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ABSTRACT

This report summarises the results of a broad programme of work

on hi gh speed liquid impact. Two methods were used for producing hi~~

velocity impact. The first involved projecting a jet of li quid at a

stationary targe t while in the second 25.4 mm diameter specimens we re fired

by a gas gun at suspended drops . One of the main objectives of the stud y

was to place the jet method on a sound quantitative basis . Detailed

studies of jets , using hi gh speed photography at microsecond framing rates ,

allowed the conditions for producing stable and reproducible jets to be

obtained for a wide range of jet veloci ties (up to ~lOOO m s 
I
) and jet

diame ters (0.4 to 3.2 mm). Information on chamber design and jet parameters

is given in the report. The next aspect of the stud y involved an attemp t

to relate jet impact damage wi th that caused by drop impact. This was

achieved after experimen ts in which hi gh speed photography, pressure measur-

ing techniques and damage studies all played important roles. The establish-

ment of the jet method as a quantitative approach to liquid impact studies

has practical app lication since the me thod has advantages in its ease of

operation , its ability to simulate very large drop sizes , and the fact that

the targe t is stationary . High—speed photograp hy and pressure measurements

with 250 ljm diameter PZT4 transducers were used to study the pressures

generated by li quid impact. Evidence was found of hig h edge pressures in

an annular region around the main water hamme r area. The final sectio n of

the report describes a hyd rostatic test apparatus developed for measuring

the “resid ual strength” of brittle specimens following li q uid impact. The

importance of quantitatively assessing damage is emphasized in this report.

Wi th brittle solids such as glasses it is shown that large strength losses

can take place before the damage reaches visible dimensions. This c1ear~ y

has practical importance. The factors affecting the shape of residual strength

curves are discussed.

( i i )
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1. Introduction

I t  is w e l l  known t h a t  the impact of a Ii (lii i ci and a so t  i has

i m p o r t a n t consequences  i n  the  r a i n  erosion ot a i  rc r u t  t , t h e  e r o s i o n  o t

s team t u r b i n e s  and in c a v i t a t i o n  p henom ena .  The work  d e sc r i b e d  in t h i v

f i n a l  r e p o r t  was p r i m a r i l y coir cern uvi w i t h  t he  damage produced b y the

impac t  of l a r g e  w a t er  d r o p s .  ‘Ih i  s k i n d  of wo rk is i np r t ru n t s i n c e  i t  i s

known L l i . u t  a l ar g e  mass of l i q u i d  in  a s i n g l e  dr jt can cause mu ch ruo r

damage t han t lie same mass div i dod in o sururu 11cr  d r eps .  ‘l’ l~ is a i t  bough a

r a i n  f i e l d  may c o n t a i n  u n i v  a t e l  a t  i~~e Iv  f ew  l a r g e  drops , i t can be t he se

w h i c h  d e t e r m i n e  the cat as t. ro : u i  f a i  l u r e  of a component . for examp le , a

glass  radome .

We u ,ed two methods  f o r  s i m u l a t i n g  the c o l l i s ion  ~i t h  l a r g e  w a t e r

drops. The first was the technique first devised by Bowden and Brunton

(1958, 1961) for projecting a jet of li quid at a stationary target. The

second was a gas gun which cart f i r e  2 5 .4 m m  d i a m e te r  s p e c i m e n s  at  s t a t  ion ,urv

drops .

Both of these me t hods have the I r own a d v a n t a g es  . The f i r st  me t  hod

has  the  d i s a d v a n t a g e  of shoe t i ng a jet of I i  qul i d but h a s  di  St  n et  advan t ages

in i t s  ease of o p e r a t i o n , low con s t  “ U , ’ L i o n  cos t , rind the v e l o c i t y  range

t h a t  can be covered .  The second  is n e ar e r  t h e  p r a c t i c a l  s i t u a t i o n , s i n c e

a sp her i  cal  d r o p  is s t  n i ck , bu t  h as  di  sadvan  t ages as r e g a r d s  t i c  s i z e  ol

spec imc ’r  w h i c h  can be p r o j e c  ted and the d e e  o r a t i o n  (wi  t i i o u t  f u r t h e r

damage ) of the specimen after impact. The suspension ot spheric al wa te r drops

of diameter greater than 2mm i s a t  so p rob I em.

One of t he  ob j e c t  i ves  of t h e  present p r o l e c t  wa s  to se i i  t h e

j e t  me thod  could be p u t  on a s o u n der  qu int i t u t i v e  b a s i s .  I b i s  h i s  in-

vo lved ex t e n s i ve  s tu d i e s  of jet product i of l  a n d  i m p s I ( . i j I t s i  g u t i l  l v  by

h i  gb—speed p h o t o g r a p hy at m i c rose con(l I r ami  ng r u t  e ;  ) , ud I l ie  mt’.’ i t  eTrn fl

of p r e s su re s  produced b y l i q u i d  i m p a c t .
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We have a l so  a t  tempt ed to p u t  damage  r i s s c s s r i c i u t  on a more  qu a n t  i —

t at i v e  b a s i s .  This  has i n v o l v e d  m e a s u r i n g  t h e  “ r e s i d u a l  s t r ’n g t h s ” o~

samples  f o l l o w i n g  i m p a c t .  S t r e n g t h  was measured  u s i n g  a h y d r a u l i c  s t r e n g t h

t e s t i n g  t e c h n i q u e .  As is  shown l at e r  c u r v e s  of r e s i d u a l  s t r e n g t h  v e r s u s

impac t  v e l o c i t y  ( f o r  a c o n s t a n t  j e t  s i z e)  show i s h a r p  f a l l  of s t r e n g t h

when a critical velocity region is reached . This loss of s t r e n g t h  come s

at velocities b e l o w  those which give visual impac t damage . Clearly this

is a p o i n t  of p r a c t i c a l  i n t e r e s t .

As w i l l  become c l e a r  l a te r ,  one of the  c o n c l u s i o n s  f r o m  the  r e s e a r c h

is t h a t  r e p r o d u c i b l e , s t a b l e  j e t s  can be p roduced  w h i c h  can  s i m u l a t e  d r o p

i m p a c t .  For t h i s  reason the  r e p o r t  i n c l u d e s  e x p e r i m e n t a l  d e t a i l s  and

references Sc) that any of  our a p p a r a t u s  can be r e a d i l y  r e p r o d u c e d .  For

examp le the re will be details of (i) the j e t  p r o d u c t i o n  me t hod , ( i i )  the

gas gun , ( i i i )  the hydraulic strength tester , and ( i v)  pres su re  m e a s u r i n g

techniques. All of the above are relativel y “low cost” items which any

labora tory with a well— equi ped workshop and electronics section cou ld

c o n s t r u c t,  We have als o u sed hi gh—s peed c a m e ra s  extensivel y and t h e s e

are e x p e n s i v e  i tems . However , a l t h o u g h h i g h—speed  f r a m i n g  p h o t o g r i p h u v  g i v i n g

severa l  s e q u e n t i a l  p i c t u r e s  w i n  e sst ui t í a !  f o r  our  work  in  w h i c ’h we had

t e stablish conditions of j e t  s t a b i l i t y  ~~t .  i t  W i n  n t  so ic c s s u u v

f o r  t U U rc workers using the j e t  met  11 ( 1( 1 . A s ec t  i o n  s i i i  ud od t h i t ’ nt’ t nt

desc r i b i n g  how sp a r k  pho t ograp hv and p h o t o — c e l l  me t hods  t i t i h d  be u sed t o

observ e j t ’  t shapes  and v e lo c  i t  ics  in  a si  mp i t  and i n e x p e n s i v e  m a n n e r .

2 .  Jet Product ion

‘rh&’ ba s i c  me thu d  f~ i r j e t  p rod  to t i n was w o r k e d  out by Bowden and

i~runton ( 1958 , 1 9 6 I ) .  A p r o j e c t i l e  i s  t i red i n t o  a s t a i n l e s s  s t e e l

chamber cont u ining :u sma 1 1 qu inn L i l y  o h  w a t e r  sea l e d  in by a n e o p r e n e  disc.

The pro t e l  i l v  and neoprene dr i cc t orw, ird as a p i st on r i n u l  t ’x t  rude  t l ie w a t e r
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t h r ou g h a n a r r ow  o r i t  i cc ’ . The r u t  io ~ I w a t e r  jet v e lt t c i t v  t o  p r o j e c t i l e

ve l o c i ty  is  t y p i c a l l y  l— ~ t t i m e s  (see l a t c u  t o r  d e t a i l s ) .  I i gli re 1 (a)

shows schema t i & a 1 1  y th~ ~I u ’S i gn oh  t he  s t  a in I t ’s s st  c’~ ’ I chiambers wh i cli we

found  most  ~uu i t a b l e .  A r an g e  of  j c t  di attic tc ’ r s is  t i r  t a i ned by c u r v i n g  t he

di  mens ion  d . I n  p r e p a r i n g  a chrunhe  r t h e  i n i r e  r’ con t t i l t  F5 s l i o tu  Id  be sris o r l ied

~~ t i  t h a t  t h e r e  are no s h a r p  ch a n g e s .  A hew f i r i n g s  i r e  usual lv needed I or

1 i l ~~W ci tarrTher to ‘ r u i n  i n ’’ , h u t  t h e n  t h~ e l u r u i r r b e r h u ’ l u a v t ’s r e p r o d u c i b l y  f o r

mciv h u n d r e d s  o h  sli ts. ‘Fli t ’ flt ’ t ’~~i’enc’ c l i  ses are usual I y p u n c ’h u t ’ d  o u t  I rum

2nrnr r n i c k  sheet  ( t h e  p u n ch  i s  u s h o t  t e d  steel h i ck wi  t hu  a v e r t i c a l

c v i  i n d r i c , i  I ho l e  down w h i c h  a t oil  of  4 .~~mrrr d i a m e t e r  i s  p u i s l i c ci ) . The hack

su i r  f a c e  oil t lie d i s c  sh ou itt be f l u s h  vi  t I t t I l t ’ r ea r  sur  f a c e  o f t lie c h a m ber .

A c o r I v c r i  i cu t  way to load the  chamber  i s  thro u gh the n o z z l e  u s i n g  a hypo-

de rmic  sy r i n g e . Care  has to be t aken  to e n s u r e  t h a t  t h e  chamber  l i q u i d

does not  c o n t a i n  p a r t i c l e s  or a i r  h u b b i e s .  The l i q u i d / a i r  i n t e r f a c e

affects the jet prod u ict ion m i t  t l u i  s i s  d i  su ’u isse d  i n  de L a  i 1 l a t e r , w h or e

sped f i t ’ b ach ng i n st  r ut ’ t ions arc g i v en  t o  n st  ruble jet p r o d u c t  ion  f or

a vari c ty of diameters.

\ a  r io u  s o t h e r  cha un b e  r d e s i g n s we u’e t r I i ’d h u u t  t I i i  s p rove d  t he

mos t  s u i t a b l e  f o r  p r e s e n t  r e q u i r e m e n t s .  The chamber  is  n ot  opt  im i  seul f o r

p r i t u c  i n g  Ii ig ht j e t  ye b c  I t y  to  p r oj e c t  i lo v e l o c i t y  r n I i OS , S I  f l C O  o u r  j e t S

a d e q u u a  t e v ov e r  t h e  r : i u l g u ’ r equ  i rc’d i i i  ra i n  c ros i ou r app  i i c u t  IonS . I t  t lie

app i i  en t i on  had been to p nc ’duice hi 1 g hi ye h o c  i t  y I i q u id  j e t s  for ml n i ng 01

rock  c u t  t ing  mu r i  su I tab! e c i r a m b e  1’ de s  i i ’ l l  CO U I ci g i vu ’ j e t  vc b c  i Lv  to

pro j e c t i  Ic r a t i o s  of 10 I t ’  I ’  t i mc’ s ( S O t ’ • I or examp l e , R h y m i n g  !97~~’)

I n  l i t ’ on  g i n a t  I p p a r a t  u s  a eonmit ’rc  i a I s p r i n g  opt ’u ’ u t e d  a i r  g u uu

was u sed to I i r e  t h e  h e a d  pro jeet I l~ ’ . ( ‘ u i s  m u  . u F l . u i r g t ’ u r u u ’f l t  h i n t S 110W

been mud i I I ed r ind t i u t ’ I c u d  s I  m u g S  p r o p  I l o b  l i v  co mp r e  s- i t’d r ’, ,is  . ‘l’ ho ’ ‘ sn—

‘r ~’s’ st ’ ci p u n  is tvp c u l l  v cii t r t i gu ’ui bu tt l i t ’ I I m ini i s i t s ,  l i i i  I ‘u h i  h — c c  I ‘c i I V

____________ — —— — a
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work (see be 1 ow for dt ’ t ,  i i s )  . ‘th e pa ~ b u t t  I c  is used  t o  1 ( l ad a c’hanibu r

w i th  gas , and the  gun  i s t h u c ’n f i r e d  b y t r i gge r ing  a I r u s t — s t i n g  sol  u ’r i o i d

valve.

A pr oblem w h u I c i i  we lu r id  a t  t hut ’  S t  ~i r t o f  t i i i  s p a r t  i ciii ar p r o j e c t

was o b t n i  i n  i up  j e t  ye toe  I t i c s  b e l o w  a few h u n d r e d  ms . (‘l’hc rc ’ were no

p r o b i e m s  i n  o b t a i n i n g  h i g h uc ’ r va lue s t ip t o  a f e w  l Oot) ms I ) This wan

eventuall y overcome by uusing the  ar r a n g e m e n t  i l l u s t r a t e d  in f i g u r e  1 ( b ) ;

the added p iston eff e ctiv e l y acts as a momentum exchanger.

It is worth emphasizing at this stage the low cost of the

apparatus required for jet production .

3. Ch iamber  C h a r , i c t c ’ u i  stics

Chambers  w i t h  j e t  o n !  i c e  d i a m e t e r , cl , i n t h e  range 0 .4  to 3 .2  mm

have now been f u l l y  t c ’s t e d  . Cni I i  b r a t  ion c u r v e s  have a l s o  been o bt a i n c ’c h  of

j e t  v e l o c i t y  versus gas gun pressure for all the various vnu l ue~ o f d .

A typ ical set of calibration curves for d = 0.8 mm is sh own in figure 2.

Fi gure 3 shows the variation of jet velocity with orific e diameter

at a constan t slug velocity of 175 ms ~~. The axe s are logarithmic , rind it

can be seen that the points f a l l  in t o  three reg ions , in two of w h i c h  t h e

V/ d  curve  can he a p p r o x i m a t e d  b y powe r l a w s .  For t h e  l a r g e r n o z z l e s , w i t h

d f r o m  2 mm to 3 . 2  mm , t h e  j e t  v e l o c i t y  v~ “ d 
0.88 An i n t e r m e d i a t e

range f rom d = 2 .0 m u  t o  I .0 mm is  dc fined by t lie cc l  a t  i on sh i p

V~ d ~~ , and thu I s 1 s t b it ’ rangc’ ove r r4u i (‘11 t lie j e t s  a i t ’ f ound to  be

most stable (fi gure 3) . Thc’ third reg ion i s  suggested by the single

( con f i r m ed) r e s u l t  of t he  sma 110 St  flO zz 1 ~‘ (0. iii) wIt i cli  g i v e s  a l owe r

velocity than the 0.8 mii i one .  ‘I’hi s i s I iuoti g ht t i i  be di i i ’ to the increase

in  v i s c o u s  ct  f e c t  s in the  e x t  rome l y  s m a l l  or i t  i ce , wh i cli  r educes  chamber

e f f i t ’ ie n c y  vc ’rv s h a r p l y .  An y  t u r b u l e n c e  at the entr ,url cc’ to t h e  o r i t  i c e

sect  ion wi  11 ml so become i n c r e a s i n g l y  i m p o r t a n t  ni s t h e  d i a m e t e r  is  redu ced

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



‘l’he y i n  n i t  i i i  in  t h c ’ u ’onV c ’ S li i i  I i  t ii , I .e . t lie v .uI nc o I V ,

( V .  v e l o c i t y ,  V = ski,’ v e l o c i t y )  i s  n~iven iii t i pu u rt’ -
, f o r  t h u - t i  ‘ h i , i i ; i l ’ u ’ i ’

J S -

S i  Li ’s (ni l I It’aded It ’ p o s i t  i t ’ l l  F wi t h u  ( ‘ ol ives  ‘ u t  w , i r d s  I i q u i d / n i  I r I titer—

f aces )  . The rat io is not constniul t t h i r o u i p t u o u i t  t I u i  s Vc ’ I i i  I t v r an g e  for t hu e

sma I Ic  r cli  rune tern hut i i i  t lie I a cpu’ r cun( ’n; i t  I s app no ‘ri t u r t L e  1’,’ t’ c \Oi- i t oiL

When t he  c l u n t n u b t ’ r s  we ru I onic he ch t o  p o s i t  I t ’ll  I-I t i c ’ ‘ ‘ ‘ l i t - u  t v r u t  I u s w e l t ,

ic’reast ’d by about 7. 5 f o r  t lie 0 .8  mm u u i ’ ’ z  I t ’ r ind  ni ho u ut , ‘ or t l i e  1 . h

and 2 . 4 mm ii zn - ic’s. Ohvi ouus lv a numb u ’ r o o i l  i - c t  s ,lt’ c occur rin g ,

wh i oh lead to these conip I c x re sri its . Tue I t ’ nuI ~ ing of t t ic

V . /V c u r ve s  t or tlic 0. 8 mm r i n d  I .6  nun floZZ I t s  i nd i c - n u t, t

i s

that  t h e r e  are mechanisms f o r  r e d u c i n g  t h e  convers  or’ e f f i c i e n cy  wh i ch

become more  e f f e c t i v e  b o t h  f o r  hi gh v e l o c i t i c s  and f or  ic-i  -.c~ c’c~~t i ~~s.

:e l o c i t y  l i m i t  of V ./ V , i . e .  t he  r a t i o  of chua mber  a rea  to  n o z z l e  a rea ,

— he 0. Fum~ and 9 f o r  the 1 . furir,u diameters . TIre ri fore , a ll t h e

y n a r r i  c e f f e c t s  cons I derab l y r educe  t i r e  e f f i c i e n c y  of t h e  n o z z l e .

These become less i m p o r t a n t  as t he  r a t i o  of V . /V dec reases , i .e.  as t he
i s

on f i c e  d i a m e t e r  i n c r e a s e s .  The \‘ . /V curve  f o r  t l n c  2 .4nnm n o n : . l c ~ i s ye n’ , I ~. r t
.1 S ‘

and not f a r  b e l o w  the  t h e o r e t i c a l  maxi mt nin  of about  ‘u . T h i s  s u g g e s t s  t hn t the

hydrod ynami c condi ti ons w i t h i n  the  chnir :’l, are hece:rning much more cei r : p l cx  as

‘d’ is reduc ed.

The d e t a i l e d  sh’ipc of t h e  above curves i s  qui  ~e complex. As d~’sc : ’ ibod

in previous reports we have had s c-sire success in p r u ’ l i  ot  i n g  nc’~~’, l e  p er f er : ’ - - ruc i -

by ex t end ing  the t heo ry  of R h u v m i i i g  ( I P ’ 7  ~) 
, w l t i  c i t  was  I or an c- x pornt - nt i a~

The main point f rout I t u e  p r oc  ti c~ u I v i e w p o i n t  i n ;  t h a t  I or p von condi t i OlO~

th e j e t s  h ave  r e p r o d u c i b l e  v e l o c i t  and t crm . (~‘t r , i s  r a i d  ah- ’out j e t

char acteri stics below),

—‘ 
_ ,~~~~~~~~ ,.
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I i i  ti ~ spocd Phot~’~~r n u p h y  o f  I c t 6 c ~i i o u r

I I I  g h — s p c t ’ tI  1Oit ’t ‘ , t l ’ ~ip ~iV h i s  h i - en  m t - h  t - z t t  i n  I l v  i r i our w o r k .  i- - m r  I v

ph o t o g r a p h i c  w o r k  on i m p a c t  in  th is i a h o r n i t c ’ry was wi t h a Crarn .’—S chardin

s y s t em  (Bowden r ind Brunt~’r, , 1961) , a Be ckr ;ian and l i i i  t 1ev (rode 1 1 60)

rotating u i  rror camera (1 ;owic -n r ind I 3 r u u t o n  1961 , h3 r i n r t o n  111( 1 , I r ors’ci en arid

F i e l d  1964 , and B r u n t  c r1  an d Cairrus 1970) , and a Becinnmn ~rr ,-md ~‘dri  t I c - v  501

s ing l e — f r a m e i r n a p , c ’ c o n v e r t e r  c rr r r , era  (C ar  i r s  1971) . A l l  t l i c - s e r r v s t  ert ,s h a v e

dr au - .’h nui ’ks w h i c h  h i n t t h e i r  u s o f u l n e s s  f o r  t h i s  app l i c a t i o n .  Our  C r a n z —

So h i a r c h i n  ~~~~ term pr ovi des ver\ ’  h i gh r e s o l u t i o n  over  a l i m i t e d  area , bu t  i t

is d i L f ~~~u u 1 t  to  se t  up arid SUci ’c - ’ SsIOc frames s u f f e r  f rom p a r a l l ax .  The

Beck man and i’~hi tIcv 189 rotating m irror crrrrn era also 1mm  good resolution

and a hi gh f r a r o i n t ,, r a t e .  Pew cver , I icj ni d j e t  p r o du ~ i cur cannot  he

t r i g g u i u ’d on a m icren ;ci- en,i sc a le ~nd so i~’ i t l u  a r o t n u t  i n g  mi rror camera of

limited access (fi Ir m ev er  on l y  p r ’r t  ot  t h e  cy c l e )  t h e  succes s  r a t e  is low .

