue  (in the  e x a m p l e  

p r e s e n t e d  Ap = 16 .8-184.27  MN/m2) .  

T a b l e  1 

Nozzle profile d, mm ~,MN/in2 u, CITI/ a m /  
Sec sea  

Slightly convergent, cone angle a= 10' 

conical c~ = 13 ~ with expansion at the 
end 15 = 50' 

Exponential 
Slightly divergent B = 18' 
Conical c~ -- 8 ~ with, expansion at the 

end B_-2 ~ 
Exponential 
Ca tenoidal 
Catenoidal 
Sltghtly divergent 8 = 12' 
Slightly divergent 8 = 12' 
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911 
886 

776 
8o8 
919 
639 
776 

1300 
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1091 
940 
963 

1063 
946 
966 
681 
810 
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2. As the fast  sect ions of the jet r e ach  the head, the slow sect ions  d i sappear ,  for the most  par t  being 
d i spe r sed  in the haloes.  After the d i sappearance  of the adjacent (i + 1)-th sect ion the fast  (i + 2)-th sect ion 
begins to in terac t  with a new slow i-th section.  At the initial moment  of impact  of the (i + 2)-th and i - th  
sect ions a shock wave, at whose front the p r e s s u r e  i nc rea se s  sharp ly ,  develops.  

The p r e s s u r e  jump may  be de te rmined  f r o m  the impact  equation for compliant  rods of the same 
c r o s s  sect ion [3] 

Pi.~ %.~ (2. i) 
~p* = Pici% pici -~ Pi+~ai§ 

ur = %  (u,~+2 "F u~.O-  u~ , (2.2) 

Here Pi ~ Pi+2 ~ i000 kg/m 2 is the density of water; c i ~ cl+ 2 ~ 1530 m/sec is the speed of sound in 
water; and Uc is the impact velocity of the sections at the initial instant, m/sec. 

In the jet of the MPI-2 water cannon shown in Fig. 2 a pressure jump Ap* = 182.1 MN/m 2 occurs 4 

msec after the jet begins to flow, when the section with velocity ui+2 = 830 m/sec begins to interact with 

the section at velocity u i = 566 m/see. 

The resulting shock waves travel to the head of the jet, as a result of which it acquires a velocity 

greater than the value obtained from the condition of stationary flow of a compressible fluid. Experiments 

reveal the presence of this velocity increase, despite the fact that as a result of impact and air friction 

losses the velocity of the head of the jet should be less than the value calculated (without allowance for 

losses). 

Table 1 gives the maximum calculated values u (stationary) and the maximum recorded values u* of 

the head velocities of the pulsed jets of IV-5 and MPI-2 water cannons as a function of the nozzle diameter 

d and the maximum pressure in the barrel p. These results confirm the conclusion relating to the accel- 

eration of the jet by the resulting sheok waves. 

The author thanks I. A. Kutkin and S. S. Chubrik for assisting with the experiments. 
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