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* . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAABSTRACT: The velocity of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwater jet flow 

J 0 -  

when the j e t  impacts a target material or 16, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be increased 

another water j e t .  

A theory describing such augmentation in terms of velocity, 

mass and energy change is considered. 

sensitive to j e t  structure and the jet velocity prof i le,  

The phenomena is 



II, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA? ) I t  

T 

r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 
T 

F ' . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAINTRODUCTIOX 
i . -  

The use of high pressure water zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj e t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa cut t ing too l  6, 
has, within the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl as t  f i ve  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAyears ,  become a commercial reality, 

The range of application has covered a spectrurn fron eard- 

board and wood through coal  and rubber t o  metal. 

- 

. *  

Research invest igators  have carr ied out  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt e s t  programs 

a t  pressure levels up to 40 
- .  . 

cially availabLe equipment, . Such . 

research has shown t h a t  there can, under cer tah  circumstances; 

be benef i ts  to working at these higher pressures .- Equipment 

for t h i s  tyi?e of work is, however, gen 

sults of t e s t  

speed occurs 

Because of the problems associated with creating pres- 

sures within a piece of equipment, consideration has turned 

to the possibility of generating high veloc i t ies beyoad the 

nozzle by t h e  use of in teract ing jets or j e k  impact on a 

s o l i d  surface. 

- 

This approach has lr-ady been shotqn SUCCeS 
L i n ~ e  . 

developmenk of shaped charges, particularly for m i l i t a r y  

appl icat ions during the  last world war El-31. * Theoretical 

and. experimental na lys is  of +&is phenom2non has shown that 

cumulative jet accelerations to ve loc i t ies  of . 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- the order of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 , 0 0 0  t o  2,500 m / s  can bz achieved. The vs loc i ty  

achieved is a gunction of the charge s i z e  and the s h a p  an5 

mater ia l  conposition of the l i n e r  which, upon collapse, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw i l l ,  

b, 

crea te  the  cut t ing je t .  

This  paper examines the re la ted f i e ld  where an augman-led 

ve loc i ty  j e t  or  "fast jet"  i s  produced by the impact betws2n 

two iden t i ca l  water j e ts  or of a s ing le water j e t  with a 

xtends the exist ing theory 

harges t o  describe the  form- 

t i o n  and nature of t hs  secondary water jets formed when two 

i den t i ca l  jets m e e t -  

d i rec t ions  along the l i n e  b i s  

The secondary j e t s  move i n  opposing 

* .  

and veloc i ty  of these secondary jets- 

Par t i cu la r  considerations are given zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcase where 

one of the secondary j e t s  is of suf f i c ien t  veloci ty t o  have 

the  capabi l i ty  of cut t ing a target  m a t e r i a l , .  

I n  the  passage of a w a t e r  j e t  f r o m  the nozzle into a 

rwounding f l u i d  the e f f e c t  of the jet of the  surrounding 

uid is to cause a change i n  the  pressure p ro f i l e  (velociQr 

prof i le) of the j e t  ( P i g .  1) - 
constant ve loc i ty  across the pro f i l e  changzs t o  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG a u s s i m  

d is t r i bu t i on  with increasing distance from the nozz le  as 

the water on the outside of the core is abraded. 

The i n i t i a l  condition with a 

I 

\ ' ,. I 

Conventional 

theory on j e t  impact is based on those portions of the curve 

where -the primary j e t  sti l l  re ta ins  a cons-tznt veloci ty across 

&, 

3 
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t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- ,' .. 

". zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe  pro f i le ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand w i l l  then zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAexpand t h i s  

j e t  is broken in to  droplets. 
+ 2  

i 

+d 

ANALYTICAL MODEL 

Consider an or ig ina l  primary fluid j e t  in t h e  region 

close to the nozzle where it retains an even pressure pro- 

file across its sect ion- 

sect ion of area b x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
surface. 

jet are approaching a r i g id  flat surface with the sane 

ve loc i ty  vector incl ined a t  angle 'a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L e t  such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa et have a square = ~ ~ ~ ~ -  

and with a . lead ng edge \+Thick is a f l ak  . 

.. 

If it is assumed tha t  a l l  portions 02 the original 

. re la t i ve  to the f la t  ' 

of the primary jet incl ined 

rst portion aE the lezdi 

at point 

@ig, 2). . Thi he intersee' LZOn * 

e of sylNTletry 

0 0  a t  angle ( F i g -  3). 