The Beckm an r i n d t -d i i t  lc ’v i r i n u p u ’ c o ni v eri u’r is a sing le fran c camera , and to

obt am .t sequence  i iwo 1 \‘es’ s t ’ ye ral ,‘ ,unn ’ r u n  , u~’i t h i  t u e  i nhc’rent probl ems of

li gh t  loss or parallax u’rrors

The cam e r a  wh i ch has  r e c e n t  v 6cc ri adapted for this work , t i le  In r a con

f r a m i n g  ima ge  c o n v e r t e r , o v e r c o m e s  thc ’se di s a dv ~1n t n ig d ’ s , at  the  expense  of

a sli gh t l y i n f e r i or i c n O i u t i o f l  c ap a c it y .  I t  has  t t u t ’c h~~s ic  a d v a n t a g e s

over the eth e r lri p,lr— sp ee d photog r aph i c  a v s t c - r r  , i v n i i l n i h ’ l c :  ( i )  i t  i s

sy n ch r o n i s a h l e  fr om  t h e  e v e n t  , ( i i )  ~ t i s  s e n s i t i v e  enoug h t o  r e c o r d

sca tte red li ght f rom opaque objects , tusing conventional li ght sources , and

( i i i )  the use of ‘Pol aroid’ film faci li tn u t c s  large numbers of sequences

being taken , t i t i r s  i n i p r o v  i ng e u  I u h r nm t i cii uiri 1 ,1  and n i l  l o w i n g  r’epu ’od u it ’ I hi 1 it v

o t the w i t  or jet n t o he i nve st I gn u t  ed .  I t i s , u I so a nov , rlmI e u rin e i’ i wh i  i c h i

c iii he t niken t o  t h e  e v e n t ;  I l i i  s i n  a t r t ’ n u e u i t h t ’ i i s  n u t h ~ ’ , u i t  r i m e  I or a nimu’ u ,u

* Had I m d i  I’ . I . L t d  . , Boy u n gdon . lien t s • I~. K.

-~~~~~—~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~ —‘—-
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( t i r e  l r n n i c ’ u ’ri  s’~’i gIi s l’~ kg, r i m A . ’ . K.! . L , , ; r , m , - r  01 1 )  kg 1

‘11w’ t ’n u i n u ’r , i  n , i s  t i  j g gt ’ l c  , I h t \  dt ’t  c t ing . n i thu ,i p h u o t o im i m i I t i p I i c r

t o  I 1 s C  t Oi l  I r u n t ’ r I i g l i t  I r t ’ i i m t lie rca t o  r j s t  . ‘liii mm i gn i i  t ~‘m I l i e  t l i ~ ’

mu 1 t i j I  I l e n  w i  s I s d  I hu’ t u g h n i t  i t  r u b  i t ’ O c ’ I liii 1 t 5 t t I is ’ \~~
- nul l  I I ~i s i i

I i gli t S t ’ t i  r e  - m i i i  t l i t ’ c m i m i c i i  . Hue S I l l  u ’ I ’  I I - i sir t i  c i i  t u - s t i m ; , ! I i t  S i t ’ S

svim ,’h iro mm s - i t  i e r r  m l  r .u ng c ’ni c ’n t , mu ch 1s t  I c ’ I I I t u t u  n . m  t -
~~ ! I v  - i I ~i )  i n s  t u r k

S c t i i l ’ , d ’

Arm or., C c l i  st ’qui c ’Im cd ’ • is j u g  s i u n l u l w ! ’ r , u l t l u  p huo t gr ,ip hv . of i 7 i O

0 t irim p ut ’ t r i g  ,i I’~’lM~\ h i  ou ’k i s  s n ’ s - m m  i t t  i I ~~u i r ’t ’ . ~u uc ’h p i  c t  m i r e S  c i r m  g i v e

in formati on n ib s t u i t  t h ic j e t  vs ’Iu ’i ’ i t v mn ,I h i c n i d i  j ) i O l  i l L , n i s s , t c j , 1 t e d  a i r  sh o c k s ,

t h e  s i  dc ’rs ’ , i v s I’ tow of 1 i i ~ i i i  , i  I t s r  i n !  ‘ .1 1, , t it ’ y i n  i i n S  St cc’s s w , i v s ’ mu i n  t he

t ar g e t 6 l c ’ s I s  miii! t h e  gi ’ cuc t l i ~ f u ! n i m n l , u r ’,c .

h i  g u T s ’ 6 j I n o t  m i t  c’, t h i s ’ k in~l i t I J u t  . i  u5’Ii i t h u  cn u i  I ’ -  t b  mm i Ou c h ru ts I t

jc ’ I s t n i l ’  i I i t  v (on l v  2 I m inc ’s row e r i c h S u q u s - l i cs ’ ,i r d ’ g I ~a ’ m i  . 1 lie I i g u i i ’~ ’

g i  Vu ’S in f i rni ni t ion  f i t  r t i m  l i t ’ c h u r nub er  s i m c ’s , , urr c l iii c’a cil c isc I t i n  h o t  hi

eui mp i v  an d t u l  I I o,i~I j u g  o f  t i 5 - ex i t  p il  r t l c ’i l  of  tI m e c h m n i n i b c ’ r pus I I ions I-

and F o f  I i gu ru’ Li) . In ,u I I i ’xniu im ~ le n-i  ri c c l i  t i i i  
‘ cc ri ‘ of I i qui u~1 5

suuu ’ ro u i n c i c ’ c l  by  a ‘ b i g ’ ci sp m - rv t h i s  spt ’ n u v h m , i s  a n o g i i g i  61 e eI ’t ct - t on

the ilamagc ’ . Fo r 1 i qu  i d in ip ~u c t e m , ’s i o n  o f  id i i ’s t h e j e t s  et  I~ ( , u )  , ( c )  . ( d )

and ( f )  w o u l d  hu ’ s u i  i t  ml ’  I~’ P lo \ ’ , ~I c ’ si I l i i ’ si ’cs ’ i m r s  m s Sc cc w i t  h i  ii l u ~ mm c i

the u m i ’ nm nm Ic . lIme jet in ( h )  i n m e r g u ’s v i  hi m u I m v d r o c l ~ ’ m m , i n i  c i n s  t r i l l  i I i t v ,u ici

this is m ill i c i l y  i n a gu r  i t  r edi by f h i c ’ .u i r d i m .  hlt ’n’t ’vs ’r . cv t - r i  I t a ~u ’t  I mu

*
i nt t i a l l v  stable nie r ocivim , uinluu ’ t orci ’s , ‘ n m n  t ’r ’ c ’ll t t un i l l y  c . l m u s s ’ ~ i v I ~ ’ r u n s t , u I ’ i i u t v

to develop. For c (m~ o f  , i  t i c  i l i u m r u t s  
1 

t I n s t i k ~~s ‘ I n l e t ’ ,i dc s - e m i t j m - c t s ’ r S

i r o n t h e  r o n n i e  la m e

*
t’~luen u j c ’ t  ~ s i ’  d r op ) i i i  ,i , ’ i s ’d tOl br’ i i i  t , I v m m : i m m r u c  , ‘ t s s  ,i n - i t  n i c e  , u i i h i ’

r ei chied ~ ‘ 1 u s ’n t ht ’sc ’ I o i c c ’S t ’ \ t t ’ t ’ c h  t i l t ’ r t ’ s t  st r i n g  I o r c ~ - m , s ’ I  t h e  I i q u l i d i  S

stir f r i  ci ’ tension . T ,iv i ’ m  i n s t  ub i I i t  v i mu when  t i l t ’ t i e  o u ’lm nn i t i o n  I t ’  t he
I i q ul  u I  s u n  I i ce  c , i m i s u ’s i u u i m u t  r ib  I ~ ‘ S r i  r s e \ c , u  I i ’ S  I i ’ d i V  l o p  i~’Im i ou ~~rOi.’

0 xps ’n t ’n t I ,u 1 1 v with t Inc ~ 1 iv  I , l i~ 
‘u i  h i a  u’po u’ o f  ~m 1 1 0 .‘ • ~ I mp k i n n  mu lch

Bolo s l~~7,’)

_ _ _ _ _ _  

_
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8.

I n  I i g m u n s  f ’ t ~~’) a p t ~~- c u i m s u t r  s ’ t  uris o rnued; w i t  Ii .~ n s u n - p t  v i i i

s u i t  on t , ts i t I out I i i i  I i  g u r u ’ 1) - ‘ I ’ t a i  I n u r g t ’r or i I i i i ’  c h u , immmhn e rs i i i  s t ocm k

p 1~~~~d ’ whe  I l i e n  t he  I ~I iii cI / mu j r il l t e r  r ii s ’ is’ , u s  c o nv ex  or  c~ t u n e  av c ’ . k i t  6 a

t i l l  ~‘ h u in nmh ’~ r a i m n e c u r  ~o r ci ~‘hinnt tu ’ c t  dove 1 s po d on Iv wh m , ’n t h e  I i  q u u i  2 / m i  r

i t il er t ace v.15 c u t n c , i y t ’ I i n u c n i  r u i s  ~ t j gui  re 7 )  . ‘Ih e  p m t ~iud t i on  t ) f t lie g r e  —

c u r s or  j e t  s i n  he u ’xp t u i i r i ’ sI i n  s i u t u i l , i u ’  t c’ r rni s  t o  t h a t  o f  u j o t  t ro th  ,i

shi apu ’d— i - h mni r gu ’ ( n u t - , s ’r s ’xn u u i p l c ’ . h i  i k h s t t  I s t  n i l l O i S )

( ‘ l id ’ u se  t ’ t  n - ; j r r m ’, I s ’— ~~h u s m t  p h u c t t o g r , i t n I u , ’ i s  i i  iu str ats -uI i i i  f i g ur e  8 .

I n S ( - u )  .ih Ia t i err  I t s r  l i i i ’  l i - id 01 1 lie l e t  I t ’  m i s  t h u  ‘ t i n ’ ’ I s p r u v  ; n o I s ’

i r a  I t i s  p o s s i b l e  I t  ‘ i , i k s - o u t  L i i i ’ i’l l  I r a ! h i g h — d e n s i  ty t o n s ’ c i  l i quid

8( b )  n l n , tu ,-s ,i lnu t c’ r s tagc ’  v i  t i m  a m m i t t i i u - m  j e t  n i u i c ’h has c l c v i l o p e d  ‘I’ n i v l c n u ’

i n s t a b i l i t y

In  eases  where Irvd ro~1 v r r am~ c or nier c tc l\ ’ n r ,um i c inst mmli ii it v m c d i ’s

de vu ’ I op t hu e j e t s  a no flin t s UI  I ri b i i ’ I s r  o r,ms i o n  mu ud I c’S . ,~r, t ’ r s - r , vi’ ii ow

u n d e r s t a n d  m i ’ n ms c ’nah  I v  vs 11  t h e  conch  t u r n s  w h i c h  p u ’o s l m i c s ’ t i r t ’so i n s t  rib i i i  t i e s

i t t  s j n n  1 jguire 6 wimi u ’hu r5-~’uuid hi’ s uu i t a b i c ’ lot’  t ’ r o s i c n n  s t r u d i  i ’S ~ c’uId he

I h o s e  1 I l u s t  m u  I s ’ s1 i n (~ ( , m )  • ( c )  • ( i i )  rind ( t~) ,i ,u st r i n d — st i t  di St m i n c e  it  I

~‘a .  l i d  miii . The br ig  ci  spi ’ r v  which dc ’v i ’ lops i r i s  lm u ’i’n si us ,wnr ‘o i~ m mmdc ’

up of  m i c m t mr si  coil cl u’ t ’ps m u !  t iu c ’st ’ Jo 1101 i’ c f l t  u’ihu te ii ’ t h e  i h n i n m , u m n c  . Tin’

j e t s  hive a rounded! nose. T h i s  cmiii be c’o t u n t c ’d as mini ;ud vnu nt nug c ’ s in i ’i’ i t

makes mu m u  I n i t  i iifl  o f  mu it ie  I w i t h  a m m l i i i  d r o p  none  rea l i s t  i c . Tab  1 o 1

summari m e mu t I n s -  I cmii i ng cond i t ions r e q u  I red f~~n~ rep  r o d u u c i b i  e • s t  r ib  1 e j c t mu

of v u  r j o in ;  di uric ’ t c ’ rs

i n i b h i ’ I

Ni ,n a i u ’ di  nut ’ to r/n iun u i - i c ~ m u ~l m t  u’r I , u  ci ’

~i • -4 l’ s i t i o n  F ( s e e  I i gnu u t ’  I )

0.8 It ’s I t I u n i t

1 . h ‘u S  I t i t i n  I - ’ or pu s I I I i l fi I”

c ’t l l i l t ’N i ’ u u t i 5 - u rds

2.  4 h’ i lS  i t  i c’ii I • d’i’in\ ’ t ’ N i ’ll t ts’ , i  m u!  S
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5. R e c o r d i ng  vi t lu P h o t o c e l  i s ;  S pa r k  P h o t o g r a p hy

We have u sed high—speed framing photograp hy extensively. The ques-

t i o n  a r i s e s  as to how i m p o r t a n t  such  c amera  e q u i p m e n t  is  f o r  anyone

c o n s t r u c t i n g  our  j e t  ap p a r a t u s  ari d w a n t  ing to make c’ ros ion s t u w h  i c ’s .  The

answer  is  t h a t  m l  t houg h a criti c ra l i k e  t ime  tm-icon w o u l d  h u ’ be n c~f ie  i m l  i t

is  not  e s s e n t i a l .

The s l ug ( p r o j e c t il e )  velocity can h~’ me ,’ i su i r ed  ve ry s i m p l y  i i i  a

number  of ways  of w h i c h  probabl y l i i i ’  . S i m n mj I e s ’c is to i n t e r r u p t  l i ght  h er mus

f a l l i n g  on p h o t o c e l l s  spac ed  a t  i n i c n u s u r e d  distances ap a r t .  ( I n i ’ i’ p r o j e c t i l e

velocities ir e  known and t h e  gun is c a l i b r a t e d  i n  t e r m s  u i f  firing pressure,

stable jets of various sizes and velocities cart be ob t a ined , f o l l o w i n g  the

instr ucti cui s given above . The ratios of V
J

/V
S 

discussed cnurlier could

then be used to calculate the  jet velocit ue s. Comparison of damage sites

on PMNA , glass , aluminium e t c .  i l l u s t r a t c ’ ci i n  this report and in ot h er

listed publications could be used to coui firm that all was well. h oweve r ,

wi th ve ry little further expenditure it would be possible to meaSurs’ tim e

jet velocity directly, again using phott ec ’l is or ‘spark ’ photo g rm p h u y .

U s i n g  sparks  to o b t a i n  shor t  e x p o s u r e  p h o t o g r a p hs is r e l a t i v i - l y

simple. As a high—speed photograp hic method it was first used by Fox

Talbot in the 1850 ’s; apparatus is now a v a i l a b l e  c c n r u m e r c i a u l y  fo r

p roduc ing  i n t ense  sparks  at  r a t e s  up t in  ‘nlO
5
hI z. A simple spark gap

(condensers d i s c h a r g e d  be tween  e l e c t n c de s )  has  a d u r a t i o n  ot

t~ith hi gh melting point electrodes and sm a l l  gaps  d u u r , u t i o n s  for ‘free ’

sparks  can hi ’ reduced to  l e s s  t h a n  i i )  n-i . l ’ l u i s  k i n d  o f  s n - J u s t i n e  tim e is

p e r f e c t l y  a d e q u a t e  to g i v e  sh a r p  j e t  p i e  t il t - i’s . i’w u u  s p n u  rk g i p s  t n u ,ggt’r ccl

w i t h  a d e l ay  w o u l d  g ive  two d i s p l a c e d  i niagc ’s on a s i n g l e  p laI t’ . I l u i s

would  a l l o w  j e t  v e l s u - i t y  and s h a pe  t m  t i ’  r m ’ u - o t i l e d  p h s m t  ‘gi m p h n i c a i  I y .  T h i s

system is recormiiended. If tin e spark is not bni g h t , ‘uni t n i gli t l i t -ri ’ ins-

various ways if inc reas i np, its en e r gy : ( t  ) use i f  a m u l  j i l l  f ly ,  s ; , i  r k — thu i s

_ _ _ _  _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _  
A
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hel ps bet ’nuu i s u ’ i t  inc r e ase s  the spa rk  l e u g t h i  and b e ca us u’  i I a l s o  i n c  m u ’ n m n i ’s

spark resistance and u se s  the  condense r  cn c ’r g v  muc h  m on  u ’ f f i c i c ’ n t l v  ( f o r

a prac t  i ca l  a r r a n g e m e n t  sec Lui y arid Sc- h ide 1956)  ( i i )  r i s c ’ c i  ml g r i n  m u u c i r

as argon b lown  ovc ’r t h e s p a r k gap ;  ( i i i )  .‘i cell bud It m u  t ’i in d  l i i i ’  g , J p  n i t

t h a t  h i g h i p r e ssu re  n m r g o n  t a n  be u s e d .  Al  I cml  t lues t’ mod i I i e m i t  i s i ll S  e m m a

H increase the spark output by large f ,uet i tr s (i to 10 L i n e n - . ) .  F c r  a t i l l e r

discussion and details suf commercial li ght sources Set ’ t h e  hook b y Fr Ungc ~l

(1965).

6. Relating Jet and Drop Impact

This top ic was central to the research project. It involved trying

to answe r two questions. Firstly, cmiii imp act with jets give similar damagu’

patterns to those produced by spherical drops? Then if t h e  .‘itm swer to t h a t

was yes , what jet size gives comparable damage to a particular sized drop

innp a c t ing a t  the  same Vt ’ b c  i ty ? The rc ’ ,i s , n u t h a t  the a n s w e r s  a re n o t  easy

to settle are varied. Iii time first p lace , the impact of a perfect cylinder

gives a ‘water hamme r ’ pressure over the full impact area of the cy linder ,

while a drop only g ives mu ‘w a t e r  harm’ne r ’ p r e s s u r e  ove r a s m a l l  c e n t r a l

area which depends on drop radius ant,! impact pressure (Bowden and Field

1964) . S e c o n d l y  t h e r e  i s  e v i d e n c e  t h a t  h i  gii edge p r e s s u r e s  e x i s t  a r o u n d

the ‘ w a t e r  hammer ’ p r e s s u u r c ’  area (i ’b s c ’r vi t i o n s  on t h u s  have been made

during the t i m e  of the prs ’’~t t u t  con tr ,ict h~~tli b y i t t  he r w o m k u ’ r s  and by us

• (see l a t e r ) ) .  T h i r d l y ,  t h e r e  is  th~ t i  t t h , m t  p c n t c u  t cy linders w i t h

ra d i u s  equal to t he  on I j o t  ( l u  m u - c  t s r  , i r t ’  l i m i t  e , u S v  t o  p r o d u i c u ’ . ‘l Im e r e a s o n s

f u r this arc disi ’ u i sss (I i n n  i t - I l l  I below . It u nms ’ , un u s that t im e l i t  S vu’ rs - s-snmmc’nd

using have .‘-i t t h e  ‘ - i t  an d — i t t  I di nn .111 ’ s ’ i t  10 mm a he ad  c i i  mute It’ r wh i i’ Ii i s

l ; m m g u ’ r t h a n  t he  on I i t ~~ sl im me r , r. Tli i s i i u ’ r i c h  d j , m r n i ’ t  - n  d e p e u m d s  on the

chamber  l o a d i n g  mu ! j e t  v s - l i t c i t ’ c . Data Ir s- g i v e n  f u r  4 jt - t S i i ’ c ’ S i i t c ’ r .

m t m i r  ap p r o a ch  was i mu I t  u p h i - ‘n e :  ( i ) we made d e l i  i i  ed s t u d i e s  t n t
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this,’ d,imm iu ’ s’ p nc ’i i u u u  ~‘d h u t ;  bu t t h i  j •
-‘ ~~~~ . irlul ‘ Ii op I tnu ; s m lu - t i i i  m m !  mmi i iii u i t t i . I ’ ~’F-I1\ ins !

g i m i s s  t n m r g c ’t  s ( i i )  Wt n h io i u t gu ’ ,i~t lis ’t! Id i ’ - i u n i l u m i t s i t  _~ c’ t s  a n n u l  d t ’ u t i i s , and i n

t he m i m I  j t ,’ti l . i i ’ s ’ i s s ’S t i  I m m u n i s p m m i ’ u (  i m n ’ t ’ t s  m m i i i  d— i) dl mu t I t ’ ~ Sc ’ s t ltsu’m ’.t ’ uI

s t r e s s  w , u ’ s ’c p r i m p n u g ~i l  j u n 1 1  i n  t h i i ’ r n u ;  ( i i i )  r o s s u u m u ’ r s ’c ’ s m t ’ u l m ,  verc ’  t m i k c ’ u i .

( , u I nnipr uc I n - i  t Ii  D r op s

I n  l i i i ’  5 m m  r lv 5 1 - go o f  I h i  mu n i t  n—k ii n—~ ‘ i u’nupm ii ’ I c i n u n n t r m g c ’ v u  mu s t  ucl i ed

by s ’X nit t i i nl i m i g  s~ ’ ce t f l t u ’i lS  !- ud Iv pn ’ovicli ’ sl tv ,‘ , \ - “ ‘s r i  I 1 c i f  R . A . l - . l” a r i m h o m i n u i g h .

Dur  t r u e  t i r e I ‘ t n t  y e a r  i n  I lit ’ pr - ‘ s-c t , t u uo f n t , n D i v  i d  R i  oh s ’ m l t y) hu i I t a

S gas guti :t i u  t h a t  Wu - eon I d  I i rc ~u I sus pt ’t n du ’i h d n ~tps s t uuu ’Si ’ l ’ s ’, ’mu . lIt i s f’, tu l l  u r i s

ml barre l cli urns’ L i t ’ o f ’ u ” ~ . ‘n tint m u n c h  s a i l  I I n t -  p u t  jes t i I i ’s c i i i  t i n  , u  ‘sic’ l i t s ’ u t V

of  -400 ms 
1 [1 w , u s  ‘ u sed  s in  mm g r i n  h t u i I t  in t h i s  lm i hs t r , i t t r v  b y  h l u u l c h u i n g m u

and W i n  I c r  ( 1 ) 7 - s  ) 1st r so l j~ i p rir t I c i i ’  o i ’ s t m u  i cnn s t ,  rid i es . Rc ’ I e n e n c ’e I cm t lie i r

paper is r eco un mnuen d c’ il I 5 t t ’  r i n v o u m s ’ i~ i s i i i n g  t i  i s t n n s t  t’ u u c ’ t’ su c h  a gun. B a s i c - n i l  l y

it cons i sts u n f mi hi ghi— p i’ s,’ s su rd ’ c h a n hi ’ m (mm nrc ’ t n I ~~r iS  hi ) t r i e ) , mu clout) I e

diap hragm f i r i n g  s v s t e n n n  and ml l o n g  h , u ” r s ’  I : v c ’ l i t c  i t  ii ’s - i i ’ s ’ m o c - s n t ’ c lc ~iI by

p hs t u n c e  I i s  n c u s  I L i  m ood ut ’ , u  n ’ t l ie  u uns i  r I li e h,u rn ’~’ I . S u u i  I rib Is ’ s I t ’ s’ Ii out j 05

hn ivc ’ b t ’ u ’ t i  s ’ s n u t s t  tue t u ’d n ’ ’ t h i r s t  i n n u a m  I s ’ ‘ s ’u’ i oe I t I en-; i t t
’ l i i i ’ p i t s  j s ’ s ’ t I I s - n ;  m i t

c l i s p l n i v s ’ ul cl i u t ’ s - t i ’s ’ . I t  i s  w s n m t f i  s ’u t u i nl i , isi - ‘ H u g  I limi t sus ’l u gu ns h ,m ’s ’e 1u 1 1’, h h v

r e p r o d iu c i l t l c  ‘ I u , n r ’ n , c t c ’ r i ’ ; t cs mill s ,1 , i m ~’ n t ’ i m u t i ’ s ’ c ’ I v  s i u ; u f n l s ’ t m t  cs t l l s t u  V

~‘p o t ’  i n c u s  i s t  i’ >IM ,\ ru sh mu I u u iu i i i i  u i - n i s ’  i ’s ’ ‘ u s u s i u n  t e d  i n  i n m s t l s ’ 0 t I I S ’s u h f

fired at s m i s i t ’ n t t l5 - i1 d r o p s .  I t ’ i n - u p u t  t I s ’ s ’ t ’s s wa s  n’ s - ’ u ’u ’ cls ’ i l n, ’ I  t h  n l i t ’ h t t u , i s s ’n

scm t h m i t  i t  wri s to s s  l b  I s ’  t s t  f l t C , i 5 u t s ’ I un ip i t - t ‘s’s I u t o l t ‘~ i in s ’ r u i ’h cr i s s ’ ‘is ’ i t h u  ui + I

11 igh m;ign I l u s t  i o n  phi sl t y  m ,  p l u s  n t  u ’  t - k i n  o f  I t i c ’ uh u u ~~n I n n mn n tes h  i a n  e I v p m  i 5 ’ r

to  I i r i n g  t h i t ’  g u n .  ‘I ’hu c ’ ~i h i i t t s n g i ’ r m p h i i -  i’ i ’ i u ’ n ’ s l s  ‘ i i  ins ’ s - I  ii , ‘ t r n ’ r u t  s ’ v a l u u ’ m u

( #  2 ’) t i  s l n , t 1n sj  ,‘ s ’ m o i s t  c i i i  v n i t u u n , ’ t i n  in s - t n i k e t n . ‘ I ’ h u i s  w , u s  i t n i p o m t t! ’.~ s i l i c , ’

d r o p s  ev i p o r .u  t O  ( l i i i  I i ’ t . i i n i m l  I v  .u I I c i ’  s t u n - l n s ’t n n ;  t O m , md uti  s I  s - id I rug , i l n ’ ~n’s ’r s

s’oui  I d  ho p r o d u c e d  i i i u - I  rug w m l s  do I m m v o t l

W , u t t u ’ d u s t 1e ;  o f  ‘ u s ’ , i i t - t ’  t l i i t i  ,‘ ‘ I miii i i i  d i m n n u s ’ t s ’ t  t i e  i l l !  I h u h  I t
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s u m s p e nd .  ‘t h e  n’ ,i n g s -  o t  i l i ’ t l f )  S i ? e S  wa s - ‘ nt  u ’n i l c ’d  S i l l  t i m  tutu liv u i s i l i f ’ ,

m i x t u r e  c u t  g e l , l t u n c  and w r i t e r .  I m p a c t  ‘ u ’ r a te r ’ d i m e n s i o n s  w e r s  nuc ’ , u , i i u  s d

by t a k i n g  I ’ n i l y s u r f  t r , i u ’e s  r ind b y m i c r o s c o p ic’ o b m u e r v i t  i o n .  A t y p i c a l  S i t

of r e s u l t s  of i m p a c t  n i , i r k  d i m e n s i o n s  v e r s u s  v e l o c i t y  f o r  P MMA is shown

in f i g u r e  9. The i n s e r t  shows the  q ur i n t  i t  I i ’ s a , b and c w h i c h  w er e  m e a n - i l l  c u l .

Note that they have bee n p l o t t e d  n o n — d i m e n s i o n a l l y  b y d i v i d i n g  b y t h e

dr op diameter d ’.

Note th nut i t  t h e  1 i n c  f o r  ‘
~ -j-- i s  e x t r ap o l a t e d  back  i t  passes  t h r o u g h

the ori gin. This point is discussed t’ u,urthu ’ r in mm later section. Thicu

e q u a t i o n  t u t r  t h i s  l i n e  i s  g iven  by equa l  ion I , wheu m V is  i n  ms

= 6.16 x lO ’
~ V ( I)

Figure 10 gives a plot of c versus drop diameter for an impact velocity

of 304 ms 
1 

Note that the water and the gelatine/water drops all f a l l

near the same straight line of slope ‘~o.2.

The increase of damage dimensions with drop diameter and velocity

is d i s cus sed  f u r t h e r  in a s e c t i o n  d e v o te d  to impac t  p r e s s u r e s  and durations

c ause d b y l i q u i d  impac ’ t .

(b ) Li quid Je t  Impac t

The damage pa r;innue to  rs a , h and c ’ ( su’e i n s e r t  on t I gu ms - 9) 5’s ’ mu’  .i i 55 ’

measured for wate r jet impact. Res ults we rc’ obtained for 0.4. 0.8, 1. 1

and 2.4 nun nozzles at t I ne  s t a n d — o f f  d i s t a n c e  i t t  10 nim . N o z z l e s  I L ’. and

0 . 8  were loaded tu position i’ (see fi gure ha ) and the I n mr gi ’r twi t to 1ts t s i~~

t i m  F .  F igu re  11 shows how c v a r i e s  w i t h  ‘s’s ’l u t ci t v for damage n i n i r k s  on

Pt’ThIA fo r  a l l  four n o z z l e s .  The rt’su[ts tnt ’  rep iott e d i n  f i g u r e  12  i n

dinnensi onl u’ mu s form ( i  . o .  i - r ater d im s’tmsl t t n t t,’ t ’r n n c t ’z,’H- t h i -inn n s t t’r , d l .

If the wi te n I e l  s h a d  ma in t mm m us h t h i ’  ill’ zm ’ i~ ’ ill men ‘-ii i ’ti S up  l i t  I h i s ’

10 mm s t a n d — o f f  then there shoti Id have been no clla tlgm’ i n (‘ w i t  h i ‘s e  i n  u t v 

‘ . .— ‘  .-‘- - - -‘ --~~~~~~~
- - - - -— - - - ---~~~~~~~~~~~-- -~~~~ -
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Howevs’t , is o u r  p hotogr mip hic work hrms i u ’ . u , t,,t h i c~Ii a s - h un m nm be r is l c m n i d e c h  t c u

position I” ( t ’ i g u r e  L u )  l il i ’ j u t  humus mu ‘ un uu is hi room ’ heas l  ( s i - u ’ insert I igiu r e

12) . This ‘ head ’ is  a s’stnseq tuenc u ’ c ut two o f t  s o  t mu (I) the 1 1 qtu cl i n  t h i s , ’

f i nal Ss ’ i ’ I  icm n ~uf t h e  ch i , i n n b e r  ( i . e .  t h i r u t hu ’twr ’c ’ n p o s i t  j itulmu I’ ansi I” ) w i n i s I i

is pushed  as ic ! ’ ,’ b y th is , ’  f mister movi ng I i q u u i d  whi l c’h l u , i ’ ht’ t’ uu fi t r c ’ s’cl I l u r i t u i g hi

rhi e taper I rig soc t j o i n  iii t lit ’ chnnmunnhc’ n’ , n i~~cl ( i i ) r i i u d ri g shu i cli won lc ! hi’

exp e s ’ t s’ sI t i t  m e  some I t i n e  I i 011 c) I j  i t  VO I ste i t y

The n c - , i  su renlc ’n t mu c mm li he used t in ~~i ‘s- c eq cia t ions f u n  i c ’ for erich

n o m n z i s ’ . Tbs’ t o u r  i ’q s u n  i ris mint, ’ n i~ h i t  I I u S’S f o r  V i n  iliS and c i l l  mnt ,

i ) r  = o. :~ + I )  + t
h u )  x uo

_ 14 
\ ‘ ‘ ‘ ‘

— i )  7
i

0 c ,; ct .~~ + ~
‘u + ‘l . t ‘n It) \‘ ( 2 ’ )

—~3 I 00
C

1 ~ 

I . i t  + ~) . 2 2  t + I .~~l mt x I i )  V

- — 7  2 . 11
e , = 2 . - i  + I .~ ‘S + I . ~ x 1 0 V

‘this,’ t i rst t u r n  s t ti t hu t ’ ri ght I s t lii ’ u ms ,’z:~ Is ’ cli mi rns’ tu ’ r . ‘l’ l i c ’ seco nd

is a funet ion 01 this,’ mass of I iqu id bet Wc ’s ’fl h i l t s I t I ens E m ulch F (thus ,’ m u - I s t ru ’

equa l  tc n 0 tier t h e  0.4 ansI 0. 8 ru unzz Ii’s n ti s ! 1 s o h m t . i  i nc’ s! h ’s ’ ext r ipi 1 , u t i c u l l

back to :‘ c ’ r s t  vi ’ h s n c i  t n ,. Ins ’ I’ i nr i l t s ’ n ’ u ’ n s i i ’j t ’ - n n i l s  o n vs l i i i ’ I t y ;  t h i t ’ I) ., mm

nozzle ias this ,’ mut I i t t t ) ’, s - S t  d e p c’ ln dt ’ nc ’c’ on vu ’ I s t s ’ I  l ’ s  I n m m t - t i u ’ s u l  u s’  l v  ,;ln t t ’s ’u ’ ‘n i l

ms ( n e c  I i gure s 11 ,uld I

T’ uc ’ ru ’stu Its 1 51 s t) tech in t t I n s t  r i ’s 5 ) , 1 , 12 ( ,ii i s I sn -t n s ’ ,ss ’ul i i i

s’qua t i o ns  1 inst ,‘) s u n  h’ rep lu l l t e c h  I u n i i  ‘c c ’ I u s  t ’ s i , i  1 ‘c m  1 , 1 1 1  d i S t i t  S i  n~ s ’ i n n

omi t h a t  t h u s ’  I i n n  r s- Ii , utnuf t s - i n ;  p r o d u u s s ’ ( I ’ i g ui i. I I )

Out’ ot  t I i i ’  ohj s ’~ t s sO t hu ’ ~~- , t  rk wmm mu I t t  mu u tu t u  I - u t , ’ I imp u t  w i t  hi I t go

wat er drops; t h i s  hi ,us c I  s u r l y  inu’u’n .iu ’I i j s ’ c s s h  . I lis ’ two I urg e uni u , ’ z  i s - ~ m

ctn ’s’u ’r i m p a c t s  w i t  11 l u i ’~nc ’ nn i , u sn - , ,’s t n t  n - i t s - u ’ ; ‘ n i u u i v n i l u ’ u u t  d r o p  S i n e s  i u i  t In e

m nitngt ’ 10 t , ‘O  mm. lint - 0. . inn’ ns n~~~, I i  1 mu r~.i m l  u s n  I i i  lv u n - i s ’  h u h  I i t t ’  s i mci i m t  I m n ’ .

i r np. u ct  w i t h  ,u mm d j , unnns- t s - r di ,‘u’~ ~~i t u ’ - l i i i ’  n i t  i i ’  i t t d i p  shi , um t ’t s ’r I t s
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.‘r i  i s o  sl l in mi s ’ t u ’t  i s  , m ! u n i s ’s’ t  ( ‘‘. 1  I v  c, ’ u n s l , m u r t  ( I . s ’ . - h  t - , - I . ’ t~~ l u