If t he  f l o w  were a continuous laminar flow, then the 

primary jet would divide t o  produce two streams flowing i n  

opposite d i rec t ions  along t h e  surface 0 0 -  Each stream would . 

have a veloc i ty  magnitude Vo, where Vo is the magnitude .of 

t h e  inf low'velocity. 

a more general ized case w i l l  be considered, 

Such a condition i s  non-typical a& 

* 'Velocity of t he  Secondary Jets 

Sims [43 used a control  volume approach -to determins th2  

t, ve loc i ty  re la t ionship between the primary and secondary jets 
% 

I 5 
I 







. . -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T 

* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
fo r  t h e  spec ia l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcase y = 90°. He concluded t h a t ,  as the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj e k  

i . &  

bi 
contact  po int  A i  noves along plane 00 at a speed VA, jets 

‘vf j created a t  the plane would have vel.ocity magnitudes 

t o  the right, herein referred t o  as t he  ”fast jet”, and 

V 

by the equa-tions 

to the left, herein referred to as the ”slow jet”) given 
sj 



E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA€Ience, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* i  a, and 

the  sp'eed of , the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 

secondary j e t s  depends only on V 
0' 





i , .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 

t 

4 

i * 4  the mass zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdensi ty  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOE ths water zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe p,  the ~nass zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe secoxdarl; 

br j e t s  w i l l  be -. 

3 
- -  - p b  c1 -f- cos(a+y) lsin(a+y) 

4 sin a sin y @If j 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmax 

(12) 

3 
- - -  pb C1 - ,COS(CX+Y) Isin(c~-t-y) 

4 s i n  a s i n  y O*IS j 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmax 
. .  

The - total  mass that par t ic ipates i n  the formation of tfre 

- secondary water j e t s  is t he  sum- of (PI fJ .) 
plus ‘Ms j) ;ilLY, 

Using Eqs 3, 4, and 1 2  the k ine t ic  energy of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS ~ C -  

ondary water j e t s  can be derived 







50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI.’ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 







~~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. a  e 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFig- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsane comments zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAapply. Based on t h e  info,ri,...seiorr 

the optilnuln condition for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAenergy concentration zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be plotted 

as a dashed line on F i g ,  6. 

i 

I * .  t h a t  thz k i n e ~ i c  energy r a t i o  is maximum for a.= y (Fig, 5) 

iLid 

EXPERIMENTAL RPPLICATIOPITS . 





1 

- 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
z 

$ 

* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i m p a c t  the contact point,moves along radius R t o  the  point  

M . n 

terval 

* -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
' C  

* .  

The value.of f3 w i l l  vary fron zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA180° i n  the  in- icd 

R ( 1  -+ s i n  a) 
- -  O <  ' <  v s i n a  

0 



T 
' I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 0  



0-8 



.. 
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le) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADiscussion of These Results zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The f a s t - j e t  ve loc i ty  ra t i o  (Fig- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwhen plotted as a 

function of t h s  angle indicates t h a t  the  curves f o r  various zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
values of ot are similar i n  shape but displaced as a fURC"' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL l O 2  

of f3. 

as t h e  angle a approaches the value of B -  

considerations, the range of B t h a t  leads to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe formation 

In edery case t h e  veloci ty r a t i o  becmes very large 

For pract ica l  

sa t i s fac to ry  fast jets is considered to bs < < ~ 150, 

From t h e  curvcs on Fig- 9 which show the k ine t ic  eo== . 

- - 

ra t io  as a function of the  angles B and a, the same C O R C ~ ~ S ~ O ~ S  

can be drawn as for t he  earlier case of a f l a t  inpact zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAshown 

v .  

I 

t for a f la  

is again found that as a approaches B so t he  energy ratio 

tefids to i n f i n i t y ,  

of f3 over which t h e  j e t  energy is highly concentrated is 

also small, but  as a increases so the G7idth of the angle B 

over which a highly in tens i f ied jet is produced i 

creased, 

Where values of a are smal 

It i s  i n te res t ing  t o  note t h a t  t h  

ugrnentation is a t  an optimuii v7here a = t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAths enerw . 

i n tens i f i ca t ion  is a t  an o p t h u x  where 

80 - #3 t h i s  suggests t h a t  t h e  opthum 

with the  m o s t  concentrated j e t  night occur when c? = fl = y = 

g o o .  

grea tes t  damage potent ia l  when t h e  ver t i ca l l y  

Under such circumstances- the fast jet wo 
W 

. 
23 



~~ - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
is a t  i ts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmaximum contact diameter, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn t h i s  regard in- 

* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

'vestigators a t  Cambridge 151 have found that damage f r o m  
t impacting droplets zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis confined t o  t h e  periphery of the 

droplet impact zone. The equivalence oE the relationship 

between droplet  flow and continuous zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj e t  flow is suggested 

by a corresponding result obtained a t  Rolla w i t h  a high 

pressure continuous jet directed a% an a luminu  target 

located'2.5 'cm from the j e t  nozzle (Fig, 11). wh, ere dainlase 

is also confined t o  the region at and beyond the jet irnpstct 

periphery- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 ' 9 .  

ti 

. .  