v c los ’ l t  1, -mu  in t i n s ’ I ’ i i , ’ , ’ 100 — 1, 011 rims 
I 

~~~~~~ O~~~ m u m  t i o n - ,’ i - -  s i u u t m u l , u h t ’ - - dns Ius

sO s h ~~~i u u u s - t t ’ t  i , , mint I s it .m ,~ u uu u l I , u r  n i u u u ’, e . I t  I tu tu  i t t  9’, ) i . u i h  I i . ’ i s u ’ s i i t u

u u l , m t o u :  i in s / i s - n - i t  i t  i i i  u ’ n i t  i o u ’  i l j , u u u s ’ t t ’ u  ( i , l t  m u m w i s m u t t l  s u i t  f i c i ’ .

t o )  ( ‘ r u l e r  9 h u , u l t c

t r u I s m s  h . u v s ’ h u t ’ t ’ u n ut ’ , m n - ; u u m s ’ i l h ’s I , u k  ru g  u I v ’ m u u n  I I r i c e S  n i n t h  l i v  t i 1 c ’ ru -

n ’ i s p h o i s h ’ ; i ’ t ” c ’ , i t  l o u t .  F u r l  h e r  w or k  u s n  t h i s  p i t  j u t  n’ , u s  t ’d ’ h n u t r t t ’ uI l iv Dr

(: t rhi . si nt i n  h i s  h~~mu i mu ( ( ; t ’ m h . m i t n  1 9 / i ) ;  u n n u n r u ’ r s ’e u ’ u n t  w, t r k  I t h i s ’ m c m i i i  t s  f i n r

I I g mur ~ - ’ ;  i — t O )  w , u s  i t l n l  , u  I n n s ’ s! t v  l) .~~ . R I  c k e m l n v  . I l l s  s i  k cnn c l , u u n u , m c c  h t m u t  I c  r i~ mu

t n ’ s n u h u c u ’cl h ’s ui u’ i t p  im p u i ’ t i s  n t  i l l  i t i  j n t ’ s t g l ’ u ’ m u n- ; , l l l . i  ‘is’ I  I I  bc ’ i~u ’ p i t i ’ t s ’ tl in

~l~’ t ui I i n  h i  s I In’s i mu ( i ’lnd u u  I 10 / ( t  I

I t u j t u n t ’ u u  t r e in  p i ’ css ’ t u t  re ’ m u u u i  t n ;  I l u m u t  ‘ u n  i t s  s i t ’ pr o i Iuuoc s i n n u i l , u m

s[ uurua gc ’ p u t  t s ’m n s  It ’ eu h s u n ’ ’  ; ‘ s ’ ; i t  s i, nt ’ ul  m l n ’ tj n ; . ‘Fl i t , ’ rt ’ . u m , u iu n o t  l I m i t - i  i s

I t , i n- , Is ’ u  I I y t h i  I I 1 i 5  l u  I 1 1 I ‘w i t s ’ I’ hi nm nn i nnu ’ t ‘ P m~ ssut n , ’s i i i  h i n t  hi s, ,i s i n  s ’ i’ll

i s ’ I in I is ’ , u n u u s ’ u u u i  I i l l  s h n u n n u ugo . I) n uu nunt g t ’ s,’ x t  s i n s  i Ot t  c I uu  m I fl~~ I ic ’ I nil t ’ r m u t  , i u ’ , c mu i t t

I h o w  ( w h i m ’ n  t h u s ’ I i q i u l t l  i s  iu t ’ I u u \ ’ i l u )’, I tt i ’ i t ui u j n t s ’ m ; n - n i h n l ’ s ’ ) i s  m t -Li t I v s ’I ’s’ s n t u m i i  I

i n t l  s I un  i I I s u i t  I v  i l l  I I s , ’ r o u t  t I m l  I i  u t ~ t m i n d  j u t  I uuu h s ,i c t  In t int ’ vi - I ‘c i  t v r , I i u g s ’

‘is, ’ i t , i v u ’  s I u ucl j e s h

Fl go i t ’ l s ’ ; l u u t’i-,’m ; l u  I v s u m ’ t p t ’  f I I s ’ t m uu ’ t s r  n c , ’ , m I s  f m enu h~~I~hi\ mug s-c i n n nu ’ l n m u

l i t ’ I i t p  ns ’ c i t n i i  ( a )  I n ;  l o u  mu j u t  i n n t p . m c t  m t l  ‘ O ( )  its I mount  mu 0. ’ m u m  t n t - i s ’ .

‘ liii ’ I s  l u ’ I mu i h i ) w i n ;  I ,u ks ’u u l ’ t i tt i , i n i j t t ’ u ’ i u u u o n u  ‘is’ f u  u - i t  m i d  l i m i t s I t ’ s 1 iii ,‘ u mm i r u

I i  s ip  . 1  ‘ l u )  m i s  , ‘ F l u ,  - t i  o f  I I s ’  i n  I b )  w i  t , u  k , ’ u t n r n ; r u e i s  I I I i , ’ ‘ ,s - I i s  -

iii n ;p s’ s ’ I m u s h ’ , I s i t )  un ;  h ’s’ 1n ,\ , A . ‘ s i  I I . I i n  I i ’ t ’ ~~ I i n g  ml I is’ n c ‘ u  tIn ; I 1 5

u u u u h l i s r  I . u i t t  ) s  i— s ’ , u i  i n ; , ’ l l i , t l  I f s , - ‘s’ s ’ i I c m l  n u u , u u ’ , i u I t  i t  m l  ‘il i m u  ii ) u l sn l u s t  i t t  1 9 ,

I zs sul i l  . ;\ I I t t t t u 1 ’ h  i t s - I  , u  I I s ’ i h  sh  i f I s ’  n s ’ u t ’ u ’ n ;  s u n  i t ’ I s t u s i n s l  I I  I n -n s ’ I t - i t —  I i u , m t

t i l s ’  p I I n ;  s i s i s ’ I ’  I s ’ i t l s t s h i u c c  t h ,  i h r s 1 t s l , u n t u , u ; ’ m ’ Ct - u  v u s  un  Ii c l v .  lI us ’ t i l  u s

- i , - ‘ t ,t tic’ , ’ ,’ I s h i  - i i i , - i ,  u I , I ’ ’  - t - I t ‘ I u - I _ u ‘ i  ‘ u  t i  i s  , - ii it ’ s - I I ; - n s  s ‘ I I

- ‘
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(cl) I’ m i’ssuns,’s 1t r oiuuc ~ed by Inipac t

( i ) t n t  roc t s uc  I i

When a I i  q s u i  d mass i m p a c t s  n u r i g 1 d s u n f a c s -  , m t  , u  i s i s ’s,’ i t ’ s ’  V .

m u p r e s s u r e  , P • g i vu ’n b y t l ie  wru  to  r li an n unue r ‘ eq 5 m m  t I ‘ m u  s l i t  n i l  cI lit’ n~ .5 ic s!

i . e

I’ = C V ( 1 1

whit ’ r e g i s  t h e  l i q u i d  d e n s i t y  and C t h i s ’  n i p p r o p r i  n u t s ’ s h s n t ’k vi ’ I s n c  u lv i n  t h u s ’

l i q u i d .  h e r  t h e  v e l c n c t t i e s  ct f itlter est in tIn s ,’ present n’ut rk C can he

nupproxin natu’d by,

C = Co 
(I + 2 V / C m ) ( . ‘

~ )

( s t e  I i c y n n m n u l n  1~3 6 - 9 ) ,  where is the scu sund spu ’u ’ch i n  w , u t s ’ m  . I t  t h i ’  t m u  ‘ s t

I mu n o t  r i g i d , e q u a t i o n  I become s

I’ = ~__f~ ~ C ’ V 
(r ,)

I ’ C + ~ 
C

w hs’ no ‘ ( ‘ ‘ a rc’ t h e qu il t ’)  I i t  i t s  f o r  t h e  i unpnuc’ t c c i  s o l i d

kimeii a 1 iqu i ci cy I i  r id l i ’ r of m d i  us m i mpm ic t s thc’ ‘Wa I s ’ r ’ — I l n l n t t m n u c’ m

h r c ’ m u m u u m r c ’s l a s t  u n t i L  r e h o u s e  wm iv c ’ s P d S S  to  t i n e  s,’ e u m t r u l  a x i s , i . e .  f s n r  mu

t ime I g i v e n  b y

t = r / C  (I -,)

For ,i m v !  I l i d  r i s,- mu I j u ’t sn I f l s ,’ m i c i  cli nuns ’ I s , ’  r fl u t m u , t i s  I i n s ’ m , ’ fs ’n ’ u ’ ‘~~- I ps

Once st  s ’ m u t i y I I t ’W f l - u s  bourn  sc’t up  p r s ’ s m u u u  i ’ m ’S I ‘ s i m m  liv I m n c s n n n b n r t ’ s m u  l b  I t ’ I I n , -

sh uo n I d r i ’ , i i i  t w i t  i n , u  St  , i g n m i  I out ‘ u s ’ n , s l u  t o  i t t

I’ = in - \‘~~ 
1 7 )

S i  nu  s ’ V “ C I I n s ’  n ;t ’ inns’ s n un I c  5 rIms ’ 5 I ~ ll t I i s ’ m u l l  t I y h i s s  I I u,u m u t l i s t  mu , ’

g i v s ’ n n by s ’ i l i i i t  ion I. T h i s is enmp lm. u s i . ’t - I  i t n’ s ’ l . i ’ k  u t  t h u s ’  l’ , i t  l i t  ol i ’ tt il u —

nn. - m u m u i h l e  t o  i n e ( t l l i p n s ’S s i i t t t ’ p r e s s u u n s - s  u m i t t , l i l l s ’d iis i llin m’ s l n i . i t  i nn ’ ;  I ,,, , u n n t l  7 ,
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~C~~~I = ~ + 2 C
0

/\’ (8)

Thus  fo r  i m p a s’ t  v c ’ l s t c i t i e s  of  100 m uch  600 nm s
1 

n’ s ’ have , for

examp le , v a ) u u s , ’ s of  
~ C ’” I 

c ’c i u mnu l to 14 mu sh 9 r o s p e c ’ t i v e l v .  T h i s  c ’xp l a i u i s

wh y i t  is the  p r e s s u r e s  g e n e r a t e d  in  t h e  I i r s t  i n s t a n t s  u n i  imp n ic ’ t t h a t

d o m i n a t e  the b e h a v i o u r  i n  t l u c ’  v e l o c i t y  range up to ‘n ,lOOO tins

As Bowden am i d F l  e l u h  ( 19 6 4 )  showech , m u p h e r  I cmi i d r o p s  w i l l  n I  S m ’

g e n e r a t e  ‘wa t e r — h a m m e r ’ p r e s s u r e s .  Whu ’ui  t i u c ~ sire !) I i r s  I I m p r u c t  mu t ht ’

r a d i us of s,’on t a c ’ t i n c r ea s e s  i n t i a l  ly  a t  mu v e l o c i t y  g r o n u l e r  t h a n  C;  t h u s s

f l o w  is flc n t p o s s i b l e  mint , ! this , ’  impac  ted l i q u i d  tmis t be wisp rs, ’ssed and g i vs

cn C V p r e s s u r e s .  Ths,~’ showed t h a t  t h e  r a d i u s  of t h i s  r e g i on , x , was

g iven b y

x = 
C0

( 1 
RV

where R is the drop radius.

The time for this stage to be reached can bc shown to  he

RV Adc! t r i g to  t h i  s the time f o r  rs ’ I c ase w,’u vs,’s t i t  ms ’ oh t he cs’ui t rc ’
2C~

(i .e. ‘—
~~
‘ ) g i v e s  a c t u i r n u t i o n , t , tor tIne p C V p r e s s u re s  of

C

I ~~ -~ -~~~ ( 10)
C ’-

One c n f  the  mos t  i m p o r t an t  p o i nt s  a b o u t  d r o p  i m p n l c’ t i s  t h n n u t t h e

reg ion of h i gh p r e s s u r e  (s ’ q r u n u t  ion 9) and t i n e  d u r a t i o n  (equation ii ))

depend en the drop r;ud ins in this ,’ con t r I m ’  I a rem. ‘l’hi is ha S various con—

s e q u e nc e s .  F i r s t  i t  s, ’xp l , i i m ’ ) s w h y  t i m e  l a r g e  d r o p s  i n  a r u i n  f i e l d  m i r e

t h e  mos t  dn n m ni g in g  . Sc ’c stmuil I y it t i  I I s us tlia t i f  a si nsnp i 5 05 0 III at I uig

i t  w i l l  hc ’ m u c h  m it  r s ’ ii ,m n m u , 0, 1 mig I f i t  i mp as ’ t s wh it ’ui i t  s i t t I I i c i i  r ig  s t i n t  m i s  i ’

has a I a rge  R Va h is’ . T h i u s s  s d rep ‘ f  . t i m ’ i’ x .un np  I s  • ~ mn n nu fln ortmi cii ;iulte t s i

could , under cs ’ r t , u i f l  c o i i s l i  I I s n f l S , p1  ‘ s t  s umit m m  u t , unn u , u g s - Is ’ - l nm t t t ’hi i , u r g t ’ n

drop. Thus th e import’inI rni s h iu mu in cli sc u u mu mu in ig d r o p  d , u n n u u g s - I S  not I I t s ’ 

—- - - -  _ _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I ] .

mius , ’n i n  s i  n’e s n f  t its, ’ l a r g s , ’m u  t d reps wh ui s ’h i nn i pr u ct h u ut L i i  t n u n m > n i n ici nn r o t  i us t u s- v

,ii ’l’) i eve when  ose i l l  a t  ing.

( i i )  Hi~~h c d ~~e~~~rs’ss u r e s

There  is  now e v i d e n c e  tha t t h i s  h i gh p r e s m u u u m u -  a rea  cls,’s cr i h e d  b y

tid j (imi t ion 9 is s u r r c unded  b y an a n n u l a r  reg i on u t f  even hi I g h uc ’ r p r s ’ s su r e

p o s s i b ly  m i s s e s ’ i at e d  w i t  ii  tiic’ O r i S i’ t t i j s, t t  I r u g .  I l e y n n a n r i  ( 1~) 9) humu s pre-

d i c t e d  v a l s u o m - s  of  I p C V f o r  t h i s  r s ’ g i s n t l . J o l i n s ct n  m i n d  V i s , ’ k s ,’r s  ( I 9 ] 1 )

i n  s’xper  i n n - n  I s  W i t Ii 1 m m rge ( 50 in~n d i  m mlc ’ I s ’  r )  , low vc’ 1 tue  i tv ( i 50 ms 
1 ) ~~~ s

found  hi gher  ed ge p r u n n - s i u r c ’ s  s,’onnipared w i  t h u  s, ’ s, ’ m i t r a l  I ) r u ’ m u s u I - c’ mu  in  t h i s ’  r m u t  i t t

2 . 2 5 .  R o cj uu ’s t e r  and B r u n t o n  ( 1 9 7 3 , 19 7 4 )  r e p s i r t e d  ni r a t  i s t  o f  2 . 6 whneu i

5 mm s,I i am et s ,’r d i s c s  i f  w r i t e r  wers , ’ im pas ,’t e d ed ge s ’f l  a t  100 ms

We h i mi v e a l so  o b t a i n e d  evidenc ’ e f o r  hi gh edgc ’ p r c ’s su res  f r o m  i ’ui r

high—speed camera records. In figure )5a we see f o u r  f r a m e s  t rom an

Imacon sequence  t r ik en  a t  1 ~IS per frame . In frame 1 t h e  j u t  h n t s  j u s t

s t r u c k  t h e  It
~~1A t a r g e t mind a s h o c k  f r o n t  , f , pri ssc’s i n t o  ti me m a t e r i  n i l .

Belt i nd th u is is .i front • l a b e l  I s, ’d e , wii i i’ll mu made imp i t I  t wet I u n i n u  mu , , ‘ m m t ’

on e , ic lu  s i d e  ot t In t ’  i nmpmic t i rug s, t . ‘ lit . ’ n - i s ’ I cibe s we In s’ I I s ’ Vi - n u n s ’ d tie t e I i i  g h

p r c ’ s m u u i r s ’ r i ’g i s n m n s  c l i v ,  h u s p s ’ u h  u t  t h e  j t ’t  s s l gc ’ wh en l a s t  u n u u t w . u m ’ d  t l u ’ s ’  be gi m i mu.

B y f r im s ’ ,~, pul SO S  I r ent  t h e n ’ s ’ c ’d gs ’  s s nm j n ’ s ’ s’s hu m ’ s.’ m l  s ’r’-i ,’ u ’ t s’s,l m i nd  t s ’’

j u t  s n r c ’ u ’d g i v i n g  th i s ’  sl ,m rk m eg I sin belt I mid t ic’ n m n l i n  I rent . Fuu ~
’ t h i c ’r h ni s ,’k t h i s ’

stub—mu u s r t i c ’ s, ’ ci ,uul u n i ge  • 1~ i b .’ I I t ’ d d , i a n  lit ’ n,e’ ui u b s - ‘c’s’ l O ~~ u ig .  I m i  I rm umn u d ’ - s  a

s t u i ’end wi’ , u k e r  f r o n t  mal I s  t h e  r e a r  s i t t In t ’  mml i i’) h i g h p n i ’ s s u u r i ’ m u ’ g i s i l i

f i g i u r e  ‘
~ s h i s n w s ’sl n I ~ - l i t  s r  d ‘cu’ Isnpms’nt of t l t e s u ’ I n ’ ’ p m t r m t  lit ’1 I rout mu s l u s h

m u r k  the 1 imi t o h  t h e  ‘s u m  s ’ r — b i n i u n ~~c’r ‘ p ns ’ssurt ’s) . Th ic ’  p r c ’ s m u u u n s ’  l t n h i s ’ m u  , c’ ,

t ’ L t ’ , u r  l v , m ~ t~t t ’~ u r ,i I I hit’ u I ‘tin I t s  i t  I s t u n  ‘ i n c h  t 1 mu ’ I t ’ hs u ’ u ’ns u S t c ’ l t  t wi t h u  t ins ’

t - h ~n’ p i t ’ s s u u rt ’ u s f s - m m . I i i .  p h u m s t t g r . i p iu g i ’ s ’s ’ mi  i n  I i g l i r t ’  I 9 ( b )  sh l tmws t lt r i t I b i s ’

hi ghs vcl gs’ pressur es s l u m  . s l m u s s l ’ s  do I - n  i l  i mu th i s , ’  I i q i i i d .  i l l  t I n  i s  t ’ x , u n u u h n l C

A ,~~ -- - ‘ _  ‘ -~~~L_
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, m i ’MM ,\ s i n  ,ucs ’ i ln u h n u c t s  , i  S l i t  i i t m i , m n ’v I w t ’ - u i i t m m s ’ u u s i i n l i n i l w , u t s ’ m  sh r u g ( f m u r

di S c u m S  S I s~ 1’i di t this ’ t s,’u ’hiu i i q i u s -  r , t r t u t u  Lie u u p  ‘2 — I )  d r i ps set ’ I5s r t u u ’it  on mind (‘ mm m iii mu

1 97 0 , Cn m n i su s  19 7 1)  . C l ;  j m ; i m u  mu mu I u i g l  s, s f u c ’ t  9c ’lt I i c r e n  p h i l  egr~’up h .  ‘l’l uu ’ l i i  ~~b l

p m s ’ m u s u u r u ’ r eg ions  m i t  t h e  s b r s i p  edge , w b i e m u ’ j e t t i n g  i s  s t a r t i n g ,  cm iii be

d e n n y  seetl , as n i l s s i  t h e  s i u t u i ’k f r o n t  p n i s s i n g  t h r o u g h th e l i q u i d .

( i i i )  Reg ion c

The r~’g ion s’ I , m k  51 ’ )  f roth il amags’ St  suc l  l i ’S ( s c ’ s ’ i n s e t  r t on f i gci ru ’ 9)

is i nva r i , i b l  y l a r g e r t l u a u  t his , ’ r u g  i cmi si t sI i rums ’ Ic’ r 2x g I vs, ’n by e q u a l  i i m u  9.

A mu i n d i c ’n i t e s , l  i n  the pr€ ’i’od lug mues ’t iO I l  til i mu is very I iks’ l v  clue to t i n s -

ext m u  annu Lnur reg ion c u t  h i gh p r e s s u r e . A n o t h e r  c’ ffu ’c’t w l iic ’h has l i t  hi-

c o n s i do red is t lie fin ito c’oimup r c ’ smu  l b  i i  i t  v cif t he  ma tc’r I nil (t’quat I cmi

assumc’s ‘i r i g id  t a r g e t )  . Tli i s , h owever , turns omit l i t  be mm s m a l l

cit  rre et i s t i r  of o n l y  m m ft’w p er c e u ~ t . The reason f o r  t l i i  s I mu t l i a  t nil t l i s t t i g lt

the finite compressibi lity allows the material ti n cic ’f o r m  n uc nn s ,  u ’ n m s i l v , i t

also means  t h a t  lower  p r e s s u r e s  are g e n e r a t e d  f o r  mm g i  vu ’mm impact ‘cc’ 1 etc i t y

(see e q u a t i o n  9 ) .  In ether words twi t s I t  s ’ i’ t s  t e n d  t i n  c ’ n u i i i ’ u ’ l

I f  ws,’ row r i t e  e q u u a  I ion q 1)111 t i tl0, s ’ = ‘2x n i l I CI  j u t  rosin,’ i ng a

funs,’ti otu ‘s (V) to tni kt ’  c a re  u t f  the  edge p r e m u s s u r s ’  ~[t  s,’ s ’t  , we s n b t a i n , f i n n

v e l o c i t i e s  in  ms 1

- 
V 1 ( V )  

- 
9 , ( i 7  x V i ( V )  

1 1- 
C0

( I  + 2V/C
0
) 

- 
( I  + 2 V / C

0
) 

—

F xps’ r I m e n t a l l y i t was sl iowmi u ’ .u m l i e  m (see eqcua t ion 1) t hun ’ ) t c / u I

~ 6. 16 x t O  4
V , ml si t t firm t for ,m vol si c ’ i t  y Of i m p m l c ’ t of W ) - ’m mmu t l imi t c/ s i ’

5~ l mu ‘n O .  2 . I t  i mu i n  t s’ ri ’ s I i  rug  I si ns ,n t e  l I t a  I s u m  twit i ’ i t r r e s ’ t I sill t ernnts in

t’q u r i t i o n  I I  m u u m u t  , u l n m s i s t  er ,unc’ e I (I,u ’ . t oc , u u s s s ’ ft~ 16 x 10 i s  d oss ’ I i ’

Ii . 67 x 10 4
) , A n m i l y s i  s i t t  this ’ r esm u It mu sInews t h a t  l i i . ’  I min i ’ t i o n  u ( V ’ ) I mu

_ _ _ _ _  -- ‘-‘-~~~~~~- - ‘  ‘
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r ep r e s e n t c n u i  c l o s e ly  by 1 + ‘ 1. 3  >n ~~~~ V
1 .2  

th is

c 
= 

V( l +  3.3 ~~~1o 4 v h 2  

~ 6 . 1 6  x 1O~~ V ( 1 2 )

Wha teve r t i le  d e t a i l s  of t h e s e  f o r m u l a e  t h e  important p o i n t  i s  that crmu rs ’r

d i m e n s i o n s  w i t h  d r o p  imp ,iet d e p e n d  en ( i )  d r o p  s i z e  ( i i )  i m p a c t  v e l o c i t y .

( i ’ s - ) P r c s , m n u m ’ c- i m m u n s c l u u c ’ e r  u n e a s u u r o m e n t s

One o t  t h e  ebj c ’ c l i o n s  wh i clu I u m i s  r e p c ’n m t e c i  ly  been a d v a n c e d  t i n  t h i s

use of p c u l se d  j e t s  in m o d e l l i n g  r a i n d r o p  i m pa c t  i s  t h a t  t h e  p r e s s u r e

pulse from a jet will have a d i f f e r e n t  d i s t r i b u t i o n  and w i l l  be l a rge r

t~ i ; t i  fo r  a t y p i ca l  r a i n d r o p .  Hi gh speed p hotograp hy of j e t s  seems to

confirm these fears since they show an apparentl y coherent jet , meant to

model a 1arg~’ raindrop, colliding with the surface for typ ically 100 us.

Arguments have already been given above which show that the

initial , ,  C V pressures are very miucin hi gher than the steady—state

incompressible flew pressures in the velocity reg ime of interest. The

object i n C the experiments described in this s e c t i o n  was to make’ p nc mumu uu nc’

r e c o r d i n g s  So as to  se tt lu ’ this point equivocall y. This part of the work

was p e r f o r m e d  by Dr J—J Cr’imu s.

A t r a n s ducer  wn u a r e q u i  red w i t h  vs ry  1 n ’)rgc ’ band w i d t h  an id  hi gIi

s t r e n g t h  t i n  w i t h s t a n d  p r e s s u r e s  up to nu bs , i ci t 1000 ~1N/ ni 2 . Ih e  a d o p t e d

desi gn w n us t h a t  of the  s i m p l e  bar  gauge scn ml ed down to provide high spati u l

resolu tion and increased band widt h at the same time .

B a g n i n o f f  (1963)  c u n m l s t r u u s ’t ed  s ’ n m p u c i  l i v e  p r e s s m u r s ’  gauges  w i t  hi r i s e

t i m e s cnf 0 . 1 u s  and su gges t ed  t h m t  t h,u r g n mui g e s  u s i n g  ~ i t ’  zee 1 oc t  n c  cc ’ m m m i  cs

west Id be an a lt  r~-m c I i  ye - u I E s ’ run  a t  I ye h u t  t l i n t  t hey wt’ ro r u t  l ed  ‘ u i I by

p rob l ems  of cap aci  t I ‘c’s’ I m d j  ng on t hut ’  p i s’ S i n s’ I cc  t n  s’ I s ’mns ’nt . Th i mu I s not 

-- - — — ‘ - - _______
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n ;c ’ r i o ns  I i m nu j t , u t  i on  n i  t i m  I c ’ ru sl  ‘i n ’ c s n m i m u t  m ’ I i t  , u u n , u  I i ’  p I u ’ , ’ s ’ c  I t - i ’ I r i d  ‘ i ’  n , s n ’ u u  cs

‘s u rs r c’ s t u n s ’  i’ll Iv w m i l l t  mu t i n  t u ’csi i ii ‘scm v h r  i s - f  t’’s’d ’m lt S I h u t  u ‘-i s e t - n I  S • m s  I m m

t h i s  c u s s ’ , cu d u r , m  L i  sun I s ’ m u s  I i m m u u u  t i n u t -  s ’ t ’ u u ’ ~ I , m u l t m t  t h i s ’ I l i p m i t  I s ’  t h u s ’ .tn- ~—

m l  I l i t n ‘ u ; t s ’ ( ,~, 
100 p s  ) h u m  I whc ’ m’ s ’ th i s , ’  ‘lu m u r gs ’ do V i ’  I O h t e d i  I mu scm I I I c i c’n t I u t i ’s ’ s, ’

a r e d s m n r l m u l i  I s ’  d i ’  t is’s’ l i e n  of  t i i s ’ hue mmm i .

I t  was dt ’c ’i c l s,’d that t h e  m i n i m u m  t m n u ; ’ t s  c m i i  d i , u m m m i ,’t e ’n f s n r  this , ’

t r an sduec ’r w o u l d  be n u b i n t i t  0 . 3 mm . The i n i m u i mnum c o n v e n i e n t, t h u i c k m m c ’ss ‘se m i S

rub u nu t  0. L mni . Cmli ing  tI lt ’ compress  ion wave vs ’ L oc I t y  i n  t i le  I ’ZT4 es,’r a m i  c

us ed r is , m 5 o u t  ~ x i0
6 

mm ~ 

I 
, t h e  s ’s t I r ,;ted r i  si t i m mmi - w ou L d  be n l p p r u x i —

u i u a t s - l v  31) u s ;  ii ’) f r u t , t h i s ’  thickness u s c ’ ,l v , u r i e’d hc ’ lw e en  0.1  rind 0 . 2  mm.

The It ZT • di si is m o s u m i t  c’ s,I OIl ~1 m u t t ’ s,’ I bm ie k in g  r s n c l  wh i  c’h p i~ u t v  i des t h e  bs ’ st

ac;n s smu tic n m a t s ’ h i  a t  t h e  i n t t ’ r t  ‘ m c i ’ ( m u b i n u i t  ‘i i )  x 10
6 

K g / s  
1

m 
2 ) I’ rc p m u g . u t  u n

of  ml p c u l m u u ’ c f m n ~ ii t h u s ’ l e t u g t h i  sit t h i s ’  b u s  kim ig roil s i l l  b e g i n  I s )  b s ,’ mit tenu mni ts ’d

for ihsns s’ I’ . t s i r  i c r  c’omu ipom u c ’ m u t mu n,’tio su , ways ’ I t’ng,t hs ire less than or equa l t, ;t

the rs ,nc l d i  , snmum ’ t en. Ano t he r  I i  tn t on thc ’ b r ’imldw i d t lu is t hue r s ,’ f u n r e  4 x I

10 MH t s r  non—di mup er si ’s ’t’ pu l sc ’ proprugm ition (Skalak 1957 , M ikl owit z

l~4~~~) . Th i s , i n  c on j s u n e ’ i o u  n- i t h  t h e  smnill physical size of the gauge ,

was c o n s i c h t ’r e d  n i d e q u i n u t s ’ .

‘rhe gauge was made Civ d r i L l i n g  ~l cy l i n d e r  c f  r n a t i ’ r i n u l o u t  of  a

c” s’nmmer c i a l l y  m l v i i  t n u b i s ’  h u ; n s ’k c u t  h ’Z’l A w i t h  in  u l t r n i s o m n i i ’ d r i l l  u s i n g

h y p o d e  m m mi i e ns , ’od Ic ’ s i t ’ i n t e r n a l  c l i  m m n ie I s ’ r d o u r  t 0. 3 tint . TInt’ s,i I m i s t  i s i t u  in I t he

t i e s,’ t r I .‘ pm,n I  u n  7 , 1 1  l O S t ’ )  wni s  n i m r n l l l g e d  t o  i t s ’ m l I t i n g  the nix I mu o h  t h u s ’ c i i  n d c ’r

Tb is w , u s  t h e n  m n u c n c in t ec i  w i t  ii g h u e  s t u n  mi f 1 m m  t m u i m h i m u  t ma t o  f u n i  u ’,usu’ t n t  h an d  1 1115

and cu t  l i k e  , m s a l n m m  w i t h  m u b I , u t  c u i t t c ’ l’ sill t i n t ’  u l t m n u ’ — s u t i ’ u i s - d r i l l  or  s l i s ’ sm’ d

b y hni t ud w i t h  , m r m u 7 , o r  b l , u s i e  sum ’ uc l c’ r m m l s u w— p o w c ’u’ S I  t ’ n u t u t m u i ’ s n p l s n i i s ’r o s e u n 1 t t ’ . A t

f i r s t  , ea c h  cl i  Sc l f l  t u r n  wa s  p 1 ,‘ns ’eul i n  , m smn m I I hcu l s l i m mmcl s t m m s , ’ c i f  i t  mu I n m , - , ’ mu

was smu u ’i ’ t lut ’uI  oui vs’ry  I i ns ’ e mery  p u l t s r ( p r n m d s ’ (iOU ) ; h u t  i t  was  f s n u m n c l  t l i m i t

the r s ’su l t a n t  s c i r f n i c t ’  was n o t  snioo thi t’m lu ’ uig lu I i ’  b ond a d s ’ i l u u , m t u ’ I V ti n t ine

backing rind (see Si t t  ig  I ~f 7 ’ 2 )  . S i u h s s ’q u t s ’ u u t  l v  E I t s ’ r c ’ f s ’ n s ’ , t h u s ’ s s m r f , u i ’ t ’ t s ’ lw
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hou ~c h e J  n u n :  r r e t  bi t t n 5 i i  s h u s ’ sl c lm t wmu I i ’  u u u u  c l i  , u m i u m n m u i h  lt mn ~t c , ‘ l ’ i t s , ’

s s u i ’ ’ c ’ i ’c ’ in g  s h I m u i ’ ns ‘ss’ s ’t ’t’ m h e w  b m ’ m u i l s ’ , h  t i n  t h i s ’ ~ I mmu I I n n ’ s’ t e l  i s l u c ’d s - m i s t s  i i  ~~ r mt tn n

si i mlfli s ’t e r  st , s, ’ , I wi Ft ’S l i t m i s t m s  i n n u c ’k l u g n u ’u l S , t h i s  mm li i i n h ei rm g ch ins , ’ In’,’ h n m n c i

uns,it’ r u luiw p ews ’ m nil  c’ r su s s ’sn 1ts ’ . ‘l ’hs , ’ nuclln s’ mu i ‘c~s siss sl Wnm S 5 t n i n c i r i  mci s, ’ j t u t , XY  m c  ~ in.

\ s ’x I , , u h i ’  I s ’ ci f d imunue n , u ’ m u I  i g l u t  I v  it ’ ) s,’Xu ’ u ’S S u ’ I t h u m  I sit’ Ills,’ brisk l u g

i s ’ d ‘ss’,uS sh n ’ i I is’s1 th i ’~nuig h t ni sm t m , uI I p h i c ’i lo l  ~, i r s ’ s i n/ s ’ l c u t l m  h I m n ~ ’k t s t  , u m ’ c ’ s n t nn r s n s,l n i t s ’

t u s ~h i m ’ , ’~ , li, , , u n m l s ’ s ’ r , u u u n i  e u h j  m u c s  ‘sC i ’ t ’ c t h u u ’ m u  ‘ u u s h u , ’ , l l i n t  i n t hus ’ Inn I ds ’ r u; , t h u s ’

s’m,’ids s i t  t n r e  lt ,u s ’ l i i r r m ’ i’ , , t u jni - r m u g  si l t  I i i t m t  t ’~~ts \V nis hh us ’mu l y e  (et c I , I i ‘ ‘ n r c

r u 1 s t ’ l i i ’ s’ ~~~~ t I me c m ’ n ’ n it l ’) l c s,li Su ’ , mu , 55’, u’ ; m n m m u u i s ’ I u u s l u  n j  t I n  t I n e  h i t l u l s ’r

m u s u r  I i c c ’ aid po i i  shs’d I I , u t on 0011 nib m i s  i ’ s ’ s,’ p i p e r .  F i  m m m i i l ’ s  mu mu I I ‘cs F p m  it ’ ) I

s’ l i -c t n s ’ d s ,’ , Ii , ‘sc’ , u m u  ~i pp I i t ’d t i n  t h e  I moul t t , us , e i t t  l i e  t m mun si ,l ui c i ’r , t h s ’  b u c k i n g

Fu t ul  m m c i  i u n ‘n ~ c l i ’ s ’ t reds ’ , c ’ • t o t he In ic k r n u s , s ,’ . ‘Chit ’ e ( c c ’ t Fm ’s,1 s ’S Ws, ’ m e

m s sn n e c ’t e c l  d i  r e m ’ I y ‘c i a  70 d cm ihl c’ tcn t Ins ’ I n p r u t  of an u ’Ss ,’l I lstSc ’ ctp i ’ . h ’ i g d u t ’ s’

1 7 (,m ‘I mu hn cu w s mm t ‘s-p i e ,u I t’s’spcunse t u ’r m m s ’ in \,‘!r I sit t lit ’ peak s i e,m mn u 1 has been

a I I s t~s s ’ s,I L i t u s ’ si t I t i n s ’ Sc ’ rs ’eii t o  d i  mu 1 n  1 , u v  t l i t ’ t i f l s ’  St I ’ U s ’ t r ims ’ u ’ f this ,’ ch s ’ s ’ r u v

,iS t us ’ I i i  gin I’ r i  m u s u m  i’ s ’ i s  r t ’ I c ’ , m mus ’ch . ‘I ’hut ’ i m u u p m m c  I, n’,u s t hn ,i t t n t mm I . 5 ‘urn n u t s ’ u’

u t  , u t  ,tlns i u it bO cu uns I 
u t  u ~l i  mu tni nce s~ t io umm um m I m m n i u u  t h u  f l su , , ’ I s ’ . ‘ l ’ i u s ’ n s ’ i s

r’ s’u n u , n r k , t h i e  I ns ’c ’dc tu nt  I ~‘5 ’ uu u m ’ i u n g i n g  in I u s ’ r u ’ n mii ss hu ucu ’m ’s . I t  i ’ m  m u 5 m n  a h u l u , i m u ’ u m t

t h , m t  t h i t ’  p m - , uk  h u , m l  t is’ i s l t li is um n uhi ’ m ’ I m e .

I h’ s u ’ , u t  i m nn s i t tine t m , mmn sd u mm ’s,’m \,‘ , u n ~ m U m  l ’ s ’  d ’ , u r n i  s s i  s t m m t  ill mm f i n ’  e , u s s ’mu

s I lice t Ims ’ e N , u s t m i mmux I m u m  p mu ’ S S s u i ’ s,’ I s ’ c c  1 n’ us lim i t tn t ’ s u ’ s s  r l ’ i c l i un g i unp i n t , uu n u ’ e in

t h u  i s  w s n r k  mu d I ’ h i t ’ m ’ m u 1 1 b r , u  I i m n n p r m t e c ’ s, hmn ’s’ i s  Vs rv  s, l , i b u n r n u l s’ . lie u ss ’~I

me thod  mu imi  I nm l u t  t b u n m  t i t t  d : m ’ 5 u s n k 1 u n t u t )  u s  ~u~l i p t  sd liv Ri t m ’ h mu ’sts ’m ’ r umu cl Iim ’ uu i m I i n n

( 1 9 7 3 )  . ‘f ine  g n isu g u’ w,us Iii’ I d  ss,’s’u m e  Iv jul ,m m u m  mus i ’ c ’ i ’ t ’ 1 amn p m I l d  , m I , u  1’ 5s’ S t  u ’ s ’ 1

h a l  I W m u s  P l  m m m d  i l l  s m ~ l i t , i s  I w i  t l i  I l ls ’ I n u n n S s I u m e t ’i~mu Ss ’t lS i t  I ’s’s’ , u t t 5 ,  ,‘\ Ss’t ’ s, il n c l

S t s ’ t ’ I  b a l l  s i t  e q u i m m l S i  7,0 se ,u s  5S’is iug , i m , S i l l s I  t h i s  s i t  ,mm lgi ’ mn us - m r t I rouu m ,u mn ts ’ , i’ ; u uu ’ c ib

h e m  glu t .  l ’ hu ~’ s t u l t p u l t  w i n s ill mu l t I ,iv s ’sl I ’l l E l m s  ‘n. m i l l  s t s m ’ m t l n s
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w h e r e  m i s t i c  mass  o n  t h e  b m m  1 1 , hi 
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I b ut he i g u t  f r c i mmu w h i i  c’b l i t  t a l l  mu • hi , I hi

bus , ’ I gil t n t  nc ’lus i u , mnd , g l iii’ l i i i ’ I c  m u  I iouu u n  I gr r u v  i t  
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t i m e  m m m x i  imiummm g , it u u~s ’

s n nst pu s t , th e  s , Ismi ’ n u t  i on  m i t  t i n t ’  i m p n u c ’ t  , ci t I m e  p i s ,’ ’/ u n s ’ l s ’u ’t  r i m - s’stnstmm r m t sif time

cer a m i c , k t i u t  g auge  m - s , n u r s t m n n t  am i d c ’ t h i s ,’ com b i n e d  c m m j ’ s ’ m c i  I n u u r c c s  s’f ci ’n a m i d ,

p i c k u p , l enucl s m i n d  m i s e i  1 I s n s c c u p c ’ i t l p s m t

ni mind  c ’ we nu ’  tune m i s  u r e s l  au ud Ii ,~ , V munch  ‘r t ie t ed  f i n  r a r m u r ’u i ’c’ cn f h i
— m m i x

A grap h of m 2 gt h 1 
+ in  ~ ) ‘se  r m u i u s  
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‘ V ~ wr i S p l o t t e d  an d ‘semis

r ounicl  t m  be l i n e a r  wi  tlr i n  77~

‘fhe du ’ t ’d n s s ’ t  kd of t h i s  p i s , ’ r’~ t t - l e c’ t  n c ’ and g i u m g c  c o u u s t r u n t  mu ‘sst ,iS f o un d

tcn be , t y p i c a l l y ,  0. 12 x I i )  8 
r n / V .  ~~‘n t h i c ’ t r c ’ s s d m rc’ on t h u s ,’ gmu ug c ’ d u r i n g

i m p a c t  i s  gi ’s ’t- u r liv
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w h i e r t ’  V i s  t h i s -  u ’ u i l  p u t  ‘ c i  1 t n m g i ’ and A i s  t h i s ’ . u u ’ 5 - u  m t  t h i s , ’  g , u i u ~ ’ s ’ . C I r r u s , i l l

f i guire 17 ( m u ) , p 1. 2( 1 x V ~~~/mn (

~‘l , t’; I s it tile tests w e r e  s’ ,i I F  i t c h  m u t  w i t  Ii m l j e t  ‘ c c i i ’ s, ’ i t  v i n  f n i b s u i t

~~~ ms 
1 

The m ’ ) in  zz 1 e s i z e  n - m s  gc’ne r a i l  v . ~ mm i n  d i  minis ’ t o  r to mode 1 m m Vi’ rv

i nirgi ’ dr  p and pt’ uu v I dc’ a 1 m m rgi ’  i n u p m ii ’ I s it  e . l’ ’s - 1n I emi l osc’ i I 1 s n s c ’opc’ t r u e s ,’ S

are drawl ’) in f i g u r e  17.  h i gm ire 17 (h) i s  t v ~n i c , m l  of prc’sS m m ’ d t t ’ ~~, ’ s’s in the

c e n t r e  of t i l e  i m p a c t  region , W i l i c ’ h w ,mmu nib s i~m t  I n mum i n  d i , u m , - I s , ’ r ,  ui uxir’nusnm

I
I n r t mu ’ ; u s r t ’ in l I m i t  i’ m m s i -  w m n s  360 M N / m , t l u , m L  j ç  u t , n n i i x i p n j m s I ’ c ’  u l .~~ I i uuut ’u— thi s -

• C0 V p r e s s u r e  ansi 0. 5 7  I j ilts ’ s t i n t ’ C V 1t r s ’’ s u u r s ’

I t  i s  i mu nune d i i t s ’  I v  s , h y i m t s m s  t h u m i  t t h u s ’ p m ’ t ’ m u n s u l r t ’  p u m i  nun - I l’ m ’F’ .1 ‘‘1 tulsisl

p r s t s h m m s ’e e x t  m ’ m u t r s l  i n m m r I I v  h i  gli r u t  m S  s i t  m u t  m u  i n .  ‘ I h u r m s  w l m i i s ’  t h u s ’ Ins ‘~ I m I t  u s c ’ I

m e ,ms u ur s’ms ’iu t s t t  r i s e  I i t u c’ was , p r s ’ v m i n u u s l v . I 
~~~~~~ 

r i g u l t ’ s ’  17 (h ) n ’ l t u ’ S ni t i n n ~~ ,i
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um ’ , ik p t ’t ’ m u s u u r ’ s i s  r i ’ ; u u ’ h m c ’ u h  W I  I b i n  0 , 1  
~~ 

w h u j m ’ I i  r s ’ s t i l  n - n  i i i  m m m i  m m l u w , u I ’ m i : -  i ’ m  s i s t l i

u~~t str a in r a t e s  of a i r  c u r c h i ’ r  m t  unu ag n i t sm c l s , ’ . ) l t r s ’ u s v u - r  t o t a l  d u i r n u t  i s ’ m u  i t t  t h u s ’

pe ik is o n l y  a b ou t  I 11s w i t h  a c l o e n r y  t i m e  a g a i n  of  ,n ubos i t ( h i  p s .

Fi gu r e s  t’ and d show o t h e r  t rmu cc s . A g a i n  t h er e  is a r a p i d  r i s e

in a f r a c t i o n  of am i c r e s e c c n n d  to  mu h i gh p r e s s u r e  w h i c h  l a s t s  f o r  %l 1 1 S .

T h e  peak p u l s e s  nc ’; n t ’ h ed v a lu e s  of b e t w e e n  0 . 7  and 0 .S x p C
0 

V .  V er ~’

i m pe n l n n m t  fronn n the  p o i n t  of v i e w  of r a i u u  d rop  m o d e l l i n g  a re  the  low

press  u I t ’S wI 1 II t I R h  m ’ s ’ n n d t  I t

I bi s , ’ q s u c ’ s t i m mm m m l  why  t h i s ’ p r c’ s s u m ’ c’s f n i l 1 s h s m r t  m if t h i s ’  f i u l  I w m i t c ’ r —

ha mme r p r c ’s s u r e  i s  i n t e r u - n - u t i n g .  hi ou r  v i e w  i t  i s  n m n t  h e c n u t u s e  t ile he ’m u d

cuf the j e t  has a d e n s i ty  l e s s  t h a n  u n i t y  s i n c e  s i m i  lar values bu m ’ s -c’ b u s’s-n

r e c s t r d e u i  f o r  i m p a c t s  w i t h ’ )  d r o p s .  In  t h e i r  w o r k , J ohnson  and V i c k e rs  ( 1 9 7 3 )

r e c o n dc’si  a c e n t r a l  p r e s s u r e  of 0 . 6 6  C’ C V w h i l e  R o c h e s t e r  and B r c m n t o n

( 1 9 7 3 , 1974)  o b t a i n e d  0 . 7  p C0 
V (“n O .6  p C \‘). Since t h e r e  a p p e a rs  to  be

no reason wh y ti le w a t e r — h amme r p r e s s u r e  s h o u l d  n o t  r e s u l t  i t l e a v es

v a r i o u s  p o s s i b i l i t i e s  (U  t h a t  t he re  is an u n i d c n t i h i c d  e r r o r  ( f o r  examp le

ra te e f f ec t  or n o n — l i n e a r i t y )  t h a t  i s  a f f e c t i n g  a l l  tn e ,’ i sm m r e m e n t s  w i t i n

p i ez o e i e c tn i c  t r a n s d u m c ’ er s  i i i  t h i s  h i g h — s t m u i n  r a t e  s i i u n i t i o n , ( i i )  t r m m b ’ p s ’ s i

g m u s ~’s b s , ’ t w e e m u  t h u t ~ d r s u p  m i n d  the I a rg s ’ t g i v e  a t t m uSbl i otl i ll li
i 

i t  C u ’ s  t ( t h i s
n n n , u ~’ m n u ’  t I c

tho cugh  i s  m u n l i l n u  l y ts s he h a r t ’ s ’ ) ,  ( i i i )  I b u m i t  t h u s , ’ i m p a c t  l t r i t d m u i ’ i’s s ’ I s , ’ d t n m s ’ u l  n ul l s, !

s,’t f ec t s  w bm i s’ i u  m o d i f y t h e  rs’i - m n r d e d  s i g n a l s .  I t  i s  heps ’c i  t h a t  f u t s m r s ’ ‘mu ’ u t i ’ k

w i l l  c l a r i f y this q u s ’m u t i c i n .

One of  the  r ea s o n s  f o r  d e s i g n i n g  sucll  sma l I p re s s u re  t r a n s d u u u ’ s ’ r m u

was to  be a b l e  to record p r e s s u r e s  at  v m u r i o t u s  p o i n t s  in t h e  imp ac’ t a r s ’ n m .

Uuifor lunats ’ I y , hci’auuse cit t u e  vs ’ry h i  g In p r e s s u r e s  dove I oi ’)ed In ’s ’ i n n p m m c n mu

mi t  a b s , n u t  ~~~ ms I 
~~ was  f o u l u i d  th m m t  t h u s ’  I m m u t l m u s i u s ’s ’r S , ns n  m m m l  I c r  h o w  e , m r c t  s u l l y

s e ru m -m t r u u e t s ’d , u o u u l d  m i n t  v i  t h m s t a n c l  m o r e  I h ,’ uu n m l n s ’ u u t  6 i m u n j u m t u ’ t  s h e t o t ’ s ’ b s’c’ s i m i n g

wire  I l a b !  e . l’ln is prs ’s’ I m m s b s ’d s t ’ann m u g  m u m  ‘ - ‘s I h i s ’  i n u l t , u u ’ I i’ s -u ’, I oh Si  t n t ’s ’

‘ c ’ s ’  r u  I t m i s c ’ s  ni t & ‘ , m u ’ lm i n ,  j u t  n u n s , ’  s ’ ’ S S s ’tt t I ml I mur al  t h i s  iuuuj ’ I i s ’s , m u nuuum ’bl g m t ’ u I t i ’

- - 
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u’ s ’ s i s t m m u u ’ s ’ t s u  t i u s , ’  i u ’t t j n m i c ’ I  s t n i ’SS t h a n  t’ m s u u l d  h u m ’  n tc ’ h u i u ’ ’c ’ i ’ u I  w i t h  t h u s ’s - I i

chucc ’rmu . L i s n w e ’ c ’s, ’ r . f i r  I s ’ n s ’ r  ‘ c c  l c u c i  t i s , ’ n ,  i s l I u n u h s n u ’ - t  t h i s ’ i mist i F u N  I I I  1 Oh , a’.

d e v e l c t p c ’d hems, ’, w o u l d  he i - n u p r m h l e  of i n v t ’ s t i 1’, : m t i u l g  s i u u L i a h  p n m - m u - ’ m r s -  d i s —

t r i b  u t i (ii’) s.

7. R c u s i c l u a l  S t r s m n g t l u  of G l a s s  a f t e r  L i gm , ui  d l i t  I mj n i c t

h3s,’s:ause of t i ne  dc ’p e t u ch e n c e  of  St r en g t  h prop s , ’  r t  t i ’ S  on th i s , ’  s e V s ’  r i t  V

of , poss i b l y ,  i n v i s i b l e  defc ’c  t mu i n  a g I m i s s  s su r f a c ’ c ’  , m m s s e ’ s s r n e n t  ss f i m u m p n u c

da u ma g e  i s  u’u ,m n s,’ rs,’al i s  t i (‘nil lv  u ’ m m n i ’  ied out by s’snu s i d i r  i up ,  t lie res i d t i m u  I

s t r e n g t h  o h  t u e  m a t s , ’ r i m i l , anmu no t b y da h n in ige  s i z e  s in  lii i  c ’ r u s s s ’s i p i e  n m p p s ’ n i r m ut i c ’ c’ .

A v a r i e t y  of t e s t  m e t h o d s  m i r e  a v a i l a b l e  f o r  m e a s u r i n g  t h e  st . r e u m g t h m  of

b rittle ssnli ds . ‘these include stressing the spec imen  in  p u r e  t e n s ion ,

bend t e s t s , indentation loading, ring—on—ring methods , and techni que s

invol v ing  hydro static loading (Bowles 1974).

In this work the residual strength of glass samples following a

sing le l i quid impact has been determined using a uniform ity d r s n mu t ; it i c

loading sy s  tern t i n  p r m n c l u i e t ’ m m b i a x i m m  1 s t r e s s  d i  St r i  hut I s i n  on t im i ’ mum i rt mR’ s in I

t hue  spec ’ i mom i mu . SntInp li’ s nu ns’ c l i  ~cs Of  cii ante Ce r 57 turn anti uomu ui urn 1 t i n  i c kilt’ S Sc’S

3 mum sun cl  6 mmm li i . ‘I’hs,’sc’ s i r s ’  c o u n t  r a l l y im p r u m - t e d  b y w mm t c’ r j u t  mu i t t  vs’ I s n s ’i t i c -s

i n  t h e  range 20u ) — (tOO mis 
I 
, amid t hc’u u lest t’d to t ‘ u i I n  r i ’  i m u  t bc n Fm ’ S nm u s  r i

t e s ter , liii’ s l a n m n i g e d  s u r f m m s -e h e i m i g in  t s ’ m i m u  i o n .  I n  ocm r wom’k con rs,’ mu i c i u i m m i

s I  rc’ng I h s i t  g 1 m m  S mu a I I s , ’  r I iumpa c t many  o f  t hu e m ubs iv s ,’ I s , ’  St I up ,  I s ’ u ’h im i (h u ms ’ S vu ’ ri

t i n s - n  I i  ,s fac tin my i mu t h a t  f a i l  n r c  f req smon t I y s t u r I s’cI mit tIlt’ sps ’m ’ irneui s’ ih p, u ’

b l u n w e v t ’  r , w i t  hi m m Im yc h m i m i  l i e  ‘ h i  ow— eu t ‘ mis’ t h s i c l  i t ‘se mis I t o m u  s i b  I s ’ t i n  s n ’ c ’ s, ’ u’ s ’ omt’

t h i s  cl i  f t  i o u  I I y . ‘h u t ’  I eu’hn I qu i e  a I 5sn p rcn ve S t i n  h ave mu s ,’ V t ’ r mi  1 5 t  t h u s  - n m m s h —

v .mnt mgi’s.

A ss ’her na t i s  sh i m m ( ’ r , m m n  m t h  t h i s ’ 1 i r s ’ ” c , u u m ’ s ’  I s ’St s ’ i  i s  m u t u m s w u n  i i i  t I ~t ut s I ~ . ‘I bis ’
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s p e c i men , in tli ~ fcur n u of a 51 m nu mn m d i s c  o h  any t l u i c i - n c ’ m u s  up to  ;~, u m u m ’ , i’~ h r s ’ I ~ :

a g a i n s t  a steel su p p o r t  r i n g .  A ne op ri ’mm u’ d i a p im r a g u r  t r a n s m i t s  I n c  u r n  m

h y d r o s t a t i c  p r e s s u r e  a c r o s s  the  e n t i r e  t u r f ,  cc of t l r e  d i s c .  ~ h i  n ; ” - r , : t

is c o n s t r u c t e d  of m i l d  s t e e l , and is d e r n i m ’:nsn d to  m’i’ i ’r , u t e  ‘~‘i~~1m b , ”~~r , ’ n,~~j c

f l u i d  up to  12 MI’ si .  The n e o p r e n e  di m~p b m n np’ -m and s t e e l  s t m p ~~e r t  r i : m g  m r e

bo t h  casi’i v rep l a c c ni ’n l e .

S~~”,nr ’le p l a t e  t h e o r y  g ives  the  f s f l r wi n c ’, r e s u l t s  f o r  ti- c r a d i a l  an,d

t a n g e n t i a l  components  of the s tr e s s  at  r a d i u s  r :

= ~~~~~~~~~~ ~ (3 + v ) ( 1

o = 

~~~~~~~~~ 

~ (3 + v )  — ( 1  + 3v) i~,

(Tinosheriko 1 94 1 , R s sn m r k  1 9 6 5)

where ~ is t i n e  r a d i a l  or t a n g e n t i a l  c u t u ’ , m p i n m l em l t c i t  s u n  , m c c ’ S t  i c ’Ss

P i s  ~~i m  n p l ’ ’ ’ s !  p r e s s u r e

a is t l n c ’ u s c  r a d i u s

V is  P o is so ns  r a t i o  f c r  t h e  s p e c im e n  m a t e r i a l

t is the  d i s c  t h i c k n ess .