Experinants have, however, concentrated on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe x r + m i ~ i ~ g  

the zone of jet interaction further down the jet streat 

where the f l o w  has disrupted in to  droplets- Pig,-12 shows 

a photograph of such a j e t  co l l i s ion  w i t l z  an h p a c t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa n g l e  

of (a) l o o  at 4 bar-,ob-t=ained ha strobe f la 

. [93. A l l  not impact 
. .  

other .  drop 

d is t r i bu t i on  and velocity. 

collide, t h e  shock wave generated by the fast jet is clearly 

vis ib le,  

cavitation bubble which produces a Monroe jet with ac- 

companying shock waves 163- 

heir spatial 

However ,  when two droplets do 

The r e s u l t s  are similar t o  those of a C O l h p S i R g  

It is similar to the photo-. 

. graphs obtained by Edney [73 of 'the explo 

. :- t he  water j e t  i n  a vacuum. 
e < .  . ,* . -* 

In pract ice the  structure of a high 

par t i cu la r l y  at ve loc i t i es  of the order of 3'00 m/s. is 



i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c 

, .  . 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

I 



e' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w w  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 

- 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
For t h i s  reason., while water j e t  impact on olid bodies can 

be used to generate augmented ve loc i t ies,  the diffuse 

s t ruc tu re  around two continuous jets will in-terf ere w i t h  the 

je t  s t ruc tu re  p r io r  t o  impact and negate much of the  pro- 

posed augmentation- Conversely, once the je t  has disintegrzted . 

into drop le ts  t h i s  is no longer the  case, although the ta rge t  

locat ion should bs i n  the immediate vicinity of the impact 

po in t  s ince the fast j e t s  produced are extremely s m a l l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand 

thus rap id ly  disrupted- 

&1 I 

Further research on the effectiwenes 

I 

! 

- I  

converging j e t s ,  an experiment was carr ied out on Berea 

sandstone samples, 15  c m  diameter and 30 crn long, 

nozzles placed 1-25 cm above the sample- e jet pressure - 

was 680 bar for t h i s  study in which approxktxitely 20 dif- 

f e ren t  nozzle geometries were examined. 

structed t o  produce two parallel je - ts  o 

separated by distances of 1-27 &, 1.78 

Nozzles were a lso  constructed to.produce converging j e t s  at 

Nbzzles were Con- 

*-.. * -  included angles of lo, 2O, So, 20°. All the 
, .- 

-nozzles were machined from brass and the i ns ide  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAurfaces of 

the  nozzles were lapped. 
-. 

The best r e s u l t s  were obtained ~7 i th  t he  p a r a l l e l  noz- 
cpl 

z les  with the 1-27 mm and 1-78 mm spacing and t he  convergent 



. o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 
= a  

e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 

' -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnozzles zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwith lo and-2O included angle. 

So, loo, 1 5 O ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20° angle were poor, no cumulative effect 

being observed. 

exposure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtime of 10 t o  15 s when e i the r  the lo or 2O noz- 

z les  were tested (Fig, 13)- 

The r e s u l t s  from the 
A -; 

The  sandstone samples were s p l i t  after an 
bd 

Fig. 14 shows one of t he  convergent nozzles located j u s t  

above the sandstone. 

mm and 1-78  mm spacing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgave similar resu l t s  t o  those of 

the lo and ' 2 O  convergent nozzles, 

this is the Coanda e f fec t  by which two jets f l o w i i q  close 

together tend -to merge into 011s. j e t .  

Subsequent t o  the conclusion of 

Using the parallel nozzles with 1-27 

One reason postulated for  

- 

- .  

- -  
authors were engaged in research on a hydrauli 

' . _  

ce mine i n  northern 

ined by water jets 

it was discovered t h a t  the co 

lenses, compressive strength of the order of 2,000 bar- 

Under normal conditions the jets would not 

and a s e t  of converging jet nozzles F J ~ S  inserted into ths 

cu t t i ng  head. 

allowing the mining machine to advance at 

': . 

a 

The jets produced c u t  t he  pyr i te  satisfactorily 

CONCLUSIONS~ 

The use of external  augmentation tech 

w a t e r  j e t  cu t t i ng  a b i l i t y  has been demonst 

e f fec t i ve  way of improving the .cu t t ing  of rock and is a 

means of generating higher pressures than those extant within 

27 

... ~ 

w 
\. 







the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApre-existing f l o w .  

in bringing two: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf l a t  ended jets together exactly symmetrically, 

Because of the problems which zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAarise 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Q  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W 

it i s  proposed herein t h a t  a m o r e  effective technique would 

be t o  converge the j e t s  at a point td~ere they have just 

broken into droplets, Photographic evidence of such an even* 

shows that large velocity augmentation i s  possible, 
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