I
The r a d i a l  v a r i a t i o n s  of t h e  st r e s s  components are  i l l u s t r a t e  ~~~

, I i ’ ,u i m s  h I .

The f o r m u l a e  app l y to the C a S e  of a c i r c u l a r  d i s c  f r e e l y  ‘ ; m p n o m t u ’s , u ~ i t ’

ed ges , w i t h  no o verh ang  o u t s i d e  t i n e  su;  -‘ n t  . At a g i v e n  r a d i us , r , t I r e

stress ccr’pc-’nents become :

o = K :~/t
2 

, w h e r e  
~ r is  a censt , t mnt

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ___ — -- ___
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(‘,u I il r .u C ion s “1 t Im e C s n I s, ,mmi lie c m i i  ~ ~~m cI ou t  u ‘ - I i l k ’  C m  mu’ .’ ’ ml s ’ : ,

r e s i m u l m i t l e t ’ s t r , m i n  u se ’s ’ t s ’ s ’ I m m i i q i m s ’ m ; . ~ s,: s, results t m n r  m I l l ’ , ’ - ’ 1 1 m m ’1 , , ‘

li n e r ; i b  i u ’ m s t s ’ g i n o ’; s h i n - c  m I m e  p u s  , m - u u t t  ii m m ’  ‘ u n t o ’ ,to. h~~’ l i i i ’ t i n ’ ’ ’

o f  p, l m u s  mu sn ;  c l um en s  c f  a s’ 1 y i n  in ( u r n ’ , j u n m i  1 n , .ms ’ mu r s~ I il’ s l v  t o  v a ry , t I  s, u ‘ m m , I - .

are p l o t t e d  as a x t
2

; th e  c u r v e s  therefore app ly t o  a r a n g e  of  t b .

of g l a s s .  The m,s’ m n s u r c ’ r n , e n t s  p i o t t e d  ar e  t i m e  central stress , an d  the rm sd ~ a]

and t m ’nn~’en tial ceenpe nnmn ts at a r a d i us  of  10 miii . For t i m e  c en t r a l  s t re s s ,
K P

the  t i u s ,’or v  g i v e n  ,-d ’ en’s’ m ’ p r e d i c t s  t i n e  v a l u e  of K. to he  6’~~ nu nm .

Th i s  cu n r ,’ps l reS w e l l  to t h e  r ’ en i s u r c d  v a l u e  of 670 + ~~ m n um nu ’ hs,un :u ’ ’,’ , -n’ , a

c o r r ect  ion for  t I n e  o’c’e r I i a ~n g of t i r e  d i s c  o u t s  ide  the suppe rt ring n ”s

dcrivi ’mJ i-v ~lans fi s ’ld ( 19 f ’n 3 )  , and in t h i s  c a s e  i t  l e a d s  to  a 3~” rc ’dn : , ,’ t i  on

in mi m e  tI:~ oretical \‘mml’es ’ of ~ c

An i n p~~r t an t  c o n s i d e r a t i o n  in th is t y p e  of t e s t  is t ine  ss: ’~p~~r t

c o n d i t i o n s  of the  d i s c .  A g l a s s  d i s c  p r e s s e d  a g a i n s t  t In e  stcc rt’ta ]nir~

r i n g w i l l  u s u a l l y  f a il  f r o m  the  edge. This is due  to the h i gh l e c,’m ’. s n i s

c o n c e n t r - i t i o n s  of t h e  i r r e g u l a r  c o n t a c t , and a l so  to r u - ’ n n ; - t m l y  c u t  m m m m s i

c.n ’n m i l i , - ’ I m c d  d i s c s  h a v i n g  the  m o s t  s e r i o u s  f l a i r s  a t  t h m ’  p s nil - ct or .  t
~~~’-

~”~,’r

i t  was  f o u n d  t h a t  nm s u i t, i ’n ’ l  e g m ~shc ’ t of pa p er  or p o l ym e r  d ie , ’: i nnb u~ h i  u, l

such  u n d s ’s i r m’u~u l e  cd p,c c - f  f c ’c t s  . T i r e  mrs  t con’s-en1 c ul t , p , - n n I. i t  n a t  ‘1  1 ,n l

um m e n u n  a p r o p r i e t a r y  t c ’ I f — ,’m r h b m e n n i v e  po i yrn ’s ’ r i c  shs ,’c’r e i t l m s ’ n ’  i n  t I c  ior ’ :’r

of  d i s c  or  a n a r r o w  a n n u l u s  . ~ i t In such a g a s k e t , f a i  lure rml rs ’ v  oec m m r r c d

at t I ns’ ( I i S C  ed ge .

‘l I n e  s im p l e  t h e o r y  a s s u m r m i ’s a c o m p l e t e l y  ir ce  k n i f e — e s t ge su p p r r t  , a

cond i t :r r :  nhuch i s  c)i’ ’~’i O u S l ’,’ n o t  r e m ]  i d i n  t h e  p r a c t i c a l  a r n m l : m h ’ - ‘ n ’ r ~~t

‘ h c a l i l n r a t  i o n  i -as  ds ’ns ’n m ;t r a t e d  t l a n  the li i ns’ e: ity of tIre s t r e s s —

p : ’~~su re  r e i~n t i o n s h i p is  n t  s i t ’ n i f i c a n t l v  a f f e c t e d  i-v t i c ’ n c u n — j , I ’ ’ , , l

s u p p o r t , and t l m c ’ 1 g m ’ . ‘‘ s : ‘ t  l e t ’ ’ ’ , in t i n s ’  r ’ s,’esum ’ m’c b ans i p t s ’ d l c t s ’ d ‘s’m u l m : ’ , n I , ’:’

t I n t -  c c n t r  1 S t t ’ s ’ ’,s u t ’  a l s o  vs rv m’1~~~~s ’ . I t  rum rs t l’ s ‘ i n ’  r l u , I s ’ d  ?‘~~~‘ m l  ‘ u n

c.al iI’r ‘ i c - i l  n h ’  f ’ u I ;’ s m m  ‘~ t r m 1 . n n m c  o h  l a n ’ n , n l  f r i c t i o n  m e n d  t i n e  ‘ I f s  i t  oh
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2 7 .

(‘ ‘,‘‘ ‘ m t  e, C m ’; I ‘ ‘ f,, nn r ’-” m ‘ 1.

‘ ‘ - u ’ , ’ t s ’ ’I c,1 i m m s”~ ‘s-, u ’ i .~~~’, ’ ‘‘ -h , t I ’s m ’  f - m i l a n  s ’ r ’ ~~ 1 m , ‘, n, ‘~~ - ‘~~~ ‘ m m  I ’ ’’,’

n i l s ’ m , i  a l l  :‘~
‘ - m’ t ic’ ts ;‘m n ; , m n  5 , r h ’ ,Ico , I’ ’ n ’ m r:’,ni y f e l  ~‘~~‘i , : n  I ’ ,-’

r ‘id ‘ m - . ‘ tm s n S in i n  - cm ’’, ’- r , u r u m ’ ’’  w i n  Ii It; ‘ k :n - ‘~~‘ N - t n’ ‘ na  m , : - - I s’s -

t’ : i t t ’ ’ a].;’- ‘ ‘ m m , w n r ’ r o  ~~~ h - i ra ’ Y e-i’ ,; irs ’ ‘h a ’  l i m i t  m , u t , n ,  : ‘ m :, l - , f

‘i t ’ - ’, m r e m - ;  s l i m ;  t nil m ’ u - Is  i n;  ‘ uuu ’iu I a- I t i m’’ n ’ !’ ’ m n , (’’ m m ’ , ’ , : ’ ; ‘s’ n ’ ’1 :; ; r , m  ‘ . - ‘ -

c’ — , n m I m I  m ‘ - ,~ u ,‘ ‘n I owl  ‘~ - ‘ s - n -  ci i i  t ‘i l ,o ’ m ;r’ r ,sdi us ( t O  n i . :  I ,  m l  .- -a ;n n - ‘ ,a s ’ n t  i n ;  c - - .

~ ot i ‘ - , ‘u x i n m m:nl - ‘ s e m :, r u l  Va ’ m m ”  an a I s  on ; of “ 1 7 ru m ) .  Th ’ .a tl ; ’-

s e n i’s , ; m ’ , h i s ’, - ’ , w h , ’r- ~ ’,w ’r in ocean’’ ,, i , I n ’ , ’ ’ 1 5’ ‘ ir m i t .n - t t ”  f - m j l c m n s , ’ . id , n ’f l

fmu j~~u~’ c I,mmcl ’ ’,i t.’,l fl. ;t’ t .si’ ‘a a t m ’ ’  Of t Iu O m l ; t n C , t i m ’ f r - m e t  a re  n u l l ,’ na c a m e  i sl

O r  mu L u r ~~u - , - u i n r m i m i ’r n i  r ; s 5 t i m u i  f r m t u ’ t s m u s , ’ m u .  I ’ I p , t i i ’ s ’ 2 1  sl~~nws s m m c i m  a d i s c ’ t l r m t t

mu u s  hi ’ s - u ’  t s ’ m u t s ’d , ; i u s h t h i s ’ m i  I i , u t  ing I n s n i m m t , P , i s  , m l n m n u t  7 nun freui m the cem ’u trs ,’

l ’h ns ’ I r - s u n sirs -n, - m I I s m u t  .‘tlcI I m m m i  I bu i s  p i mu I , m m m l m u n s  I i t t  t hien’u h i  t’m i r c ’ n u t s ’ . I’ I ; i t u ’ mu

‘ s c i m j s ’ h t a l  l e t  m l  ,i s ’ mu ’ - r  St  n e s s  h m n t v c ’ ,i sa nm ’ m’e s un m m wh im l gl v smu a l  h e r  n u m b er ’  of

th is ’  Sc’ r d i  , u  I I m t u i r s ’ S

i ’ l um ’ l m v s l r , m u m l  i c  ; i i N ’ ’ - m ’~ u m i ’ i ’ ‘ - I  s r  5 5  s ’ , u m m \ ’  C m i  s ’onst  n s m c t  . u m i ~ I i l s  h,,’ht , ’ i’s’ i m n u u m

5re s ‘~ vs, I I mu’ u l u  si fill Ic t l I m i t ’ , .  ‘I’hm ~’ ma i i i  , m d ’ s’, mum I ,u n t cs ci Is use cain is,’

n ; suin u m n m , sr ies ’ I :

( i ) i - s i p s ’ 1 u I  I i i  m ’s mu wh i  I i ’ u u s u n  me ’ sI i I I j sal I t  v w i t  h u u i - m r s  i le  u’ ’c i i tip , 0 i t h u  m s ’ s —

- - m ( m u  r—psn nit h s ’ m i m l  I u m m ~ , u  m c  I i i ’  ‘c I y m ’ I mi i i  I i r m m  t s ’d .

( i i )  Cu’n n t p m n s ’ st mu l u  t h e  man , m n c l m u i  2 r i n u u ’— s n m u - - r i n n u ’, t s - m t  , t h i s ’  , u u l v . s m u t  ap t ’s l i e

(,m) ‘lb s I s ’ SI l’ s ’; ’ s i n  5 ‘ t m - u  m u  S u l in us n m t  t o  t h i s ’  t m 1  cc i n I I hi s’ ~ i ’c c ’ I I n n s  ‘ m u  , i n

em it I m i s  I to l i ii’ r I np— s in—I ’ i n u n ’, m mu t wlts ,t ’ s ,n m u I v  .u m u n u , u  I I i i  s , u  v i  I h i m  m u

t hu s ,’ i m u m !  m I ntp , I ~ m u i m  i t  , u l t  I

( I n )  ‘l i i , - t s ’ 1 s I i I t I t - ’ ” t u t a o ,  s’ m ’ m u , ’ m ’ m l  I m’ s t I out I m u s mi u u ’ u s ’ m m m m i  I ,‘ . u  I h i m  ‘ - -

( m ’ ) ‘ t hus- rs’ i s  nn m uu ’ h i  i s  mu mu m l  I ’ m ’ s ’ I i l u m s ’  t i n w . u  m pm I h i I i I i ’S.

(I m I ) Snun i I I n m l ’ t ’ m ’ i ‘ us- n ’ :  c i i i  Is . - m u s e d , m m m d  t lii’ ru s t b oth m u m  ~‘ u m u  I I v b~~’ I m u t t  hi s - I

mii i n j m i t  mm r I n ’s ’

( i v )  ‘fhv nm us ’ t l m t nsl is & ‘xIm ’ u’ u ;um Iv i mu p i d  i n  u ;n e i m t i s . t t , , m i i t b  I , i m t l i t , m t s  5 tls m

IIrlI_,,_ A - - - - -
~~-~~~~~~~~~~~~~~ --~ ~~~~~~~~ , 

~~~~~ 
- -~~~~~~~

:‘ 
~~,, — = -~~~~~~~~~~ —“-—~~~~
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2 8.

p m m s t l u m c t  I m s u s  s i t  t u u s -  l ’~ur ?l c ’ m m u m u u m b c ’ m  i t  u ’ m ’mu u u l  Is l u i - m ’ m ’’ ;s ,sn ‘,‘ I em mut , m t  St i —

c i i  1 y n’ u e ,uu i m m p h c i i  St “si l t Ii mm me , imu u rem u s - ;; I mu i m i p h m i s s

( v )  Aut  m i ds i  i t  j o t n a l  ,i 5 hv ,ui ; I ni p s ’  m mu I I u s ’ p m  s ’ m ; e m m  I w~t r’k I mu t i u m  c i  r m - m m i  n i l ’  I v

s y mm uts ’ t T ’ i s ’ - m i  s t i ’ s ’’c s I i s ’ h d ,  ‘rums’ i n m p , m s ’ t  d - ;um n - u u l s - m ’ssmu ’ , i s t s  I , u m ’ u’ s ’I’s’ s t

m’ , us ,u i , m  I t n t ’  s ’j  m i - m i m i  e m c ’n I  I i i  ft a l  sum s a . m m m i i  t his ’ l i i  , i : ~, i i  t e n s i I s ’ ‘ - l I’ s’SS

I i~ ’ I c I  i t i  Iht~ 
,s u m t t ’m ’ su m i ’ I m u e s ’  t s l t h i & ’  s h a m s s ’ f l s m u u ’ m ’S I Is i t  a i m s  c r i c k

5 t 5  is ,’n t mit ion i s  m u u m h i  ~m ’ m ’t  t ’s h I ~n mm mu m u 1  I m u m -  ‘s ’ s  I u ms ’ ‘ I  l u ,  b t c ’i ’ Itt ’t us I  1 i i i  I u

1 s,’ m m mu i I s ’ 5t i’ s ’S:m c s n m t u i u s n m l c ’ m l t

Ssn mm uc ’ rc’ s u l  C s - i r s ,’ ns,;w p rc ’ sem i I t ’d  w In  j c i t  s, xnm nu i no t h e  r~’ Si  dciii 1 sI  m s ’m i g t  Ii

oI smimp les m t  t w m s  t y p s ’s i t t  gLass u n m p m u c ’I, i’d w i t h  w a t e r  ~c’t s  i n  a r m m m u p s ’  i t t ’

‘s’ s, l os,’ i t  i e m u  . A I mt np s ’ t i r tm n u he  r of  51 mm c l i  minis ’ Is,’ r d i  no ’s wi - re  m e n  I m m m l  I y

impac t s ’mh by j s ,’ Cs I m ann t ws n m ica , :  h e  a] si S , 0. 5 mm mm m u n c h  I . 6 uu un n . The m u g s ’ u ’ i u’us ’ u u  mu

wi ’ ms ,’ t b m ’ uu b r s nk e n  i n  t h i~’ pl ’c’ssurs’ ni ’S t s ’r W i  l b  I I uc ’ j r i n i p n m s ’ t e s t  t us ’ s -S on 1 us ’ -

t e n s i o n  s I s I s ’  ‘I’he s t  r , u i m n  r , m t c ’ was  ~ 1( ) m u s e  
I 

‘h ’ l us, ’ ( m u  i u u r s ’  p r s , ’ s s t u r s ’s

m mns l  n u~ m . I t s i l t s  mu- i r s ’ i ’ , ’ e s t r d & ’ sh , n u m u d  m u ‘ s u m  I s i s ’ s i t  t h u ~ ’ I n , u u  I m i n t  sI  i ’ ,’ ; ’  m t  t h u s

i mu i t  i i i  I m ng  p~n i n n  s ’S t I u n i t  i ’d.  F i g u r e  22 S h i t wa I b u m ’ rc’ stm Its s i n  r u i  n n , ’ , n  I

6 miii t u s k  d i s s ’s i i i  s~s~I , m — 1  m c ’ s i l  u n i t , ’ u n I . u s s ;  s , , m s , , i t  p m s i u m t  i s  I l l s ’ , i ’ s ’ s ’ u , s n I s ’

i t t  a t  hei s t , s i m u  s . m n u p h m ’ s.  I t  i s  fc i~ ut i d  I l u m i t  , u s i n g l t ’ u nip m~’t  I n m u m u  n cg l I g I b i ~ ’

s t  I i C  t on this ’ mu t n ’ s - m i l l  l m p s a t I n s ’ r I  i i ’s en f this ’  c l i  m u s s  sin I i i  m u s c m ’  , m i  m u i s - I

v c n h u n s ’ i t v  i s  m ’ m - , m m ’ I i s ’ s , t .  ‘ b u s - r n  t h u c ’ m t ms , ’ m m u u  f r a c t u r e  S t m ’ s ’s S  t ’ , u i l s  ‘ t I , m u l l  i . m i i v

ye m ’s’ na p i sl i ‘.- 
• w I t  In i f l s ’ i e - l u m p  j s - t  Vt ’ 1 s ’c I t v .  ‘l i me e m i t  i c m i l  ‘s c  I m nc i t  Y I mu

, u i n i n ru s x i m a t  o I y h I m  nus I n v  I m e (1. 8 m in unu mu ’;’ ;’ I s ’ m mm d ‘Ou t u s  
I ( ‘ t s r  I lie 1 . u s n u n

u i ( t z ’z I v .  I t i s  s i gn I t I c , u m n  t t i n  UI’ t m  I h i m  I t Iii mu m ’ ip id  dc’s ’ m e , u s s ’  i t t  St i ’sa g ’, t tu

o ’ c L I r S  ht ’ t l i i ’e v i  s u i t ’ i l m n u u - m n ~. ’ u s  , u i s j s , s m  ‘ n u t  i i i  t h i s ’ n : , s : n n l n h s s s  I ) , m u u u . u t ’, e l n ~~’ ‘ m is s ’S

s ’ , u S I  l v  vu :: i b I s ’  ut jet Vi ’ Ii’ i t  I s ’s i n  t h i s ’ m ’ m - ( l i m n t m  tnt - ‘s 20  rims inch  ~‘ s~ u r n s

I s r t h u s ’  u i  . H , m m u s l  I . In  u’uu n’m In s ’ ,’ :’ I t s  i’s’ s 1 i t ’ e  I I V i ’ I ‘s’

I I u mu i n ’ m ; n n n n ! on I t m n  i s - u i  i mu m ’ t h u s ’ I m u i m e  m ‘ u n  n I v  an ,m t i n s t i , m  I m i , i  t u u m  n m ’ t

t h u ’ m u e  m t ’ m u u u l  I s .  PI u s ’n .1 u ’ s ’ u t p t  h m m ’ s ’ s t s u s ’ t  i m n ur  u I ‘ 51 O s  - m mm ’ s m I ~h . m u  Si n s.n l v  iii
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some s f  t I m e  sp e c i m e n s .  A S t h . ’ t m pa c ’ t vs’!snu ’j t ’ s n  i n: i n c m s , ’ n u s m ’ ut t h e r s -  i s  a

gr c ’ ;t  c’r p r m n b m u h  i i  i t S  t h m i t  mm given spec’ in i s ’n w i l l  be r i - i l  u s e s - il in s C rc’ngtln

Si ’ t h a t  m i t  h i g h vs ’l o s ’ i t i c ’ s , 500 ms s ;u v , m u l l  s b n s - e i m e m l m u  show Ss ’ill s ’ s t  rs - ui mt t I t

r e d u c t i o n .  In  t h e  i n t e r u n i t ’ c h u a t e  rc ’g i m n m u , I its ’ s t i e m ’ i m i s ” u u s  I m l  1 j u t m .  l i m i t  p i ’s’m ips

those  w in j i m  t’a I I  m i t  h o w  m u t  m e ’ s m u s , ’ m u  mind h t m i v c ’  h c ’ s , ’ m m  d . u n m m m g t ’ i h C u ’ ,’ I hs’ I i  qua i s,h

i m p a c t  , a nd t h o m u t ’ whi m c’h t mu i 1 mu I 51 rc’ sSs’s  co m i ) m uu ’ m uh I s ’ t o  t h i s ’ s , t r I g i nm i 1 S t  rc ’ng tIn

of the  g l a s s .  As t h e  v e l oc i  t y  s i t  impa tn t is  i n c r e a s e d  the  m ’m m u mber  of speci-

mens in the  f o r m e r  g roup  i n c r e a s e s .

R e s u l t s  can be p r e s e n t e d  in  se ’sn e r a l  ways  to d e m o n s t r a t e  t h i s .

( i )  Av e r ag i t n g  ou t  m i l l  u r a c ’ ture  s t r e s ss ,’s at  a g iveu i  impact v e l o c i ty

i r r e s p e c t i v e  of w h i c h  g roup  t h e y  f a l l  i n t o .  Th i s  giv c ’ s a good

indication of the probability of an im pm ; s ,’t p r o d uc i n g  s t r e n g t h

r ed u c  t i on in t , lue  u mm m i t  cr 1  a I ( I i  gi tr e  2 2 )

( i i )  P 1 s t  1 C ing  t ile two g ro up s  sepsi r a t e  1 y wi thu  n y c ’ r I n ip i n  t lie ye I s ’ s ’  i t  v

reg ion where I’ras ’Csmre stressc’s 5 m m  t a b  I i un t o t’j t h i ’ r p r u n s i p  ( t  ipur e

2 3 ) .  T h i s  g ives a t r u e r  indication of m m s ’ t ua l f a i l u re  s t r e s s e s

l i k e l y  to be r e a l i s e d  in p r a c t i c e  b u t  g ives  no i n d i c a t i o n  of

tht ’ r e l a t i v e  p r o b a b i l i t i e s  of t h e i r  o c c u r i n g .

( i ii )  A pl o t  of f r m n c ’ t u r e  s t r e s s e s  o b t a i n e d  f r o m  i n d i v i d u a l  e x p e r i m e n t s

( f i gure  2 4 ) .  ‘Iwo t y p e s  of i’m m i l n i r c  are r e c o r d e d;  those  f r c n m  non —

central frmic’ture ori gins s o r t  s’ s p o n d i n g  t o  tic rs ’ d sm c ’t ion  i n  s t r e n g t h ,

mi nd f , m  i l u r e  I rom a m ’ c ’ mu rmt I sir i p, i l l , m miii  i i ’ m u t i n g  mm t’c ’ s i t m c ’s’cI m u t  m ’ i ’i i p I Ii

clus ’ t s n  I i q u i s h  i m p m u c ’t  s l mumm i gs ’

l i t  midcl I Ii s t i l  t i n  I b i s ’ m ’ st muuts,’ rs ’ 1 m m  1 Iv , u  ‘ s - m u I I m ib Ic sal , u I I unt o a] i i e m i t s ’  g t m  m u s ,

a n u m b e r  ol spcc’in ue u t s c i ’ , u s - 4 i l c ’ i m u r i m i i i  m mti i i t i , mtt’ I ‘ s h nm s~ h , m s m u  m u ’ s - c ’

been t s,’~~ I s ’cI m m s i n g  t his ’ I i q i i i t l  i m p a c t  p 1 m m ;  i ’ s ’ m: i t h u m a l St m ’ s ’ t i ~~ I l t  m e a s m m r s ’n t& ’un t

s ’ s ’hn l q u m . ’ . Resti I t s ui ’ s ’  p i s  son le d  itt I i giire 2’n i s ’ r t h u  i s  p1 m i s s , I l i t  s n ui l ’s’

u l c i t i m  u l m u n u i n a t s ’ m ’ s ’ , u m  l , u !t I s,’ I i ’ ; s m u t  I i s ’ i m - T u n  s i m m m n t  i t  i i ’ s  I i ’ i - n i m b l e  , m  i’ s ’ , u s s n u u —

sib Is ’ r s ’ s i dmi ,ul st  r t ’n p t  in c u u ’vs’ Ii’ l i t ’  p 1 5 ’ u  t ’ ~I . I m p n m s ’ t  mu m~’m’i n ’ I r u i m t h u s ’ 1) . 8 mm
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no , ’;’ l e . I Is i i i  m I I m l  I m m m l t i n s , ’  s u r s ’ t u g t  hi in 1 l m s ’  p v c  s s u m  r c ’ t e s t e r  w a s

cue I t  i’m I ned t o  hum ’ I ,) (  + 2 u l~l h m ;m • t ’ m n m u u i ’s~i m m d  wi  t i m  i ,  ‘, \ i n ’ ~~ I cm  t h ~

i~i i  k i u i g t c i u i  ssn u h n u  I m is,’ p h  ,mss . Unsi s ’ u ’ I i ( l i i i  si I mmup mi c t ‘ u ’ 0 . 8 u r n  j e t  i t  s l m , n w ~’d

mn hc’ t Cc ’ r perf en rtmi munc ’e tI’m m in i Chic’ soda Ii mimc’ g l muss mu m i un p I t ’ s beg i m lii i mug t o  f , i  i I

d u u e  to rc’cluced s t r e n g t h  :nhs ’s’s ’e ‘(50 rns I 
, cornpmm recl wi t i n  ~~300 ms 

1 
1 cur t lm s , ’

Ss tcl ,t i i  me . h’ , ’s ’c ’r i m u f t c ’  r s t r e n g t h  r e c l s mc ’ t ion oc cur  re d l i s t ’  ca I d ’  i lium a l  Uflul fl i t s ’

pr  5’s ’ s ’iI t s) h m i v m ’  m m h i g h e r  r o s  i d s m m u  1 St  r e n g t l m  t h a n  tI n c sss da  1 jute sui t i i  450 —

m rs 
I 

in ip i e  t vt’ I os, i t y , af ter w h i c h  t he  res I clua I s t r e n g t h s  of b o t h

p 1 ,u s se s  w e r e  %30 ~II’ ,t . This ref 1 c’c’t s the hi ghem’ initial s t r e ng t h  of t h e

c a i c  i u m  ; i l u u i i n m m t e  Cs ’ a c e r t a i n  e x t e n t , s l u i c e  samp les  w h i c h  d i d  no t  show

reduced  s t r e n g t h  a r t ’ i n s , ’ l ud ed  iii t ime  s ’ , u h csi l m iti su n of  the mean fras’ture

s tr e s s  m t  e a ch  v e l s n s ,’it \ ’ . At v e l o c i t i e s  iii excess  01 400 ms if  damage

di d occur , then  red u ced s t r e n g t h s  wc ’re  s i m i l a r , w h at e v e r  the  type snf

p 1

l iii ’ shape  ot  t he  residual strength cumvc ’s is interesting. Their

s’h a r m i c  Cc r i s  t i c  I s a - u t s u r e s  m u r c ’  t h e  low ye loc i  t y  p 1 a t e , i u m  , t h e  r ap i d  d rop s n f

Str s ’mu g t h oveu’ ,u nn , u rr s s w vs,’ I s c ’i t y  r eg io n an d  t heu i  t l i s ’  s l o w ly  d e e r t ’ - u m u i m i g b i g h t

s, I en s ,’ i t  v reg i On.  Time p r c’S su r i ’s m uui mh si ll rm u t i sins c ’as ised  b y j e t  i r n p u  c t w i l l

‘ s s ’ p i v  s i n  by e q u i ~u I I m n t u  ‘
~ mind  I s . ‘t his ’ wmiv s,’ u’ :mums ing I m m m l s i re  1 m m  i t 1m m i st il

m u m  m t O l d  I hue I m i ; i t h c ’ sj  i i  c ’ , i I S I b us , ’  Ran y I s ’  I p h i  s u m  r I Sts ’ t ’ w m u V v  A I u ’ ~5 ,  n s i r s ’  w 1 I I

l i i i t I ~u t m  wh s ’u i  , i  cml 1 i cal ‘:1 t e s S  i n n  n u n : ,  I m v i s  m ’ s’,iel us ’st m i t  t he t i p t n t  mu

m u ’  i’ s t s l s ’ (  s,’ s t . I b m , ’ I m m i i I s m u t t h u t ’ r s ’ w i  1 I it s , ’  ,u d s t  u’ i h n ~i I  I t i n 01 dot s e t s

ic ’ ’ ’ ’ ’  u u m u  I mu I ‘ ‘ r l i s t ’  S t - u t  SI is -mt I sp r c’ad n t  t lie rc ’s t i  I t  s. llt n mu- s ’’s’ t ’ u’ • u m t i  I i i  th i s ,’

vt - h i d  l v  ( a m i d  b u t - i i i ’ s ’  t h u s,’ s i r e s ; )  s - x i ’ s ’ s ’ m l s  mu s ’ s ’ r t m m i n  v ; u h u i c’ t h e  u m t i u ’ r tt i ’r m m c k s

w i I I t im ’ I s - l u  s os ,I i n  I s ’ m n g l  h i ;  t h i  i s t sp  I u i  n mu  t h i s ,  I ui i t  i mu 1 j u l  u n  s ’ . m u ~ ( N s n t  m ’  I l i m i t

s l i m ’ . -  t h e  t n t ’ , ’ r ; s t i r s ’  p u u l s m ’  m l u u m ’ , m (  b u m  I s  s i  u s  m u l l  s u m — i ’ ,  i t  i t - m I  s ’ r , mt ’k u l t ’ ,n w t i u
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m i t s c  Is i ’min l’~’ u~-g l i t  t e s t )  . Out ’ s,- , m s’ rmi c’k i n  i t  I i l  c’s i t  w i I I c x l  eu i s i  r;mp i d l y

t,mi ’ s ’c’Is ’r ,m t i m i p  i m p  I t s  a t u m m u x i m u t i m l  vt ’ l sn c — u  u v , w l u j u ’ h m  f u r  s s t c l a — g l u m u s  I s  : i h i u u m t

LaOs) ms 
1

1. ‘Ibis e \ I s l a i m i s  th c  m ; u j u i d  f m m l I c l i ’ in stren gth . Howc’vs r t l u ,-

s,’ r ick w i l l  s tu n 1 v s,’ x t  e m d  s~’ i m I I s ’  t i l e  t i i i  sc i s  on amid so w i l l  rt’rnmu in  slims r t mind

d i  Ss’ r ot e  m n u  t us , ’  m t h a n  s ’Xt c’ndl i rig tO t lie houndmn v ’, of t i n e  spec  imc’n . For

examp le i t  i t  t r , u e s ’ls  n u t  say 750 ntis f o r  I ~s S i t  w i l l  s ’x t t ’uid f r o m  m i e r s n u i

d i m e n s i i n u m s  t -  0.  7 ’ n : r mm: l e n g t h .  ‘ I lmi s  m a d ’ r o m u s ’ s t p i c  c r a s ’k ex p i n m i n s  h i m ’ n i r u m u l

p a r t  o t  t i n s ’ r’esi s, imm :i i m u t  rs ’ m n g t h i  s’s m r’ v e .  H i m i  I n n ’  m u l i m i p c ’ sI s’ s u u  ‘ s n  mu ! u m i ’ s ’ i ’ hs,’t ’n

r e 1s 4 t r I s ’~ i b ’s’ - ‘ s u n s  19 , ’ 3 )  m u  51 r . ’n p t i u  mI s ’g t  m u m h , u t  i o u  en I i ’ s’ r u i n  e mu d sic ’ u h i m ’ r I  z—

ia n  f r a c -  t u  rum ’ s i i i  i t  i - u  li st by si n I I  sh sp hi e r I c m i i  1i m , r  I i s ’ l s ’ I u iup , us , ’ I

8. Co u i c l u s i c n ti s

( a )  T h i s  ri ’p s n r t  shn snws that i t  i s  p o s s i b l e  t o  ob I a m mm r s ’asc n u i a b l  v

, u c m’ u r m m t s , ’  m u i m c t l a t , i on i t t  sl u’cnp impac t m i s i u i g  ‘s~’ m n t e r  j e t s .  Nsn m ’ I m i i r n  i s  macis-

thuat the siniu l ut is ,n n is  I n c ’ r t e c t  s i n c e  t h e r e  i s  a l w a y s  t h e  p c s s i b i l i  l v  m l

su nu a l  1 d i r  I s, rc’u’t c ’ s’ s iii pu ’ s ’ mu o ti s’s’ c li  St  r 1 but ion or clurm n t I on . l Is , ’wt’ vc’ r , b y

s u m  i t m i h  Ic Sc’mi I i tip , jets n i n t h  ci r s np s  cmii i  bs ,’ re I .u t s’d sun t limit n i l ml p u  r I I c’u m I m m r

v~~l m i i ’i Iv ‘w atm ’i ’ —h,ummt ’u’ ’ ut rt ’snm sir es mm m ’ s,’ pi ’ o s l u c’s’d s ’ s ’s ’i ’  s i t u  l , u m ’ S i n :s ’sI u i ’ s a ’ -

and I or  s 1m m I 1 m m  r d im r,u I i s t un s .

( C u )  A d v m i m i  I mugs ’ s ol  I Its ’ j e t  nut’ I h s n d  ir s ’  s ’ m i s s ’ 01 sip s’ rat ion , I h i e

5’ih i i i  t t en a] mci 1 mm Is’  1mm rpm ’ ci mop m u i  m :e s  m t n i l  t h i s ,’ fac t I Im ; t  t I Ia’ t n t  rp i ’ I

s l i t ’ s ’ i mcmi i s  s t , u  I ionm tmy . i i , u v i m u m m  mm 5 I m i t  I o m i m u r y  t , u  i’ps’ t i s  i m p o r l  ; n u t l  mu’ I I Ii

C u r l  t t  ft spec  i mm ’n s • w i t h  sps’ c’b m e n s  m i t  conmp I t ’S sh upe  m t t i s l  w i m s ’n nc ’s  i d u m u l

s t  r s ’m i g t l i  n u e n u s u m  t’ s’fl l s ’fl 1 m i i ’ s,’ m s ’ 9 m  i r o i l

( e )  l ie  I m u i  I s  s i ’s ’  p1 y i n  f m n r  p m ’ s t m l u u c  i np  mi g u u t m  ; u l i p m u r m m t  sms I ‘ m  I I r i  up

j t ’t s  . I t s ’ h n m m u n t h i ’ m ’ s  m l ’ s’ c l s ’ s  i mi ,tut ’ s i m iu id l  I t n , u s l s , ’ cI t i n  t hy  O p t ’ s’ I I s - n i l i o n s  i u n  t i n  i mu

u , ’ I n s n r t  rs ’pt ’ s ’ sl mit ’ m h I s ’ s lnil nis ’ js ’ t s  w i l l  I ns ’ m ’bt m i t ti s ’sf . T h u e s m ’ j e t s  t u t u  s i t u u t i l , u t s ’

d r s ’ 1 n - :  t i o n  “ 1  i t nu t l it ‘t ’ut )  ru  m u  I l it ’ u’ s ’ l i n e i t ’ s ’  m ’ , m u n s ’ s ’ ti p t i n  ‘ n 1 00(1 ut i s . I I  i s

p ’ss i b lv  I t t  j n ,- t .d u t ’ s’ is ’ Is s i t  O V s ’ n n  In I p lu s ’ r ‘s e 1 s ic ’ I t y l i v  mis  I u i p  I i i  g hs ’ u  ~~I’ m n t s’ u ’ t I I s ’
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‘ss c’ l o c i t i s - s  s r  b y m m t k i u np H is ,’ c h a m b e r  d e s i g n  more  s , i  f i n:is , ’n t (‘in’ ratio of

j e t  n,s c l t n c ’ j t y  t o  p r o j e c t i l s ’  v c ’ I c m s ’i ty  cati  be mm ide  ‘m u l O x  b y cm u r c ’ I ’ u l  u i i ’ s i g n .

Ste t s r  ex a m p l e . R t u v u n n i m u p  1 9 73) .

(si) A gmi s guui is slesc’rihed s’m ’mp ,”u hls ’ m l  firin g , mu ps ’c’imssns at ssus—

petide d d r op s  w i t h  ‘s’ e h s n i ’ i t i c : mu up  to  - - -400 ms I t  mu - mi s  r c ’ I m i t i v t ’ l y  s i t u p  Is , ’

tO m ’ i s f l S t  r i o -  t . It  has proves]  v e r s a t i l e  m ind  u m o s , - f u l

s, ’ )  An i uuumug e c o n v e r t e r  c a m e r a , tine Imacon , was  used e x t e u i s i v c ’ly

t , sr jet mind impact studic’s. I t s  a d v a n t a g e s  were  t h a t  it was synchronis—

m i b i c  [ r u ’ ; the evs’ui t , e n nrmld Cut’ u sed with conventional li ght sources and

gave rs - c m n r d m u  on ‘Polaroid ’ f i l m .  Elowcv s ’ r , m u l t h o u g h  su c lu  a ca m e r a  was

c- s ss ’n t i m i l I s n r  th u s p r s sj c - c ’ t , less soph i stis’m uie d m e l l m s s s , h s c o u l d  be u s e d  f o r

f i t  nrc ’  t ’r s ~s i o n  s t c md i es m u s i n g  t h e  j e t  me t h u o c h . Sugges t  i o n s  m i r e  macic i n

s e c t i o n  5 ,us  tin brin y pr mu j c - ct ile and j e t  v e l c u c i t i e s  c o u l d  he r eco rded  u s i n g

p h o t o s ’ s, ’ I I s  and s pa r k  p h o t o g r a p h y .

(1) Section 6 of this report discusses at length the question of

relatin g jet and drop sizes. It gives data on the damage patterns

p r s - d ’a e s ’ c I  by drops as functions of drop diameter and velocity. Similarly

it give s information on the damage produced by differ ent sized j et s  aga in

f o r  a r m u m n p i ’ on velocities. These results are anal ysed mind combined t o

pros lus’c c s m r v t ’ s ‘f e q u i i v a l s ’ m n t  d r o p  s i z e  f o r  t h e  j e t s  ti ss , ’s l  (S d ’ c ’ f i gsi rs’ 13)

(g) When a drop i stupac’ is , t he  s i a m ’  of I Inc dam age  rep i cmi cht ’p c ’mid s

on bin t h  d r n n p  s i  Zs,’ and V i i  sue i t y  . See , I t s r examp lc ’ , t ’qu a t  j un1 1 9 and f i p sures

5) m m d  10. This is of g r e a t  i m p o r t m u m i s’e in  e x p l a i m n i n g  wh y  t h e  I s u r g e  s l u m t p s

in  a r a i n  t i c ic h are t h e  nnost dauu u .’ig ing  ( th i s ’  w a t e r — i i a m n m u e r  p r c ’ssu res e n ’s ’ s s r

a l a r g e r a r ea  ansI i m i s t  I s n u n g s ’r ) .  I f  a d r op  is osci h a t  l u n g  Chic i nipttrt mnt

d i m e n s i o n  i s  t i n s ’  r ;td i us  t n t  c u r v a t u r e  a t  t h e  i mp a c t  s u r f a c e .  Th i s m em uui s

t h a t  a d r c n p  can m i c t  e f f e c t i ’ s ’s’lv as ;t m u c h  I a r g c ’ r d r u i p .  T h i s  n e e d s  to  he

remembered when m u m u m u s ’ s s i ng  t h e  h a z , m r d  of  col l isions wit h large rain drops :

i t  is no t  t h e  me -uui si  Zc’ of thi s ’ I ,m m - ‘ s ’ - I m , n  j mud rop thm n t is I m p o r t  m mml i • h m u

I
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the  I i i  ‘p es t  r , u m i i u u n r  t t f  5 ’ , s ’r ’ v , u t u r s m ’  t h u i t  t l i i mu c i r i sp  e m u n  m , ’ , u ,  h \,‘ t i s ’ t u  s s s s ,’ i  I I m u l  n ip .

(Cu) ~ ,u Ic t’ d u  s~ s ’n ,  5 n cI m ime Is ’ r g i ’ u ’~ u t s r  I h m m u m i  -s ,,2 nmnu , ’, i r e  sI i I I i e m m  I I , ’

s u s p e n d .  ‘I ii i s  p r i b  I s - m u  l~’ , s s  s , ’ s ’s’ r e m ’ mrus ’ l i v  m i s  i u p  gs’ I m m t  i mis ’ s w .m Is ’ m ’ si r i p s  I O u  I l ie

SI  Z~~ rmm uig c ’ 2—tn mint ( S t ’ s, I i  pu re 10) .

~j )  I I  His ’ jet unus , ’ t h m s n ’ ,i ha d  p r m n d t i c s - cl p u m ’ m f s ’ c t  l v  c ’v I i m i s l r i c m u l j t ’i  m - m n l

d i am e t s - r  e q ua l  to t h e  s’ s r i f i e c ’  c h i u n l m ’ n m s i m n n  I ’h i c ’u  t I n s , ’  sps, s ’ i t m m t ’ t i  n m u ’c ’n u sub  jc ’ s, ’t s ’d

t o  S u m m i t s , ’  r — l u a i t m m i u e r p rn ’’ m , rm ni -mu mu-enc i i s ]  h ay s ,’ r e u m m m u i m u e d  c o n s t a n t I cu r  n i l  I v~’ l os’ i t  i t ’5 .

in pr ie dcc Chin j e t s  p r i s ilcse e mm ‘m u s h room ’ head ( s e s ,- Ss,’et  i o n  6b )  and i t s

d i m e n s i on i s  a l u n d  m s n n  c u t ’ vs ’l cj c i t v  and  m u r i f i e m -  s i z e . h h s nwcnvi ’ r , a t  a

s t a n d — o f t  d i  s t , u u ~~s,’ c’ ot  10 mm t h e  j e t s  b s , ’ l u , u ’ s ’ u ’  r e p r c c l u m c ’ i b l v  . C u m ’ s ’i’s a rc ’

g i v e n  f s , r  t i r e  size i f  d uun s ,u g e p i u t us ’rul o pns i !sse i ’ Ll b~’ t h i s ’  j s’t s  ( f i g u r t ’s 11 ,

12) . Th us , ’  f , m i ’L t h u , u  t t h e  jc ’ t o  p r u n d u m s ’~’ , m ‘ m u u m i s h i r t n c n m ’ l n ’ m i c l  mu ’ i t h  ml m u l  i g hi t l v

cu rved  f r , n uu I n i e m -  i s  a lin u s ’s I e s - r i m !  in  lv bs ’ u i s ’ I is ’ i mm 1 i n  mm 1 I ‘mu ’ i m i g  t ui ’ j e t  s t o

s m u  1 , m  Ic t hue  s r ing  i n mpae  .5 as ’s ‘ m u  m u  t s i  y .

( j )  Iu i s i-ct i o n  sn (s, I) the p n s ’ n s u u t ’ e p n h ss ’s p r n n c l m m s ’ s ’ sl by 1 i q u i l d  dri p

i m p a c t  i n -  d i s i  m i s s e d . ‘I ’h s ’ s , n i n m. i s  m ade th ,ut f o r  t h i s ,’ range ot  v c l o c i  t i e s

s I  i n t e r e s t  i t  i s ’ , h u t ’ w , s t t ’r — l n m u m m e r p r e s ’~u s u’ s ’s p r c ’ , m u  i v  s,’N c C n ’ sI the st a gu i a t i cnn

I u r s ’ ss r s mu I i  i s s , l u m s ,’ed m V  i u m s ’ s u u m i u n s ’ s s i b I e  t I s s y .  ‘thus i t  is a lw ,mvs tht ’  f i r s t

n s t  s a t  i n  I i mn m nn , ; s ’ I ‘ i i  n I t  I S i - I p r i m e  l ui mpor  t mills ’s,’ w i t  Cu b o Or  j t ’ I am i d di’ m n p

m n n i s , u s  I .  I ’ m c ’ S s u u m s ’  I i  t i  i’S t m m ~~s - ui  a] t h u  v e ry  ,‘~m u - m I  I p rm ’~~s u i r s ’ rauisducer mu c on—

I i rn:  I lit’ s. coin ’. Ii, ’-, i

t k )  I i i ,  ; n t ’ s ’~ -, m , m ’ c t i  , u m u ’ ~ n hm i m ’ i m O V S t  t ilt , , e \ ’ ’ h o p s ’sl t s ’ m  t h t s , ’ s s ’ t ’ x l n s - r i t u m ( ’ u l t u;

i s  ‘ i n - - i b I s ’  ‘ - I p i ’ - i t ‘~~n 5 ,  m m I s - m u s t  1 si t I ~ m m . ire mu ’ s,’ f s m  I n e ss  s~~I I I i i  S I s ’ nt l i i i ’ s’

w , m s  1 I m l  i s ’sI . m t l i ,  I m i  ‘h vi  I ’  i m s ’s’ .’ . ’  m u d  ‘ ‘ m u m  I s ’ t’t’S I t ’ d in ( t- ~Oti ntis 
I 

s i  m ice

s u i l I m c  j , ’m i t m u t  m . - , ‘ I I ,  m mm u I t  u p  I . ’ i mI’ u s ’ I mu Ox ) c o o l s ]  nsn i (n, ’ m m s ’ h u  i s ’ v s ’ sl

hlowu vs’r , l i s t ’ ‘s’ . ’ l m s m ’ i  t i c s  t n t  u s i a ,  t c i  I r 5 0  ms l I m b s  n m ’ i n l n I m ’ nn w o u l d  m iu it e x i s t .

(1) I’b u s ’ u ’ s’ now -~o’ . ’’ u s s  s:’ ( ’ l s - s ’ v uu ls’ s u i n ’ t l u , m I  l u i g lu s - sips’ p r c s s u i m ’ m ’ m u  e x i S t

in an m i n n u m i  m r  m m ’ s ’, i s  a s u m u u u u i d  t h e  t i m  in ‘ w a l t ’ t’—ii ,nninn t’i’ ‘ , u m ’ s ’ , u  . ‘1 3 m e v  h av e  hi’ s uu

observed  for h o t i t  j i  t isis] s i m t s l s  i t u i p . m ’ t  . t m h u t s s i  h~~I mu ’ s - s ’ u n , n m i nd  x C \‘

‘ ‘ —n ’ — —  ~~~ -_ ~~~~~~ —~~~~~ - — ~~~~~~ — ~~~~~~~~~~~~ - ‘—--~~~~~~~~~~~~~~ . —
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ss’ s,’nn m p cns mu ih ic . P r s ’seu u  t s ’ s  i s , I s ’ m m c n ’ p , n i n  t s I i ’  I t u e  i r Cu5 ’ i u u p  is ssn c  I . m t m ~l m u ’ s  m I t  I Itt ’

ol iss’t  s i t  m , m s t  i n u s h i ,u l js ’ l I  i m i g.

(Al ) ‘F lit ’ I u u u p s n r t m r m s  s ’ ot  q u m a n t  d , m t  i v e l y  n m m u s c ’ s m u i m u p  m t , u u u n n m p c ’ i s  m ’ u ; n p h . u s l ~~~n ’ i t

i l l  t i m  i s  n’ m ’~ n~~ i’ t . Ss~m t  I s n u i  7 ch e s s ’ r I Cut’s mt h u v d r m u i m  h i m ’  Is ’ s I n t p p m u r m m t  u s  I s n r

nic u su r i u i g  ‘ r s ,’s i s , l u m u l ~ t r s ’u i g t h s ’ ami d d b s s ’u u s s e s  rs ’ s i d u m m u l St  r en g t l u  c l a t n m . s \ u u

i u i i p o r t m u u ’m t  rs ,’ s u m l t  f r o m  t h i s  wom ’k i s  t u i mut Lur gc ’ s t r e n g t h  l s n m u O s , ’ S  u’ muui t ;mks,’

p h n i s,’s,’ b e t  sirs ’  this ,’ d u u n u : u p c ’ n s ’ , u s ’ hu s , ’ s ‘ s i  s i b  is, ’ c l i  nm c ’u i s  i o n s ;  t h i  i s  c l e a r l y  I u , u s

p r , u c  t i c ’ nm I, i n n p o n l  a l i ce .  Stints ’ p r o g r e s s  h m m s h u s ’s’n made il l hi i’s’s,l i s ’ I i u u g  t in t ’

s l m m i p s ’ 5 n I I b i s ’ rt ’s i s h u m n m  I s I  rc ’m i g t  ii m u  t’vs ’ n m

At ’ k u i s ,’iW 1 dls ’ es’men ts

‘I ’I r u mu m e s s ’  a rs ’h w uS s 1noi isst  red b\’ I t u e  ~ i’s,eu r s ’uu u ( ’m r I E xs ’s’u t i vs

Mm 1st  i ’V of  Lit’ t t ’ uic ’t’ - ‘t’lnt’ 1 muu ac ’on t’ mu u m u e i’a was  p u r c h a s e d  us i I i i  mi m i  SRC g r a n t

1 s t  t it s ’ I’, m v s ,’ 151 1 sh Laboratory

We wi t h Id 1 ikc ’ t i n  t i m  ;u t ’mk Dr N ,  S. Cci run e  y mn n c i A.  A.  h-’v m i l l  f s n  r n m m m m i ’ s ’

u ss,’ t iii d i s s ,’ m m s m u j c n m i s  s l i m m i n g  t h i s ’  s’sun u m ’s s,’ of ’ t h i s  w o r k .  ‘l ine a d v i s e  ,n f 1 L C. 1 .R .A .

(Slit ’  I t ’ is , ,  isi ) wlis , ’un we mu’ s’ i’ s, ’ m u s s c ’ mu s  i sip methods en f Cc’s t i tip g l a s s  samp 1 t’ St i’s ’ m n g t  In

i s  p i’~m t e I mm I lv ,u ,‘k i u s ’ W  1 s’si gt ’cl
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Fi gu re C a p t i o n s

Fi gure 1 (a) D i i s ’i sun gj ons  of ~he S L ~~~t - i  e x t r u s i o n  c s m m t m n , l n c r , f i  I l s , d  wi th t-; mj t cn r

to t s , ’c ’j tl OflS ‘P ’ or ‘ F ’ .

(b) M o m en t u m  exchan~,er p i s t o n  for  low j e t  v e l o c it i e s .

F igure  2 C al i ’L s r m u t i o n  cu rve  f o r  the  0 .8mm d i a m e t e r  e x t r u s i u t ’u n o z z l e .

Heli um can be used in the gas gun to produce tins- hi ghest jet

veloc i t i e s .  Tim e m n n o r n e n t u m  ex e l n o n g i u n g  s t e e l  p l u n g e r  e u i a h l e s  low

ve l oc i t i e s  to be r e a c h e d .

Fi gure 3 Variation of jet volocity with orifice diameter at a constant

s l u g  ve i oc i t y  of l75ms
1
. L o g a r i t h m i c  axes.  Reg ions 1 and 2

cor respond  to a p p r o x i mat e  power Ia’.’.’ r e l a t i o n s h ips of

—0 .88  — 0. 44 .V.  d and V.  d r e s p e c t i v e ly.

Fi gure 4 Veloci ty conversion ratio for three exit orifice diameters .

V. — jet velocity; V — slug velocity; Nozzle siz es aie

0.8mm, 1.6mm , and 2.4mm .

Fi gure 5 Shadowgrap h sequence  of tine impac t  of a 750i ,us ’ w a t e r  j e t  on to

a PMNA block . l’iss per frantic , a, stress front i n d u c e d  b y

detatcheci air sl’mc’m ck ; r , the reflected air shock; c , main

compre ssive s t re s s  p u l s e  of w i d t h  cc ;  h , h e a d  wm - u v c ;  s, shear

f r o n t  ( p o o r l y  d e f i n e d  b e c a u s e  of the  na t u r e  of th e  o p t i c a l

s y s t em ) . d , s u b — s u r f a c e  ‘s i m s ,,’ar ’ f a i l u r e ; o , m a i n  r i n g  c u - ac m ’ .

Fi gure 6 Frames s e l ec t ed  f r o m  m acon s e q u e n ce s  of v a r i o u s  j e t  S i ? c S .  A l l

at lOp s p er frame’. Slug ve ls ,mci ty 175ms 
1 fo r  each s e q u e n c e .

( a ) ,  (c) and (~~) arc ’ j e t s  p m s ’s t sa ’e d  cci t im t he  e x i t  po r t  ion of t i c

chamber left empty (Posit ion E) . (Cu) , (d) and (f) arc ‘m c i t h m  i l  f t m l  I

(position F). (a) u ’ . Spnm m ien : ’ :H e , e x i t  s r n p l v , 95( ’ : n m u
1

; ( C u )  0. Sr~n m

n o n ’ ’/ , le , e x i t  f u l l , ‘~ 1Or-su 1
; ( c )  l . (s’n ,u ’ u u i u n : ’ a J s ’ , u- x i t e r ’ p ly ,  73~~u ” v

1
;

(d)  I . (t m~~ non’ : u i v ’  s’xi t l u l l  , 7(~0nm; 0-) 2. -“~~nm nin a a I c , c x i  C e u - pt ’.’ ,

m a i n  j e t  S 5 O m nms
1 
, ‘(Nunr enc’ ‘ j e t  h ( I O m : s o  ; ( f )  2 . 4r ,nmn u nnn ~~z l s ’  , ( ‘ X I I

f u l l , S2Sms

L A ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ , _~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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F i g u r e  7 ‘ M u n r oe  ‘ j c i  , . f rs~mmu mm I .6 nmnm iii mmmiii ’ I in r in ozm ’. 1 ~ ‘ w i t  hi t h u s ’  I i q u m s i / a i r

j o t i.’ r f m m c c ’ e ’.~u r m ’ ,i vi i n w a r d s .  I C) s per  f rmmn ie  . Ma u n  j  c t  v e l o c it y

74u) muss ’.

Fi gure 8 S i n g le f l a s h  p i s - s m t r s ’ s ot  450 ntis ’ water jets from a 2 . 4 mm nozzle.

F l a s h  d u r a t i o n  150 n s .  D j s t m u n s ,’ s ’s o l t h e  j e t  f rom the c h a m h s ’r :

( a )  10 mm , ( b )  110 ‘nunu .

Fi gu re  9 Li q u i d  d r o p  i m p n u c t  on h’MNA . C r a t  ‘.‘r d i n i e n s i o n s  ( p l i s t t m ’ r no:  -

d i m . ’n s i o n . i l Iy  i m u  t e r m s  ot  s l r s ’ I ’  5 t j  i u : ,n ’ tc r , ci ’ )  \‘i - r s c l s i m p a c t

v e l m t e i  t\’ . l l ~ \‘ , n r i m ’ u i s  s ’ r , s t e r  s i i  r unt -mr s ions ,s n c ’ g i v e n  jun t h e  iun sert.

Fi gure  I d  A p lci t of c vs r su s  s l r m n p  sh i m n m e t u ’ r . c i ’  
* 

f o r  m m i nlp ,’us ’t  v c’ l m n s ’i tv m ’n f

104 ms ’. N o t e  t h m n t m m i e n  r c ’ , m ss ,’s nipproxima t c ’lv l i n e a r l y  w i t h  d ’

and t t u ,  i t  ho t im t h u s ’ wa t s, r and  ge l . i t  i ne /w m i  t e  r si rc)ps f m u l l  on th i s ’

Smume  line .

F i g u r e  11 The v m u r i a t i o n  of s’ with jet velocity for O. -’+ , 0 . 8 , 1. h miuic l  2 . 4  mm

OOZZ L’S. All results for a s t a m i d — o l  I’ d i s t a n c e  of 10 mrmr .

Fi gure  12 A rep lo t  of the d a t a  of f i gure  Ii in non—dimensional form . Tue

i n s s ’r t  shows a cross—section throug h mu typ ic al js’t show i m ig t i is ’

‘uncmshroor n ’ head which is larger than t h e nozz lc’ dimmm et er.

Fi g u i r s ’ I I E q u i v a l e n t  d rop  s i z e p r oduced  b y tH is’ f o u r  c h m n m b s ’ r s  \ ‘c ’r sus

vc’I snc it y. ‘I’hue 0 .4  mm c h m u m h e r , fo r s’xa mp ls’ , s i m u m l m i t s , s  2 mm d r s n p

i m p a c t f o r  m i w i dc v e l o c i t y  m n m m u g e  . Vs’ ry 1 murg e  si m ’ s n pS s’ an r e i d  ii v

he s i m n u l it e s i .

F m  gu m 1 4  I’ mu I \‘sc u r l  ‘ p r i n t  i h ome te r r e c o r d s  of i m p a c t s  b y w m i Is ’ r ,j c ’ I amid by

sp lis ’ r m  c a l  W n u t s ’r drop on to 1’~~1A . a) 290 ms , 0 . 4  mm m i m u z z l s ’  w i t h

mom ent umnu exchanger. Nozzle dianme tc’r marked. Vertis ’nml semule 100 x

h o r i z o n t - ’ m l  s c a l e .  Cu ) 260 ms 
I h ’MMA p r o j c n c t i l s ’ i m p a c t i n g  2 mm

s t a t i o m u . m ry w atc ’ r d rop .  Same s c , i l ~~ mus (a). (Specinm en from

A .A .  F’y i l l ) .
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F i gu r e  I n  ( m m )  I m u u , m c m u m i  mu i ’ t p u i ’ u m i ’ c m i t  1. 5 muim uu mi s , ’? i n ’ i i  . ~i l s  mis  
I
, i muu p i i  i m y

I ’t ’lt ’IA . I : u mu h u t ’ r I r .  u n : : ’ . I , i n u I I t ’ ’  u : u , ’ u i i i  , ‘ i t m n up  m ’ s’ , mu i v s pm i r I .

i s  t h i s ’  .S i u h u : : i i i  m y  i ’ i u i m m p r c ’ s s i \ ’ t - W n m v n ’  u n r i g i m u i t Hu~’ I r , sn m ( j u t

m t  t h e  con tm n’ 1 xone . d i s t i m e  s u b — s u m  r I mu , - d;i ‘ n - u n ’ ’ ’

( C u )  Si n g le  I ’ m’ mum ui e i muu ; m g s ’  c’o m iv s , ’  r I c - n  p i e  I s i r s ’  en m n o v i n g  ‘MMA p 1 m m  1

i m p a c t i n g  a s t a t i o n a r y  3 mm t w o — d i m n e n s i o n a l  wat c ’ r d r s n i n .

Ss’hl i e ren  o p t i c s  e u n a b l e  h i gh p r e s s u m r c ’  reg ions i n s i d i -  t h e  clrs p

at t i n s ,’ s - m 1 gi ’ ol co mn t m uc t  s u r e m m  t o  bs ’ s i -en , mind mu 1s t ’  t h e  s h o m ’k

p i n ; s i n g  t h r s n s m g h this ’  I i q r u i d .  lmn pac ’t u ’ e i i n c i  t \ ’  7( 1 mS 
I

Fi  g u m n e  11’ Ss ’h s ’mm i t ~ i ’ d i nip , r .mmmm i n  f th i s ’  p rs,’s s t i r s , ’ I r a n s s h u m s ’ s’ r m m n u u i  I i m u g .  . m ,

0. l ’j turn d i  mime I s r  • 0 . I nun t h i  5’k t r . u m l s s i u l s ’ s’ u . m ’ 
* 

h nuu’ k i im p rm uc i

b ,e e lectrod s’s to ca thode  rm n y ose i i  lo s s ,’sn p s’ (CR0 ) . I’, m i d h u c ’si  y e .

d , h o l d e r .

Fi g s m n i ’ 17 P u’emu ,~~u m r s ’  t r a n s d u c e r  t r a c e s  f o r  j e t  i m p a c t  a t  300 ms

( a )  2t) V / d i v . ;  2 p s / d i v .

( b )  50 V / d i v .  ; 2 p s / d i v .  ; p e m u k  s t r e s s  360 >t PA .

( c )  pemi k s t r e s s  32 1.) MPA.

( sh)  ps ’m i k St  i’ t ’ S S l t m l u )  MI’ mu

t m  in - u I I , miss ’s t his ’ i’ ;u ~n si t I  Se , I his’ s l u t ’ m l  s h m m m ’ , u t jim 1 “ -1  i s

n u s i l  C h i c ’ l o w  St&’ ,’ m n t \’ f 1 m w  p r c ’ s s s m m ’ s ’ I’ , n l  l snw i t m g  t h i s ’ pc ’mik .

I’ i gu re  I S S s ’m ’ I ion oI’ p m ’ i’ s s u m  rc ’ I s - n ;  u l n p , u  i ’ m  I us I t n t  51 m miii g I m u s s  si i sm ’s

Over,u 1 I d i  mm m i ’  1 m ’  r 1 3 1  mm , t hi m ’kne ss 5 ‘n mmnu . C m ’ r u m u t  r u m s ’  I s ’ s,1 I r i ’ u i u

m i l d  steel.

Fi gur s  l i i  ‘I ’ tim ’t n t ’i ’ t j m ’.i[ m i n d  n ’ x p e i ’ i m e n t u i  v ; m r i n u t i m n t u  t i  l i i i ’  r m i c l i a l  m ini s] t , mt ~ —

gs’n C m i  1 51 remu s et n nn u p m ’mls ’uu I , u ’ 
r 

m us h “

~~ 

, mu ’ n i n m u s  t us ’ d i  sc so u l  i i ’ ,

F i gure  20 C m l  i b r a t  ion itt pr s’s snu ri - t ’sl s ’r: s tr e s s  m ’ i n n t p i n n m n ’ u s t s  m t c ’ t m ’ i ’ , : : u t n s ’ sl

I , s u ~n d ’ s  i s I , i m m e s ’ sI  m , u i m u  u ’ , , m u u t ’ s ’  u ’ u i ’ , u : ; u u t ’ n ’ i ’ ; t ’ n s t S  u t ’  p lot ut -I ,i c , u i u u o t

n t  - s n ~ n l I ~‘d t t v t t  i ’ u us I i c m t - n  m m m  u ’ - • u u u m ’ h e n ;  : ‘ . - ‘ n u t  m u  1 mu I u s Sn;

Sn l u u , m t ’ s ’s :  1 
* I , u m ms ’ ,,’nt i i i  s t  rs ’mu , .  i ’ u ’ I t m l n o t i u ’ m u t  m l  i ’ , m , h i u m s  ‘ I  I t )  m i m i ;

I ri ;iuug l s’s: ° r ’ r , u h i m i l n . t  i n  tm m ’ u n u ( s i ’ u u i ’ u u t  m l  m ush m u m : ,  sO 1( 1 m u u m u u .



-—
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘

~~~~~ 

..- “
~~~~

‘

~~~~~~~~~~
‘

F ’ i p u ; r t - 2 1  (i l, m ” s s d i s i  h~~ ’Ln ’ti i i i  ( l ie ~~‘ ‘‘~~~~m ’  U’s ts ’u . 51 mm d i m m m c ’ t c ’ r ,

I nut: nu j t ’ k . i ‘ i i  lure limit ’ I s ’ , m l , ’ ~I mt rn in 1 1’.

F i gu r e  22  A \ i ’ u , i .’ .’ i r i ,  L u ; , ’ ’ ~ t rs ’ss . u nu t ’ , s s m s m ’ i ’s l i n  the pressure t s ’s t s ,’r , sn f

I t utu ; cli i n n s ’  t o r  In nun t hi m ’k ,~m n m h , i  I i mc’ si Ii mate g l a s s  d i  sc s a l t s ’  r

s i n g l e  w a t e r  l e t  i m p s i m ’ t  . Rs’s uml t s mire g i ven f s n r  two n c u ; ’ z l s

i i i  n i u ; m s ’ I ’ ’ m sq,i .m I i ’ S  u ) . 8 nun ; e i rc I s ’s  : 1 .6 mm.

h ” i g u m r s ’ 2 1 Rs ’s u i l Is p r ’. .o u n t i’d i i i  I i ( ‘ s i r s ’  f i n n  h is ’ 1 . 6 rnni m n s m z z l ~ ’ , rs ’p h n t  Ic -si

t i n  i I I s i st  r u t  m thi s ’ t W m  s l i s t  i u m t ’t  g r i s u m p s  o l  s 1M ’ c i m i m e n s :  t hm o s ’ wh ich

.urc ’ si gu i t i ‘ o u t  I v  we ;ikc’mic’ cl i sv  , m s i n g le  i uiu l u a m ’t  , and t h o s e  w h i m

m m m c’ not.

Fi gure 2 -s l u n d i v i d u a l  t’ r n m c t , c m r s , ’ sp e s ’imu ’un  r e s u l t s  w h j m ’ h u  a r c ’ n i v c r n u g e i i  i n

f i g u m  res 5 ,mJ 6. The two d is t i n s ’  t g r o m m p s  ‘ire c l ean  y d e f i n e d .

Figure 25 Aver;uge fracture stress , measured in the pressure ts ’st c’ r , m l

51 mm diameter 3 m m  t h i c k  c a l c i u m  . u l u m i na t e  g I . m s s  d i s m ’s.

Si  m I s ’ j m ’ I  i umm p nu c ’ I s  i u ’s’m mu thus’ u) .8 rmmm uu ns sn s z i s , ’
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