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SUMMARY 

The purposes   of   the   experimental   s tudy  reported  here  were t o   o b t a i n  
b a s i c   d a t a   o n   b l a s t  waves generated by the   bu r s t ing   o f   f r ang ib le   p re s su re  
vessels con ta in ing   l i qu ids   unde r   p re s su re   wh ich   cou ld   f l a sh   evapora t e   du r ing  
vessel b u r s t ,   a n d   t o   o b t a i n   b l a s t   d a t a   f o r   f r a n g i b l e  vessels which  burst  
while   containing  dense  gas   under   pressure.   Side-on  blast  wave p r o p e r t i e s  
were to  be  measured f o r   e a c h  of t h e s e   b l a s t   s o u r c e s  a t  a number of r a d i a l  
d i s t a n c e s .  

dichlorodifluoromethane  (Freon & 12), and t h e   f r a n g i b l e   s p h e r e s  were made of 
blown g l a s s .  The spheres  were f r a c t u r e d  by  impacting  with a pneumatic 
striker w h i l e   f i l l e d   w i t h  either l i q u i d   o r   g a s e o u s   f l u i d   u n d e r   h i g h   p r e s s u r e  
and room temperature.  Blast parameters  were measured  using  an  array of s ide-on  
p res su re   t r ansduce r s ,   connec ted   t o   su i t ab le   ampl i fy ing  and  recording 
equipment.   Measured  parameters  included  posit ive  and  negative  phase  peak 
p r e s s u r e s ,   p o s i t i v e  and negat ive  phase  impulses ,  times of f i r s t  and  second 
shock arrival, du ra t ions  of posi t ive  and  negat ive  phases .  

The f l u i d   c h o s e n   f o r  the xperiments  was a common r e f r i g e r a n t ,  

The bu r s t ing ,   l i qu id - f i l l ed   sphe res   u sua l ly   gene ra t ed   ve ry  low  ampli- 
t ude   p re s su re  waves which were e s s e n t i a l l y  sound waves. The only  except ion 
w a s  one test a t  t h e   h i g h e s t   p r e s s u r e   r a t i o   t e s t e d ,   a n d   e v e n   t h i s  test 
produced  only a weak b l a s t  wave. The vapor - f i l l ed   sphe res   gene ra t ed   d i s t i nc t  
b l a s t  waves i n   e v e r y  test ,  w i t h   c h a r a c t e r i s t i c s  similar t o   t h o s e   o b t a i n e d  
wi th  earlier tests of b u r s t i n g   s p h e r e s   f i l l e d   w i t h  a i r  and  argon. A s  w a s  
t r u e   f o r  tests wi th  a i r  and   a rgon ,   t he   b l a s t  wave c h a r a c t e r i s t i c s   d i f f e r  
from waves generated by  condensed  explosives i n  a number  of r e s p e c t s .  All 
d a t a  were sca led   accord ing  t o  a b l a s t   s c a l i n g  l a w  developed earlier, and are 
p r e s e n t e d   i n   t h i s  form i n   t h e   r e p o r t .  A l l  r educed   da t a   fo r   bo th   l i qu id - f i l l ed  
and vapor- f i l l ed   spheres  are a l so   p resented   in   an   appendix .  

This  i s  e s s e n t i a l l y  a d a t a   r e p o r t ,   c o n t a i n i n g  what   appears   to   be   the  
f i r s t  set of b l a s t  measurements f o r   b u r s t i n g   f r a n g i b l e  vessels f i l l e d   w i t h  a 
f lash-evapora t ing   l iqu id   o r  a dense  gas .  To supplement   these   da ta ,   o ther  
tests are sugges ted   wi th   hea ted   f lash-evapora t ing   l iqu ids .   Suppor t ing  
ana lyses  are a l so   sugges t ed .  



.. ." . " . . 

I. INTRODUCTION 

As a cont inua t ion   to   exper iments   conducted   wi th   h igh-pressure  air  
and a rgon   f r ang ib le   g l a s s   sphe res   s imu la t ing   bu r s t ing   o f   t h in -wa l l ed   gas  
p r e s s u r e   v e s s e l s  11, a set of similar experiments  have  been  conducted  using 
spheres  of  Freon & 1 2  (d ich lorodi f luoromethane)   l iqu id  and  vapor. The o b j e c t i v e  
of the   exper imenta l  work r epor t ed   he re  w a s  t o   r e c o r d  time h i s t o r i e s  of s ide -  
on p res su res  a t  v a r i o u s   d i s t a n c e s  from a b las t   source   o f   f lash-evapora t ing  
f l u i d  . 

The da ta   ob ta ined   f rom  the   l i qu id  tests showed much lower  over- 
pressures   than  expected  and,  except for   one   exper iment ,   the   burs t ing  of 
t h e   p r e s s u r i z e d   l i q u i d   d i d   n o t   d e v e l o p  a shock   f ron t .  However, t h e   p r e s s u r e  
r eco rds  were similar f o r  a l l  measurement l o c a t i o n s  and  from test t o  test. 

On the   o the r   hand ,   t he   p re s su re - t ime   t r aces   fo r   t he   vapor  tests, i n  
a d d i t i o n   t o   b e i n g   q u i t e   r e p e a t a b l e ,  were somewhat similar to   those  f rom 
the   p rev ious ly   r epor t ed  [l] air  and  argon  experiments. The reduced   da ta   for  
b las t   overpressures ,   impulses ,  and other  measured  parameters are presented 
in   d imens ionless   form and  whenever p o s s i b l e  compared t o  condensed  explo- 
sive ( P e n t o l i t e )   d a t a .   I n   a d d i t i o n ,   t h i s   r e p o r t   d e s c r i b e s   t h e   e x p e r i m e n t s  
and t h e i r   s e t u p .  A d i s c u s s i o n   o f   t h e   r e s u l t s   f o l l o w s ,   a l o n g   w i t h  recommenda- 
t i o n s   f o r   f u t u r e  work. 
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11. THE EXPERIMENTS 

A.  General 

There were twenty-one  experiments  conducted i n   t h i s   p r o j e c t ,   u s i n g  
g l a s s   sphe res   o f  two diameters   and  var ious  thicknesses .  Freon-12 w a s  used 
i n   t h e   l i q u i d  and  vapor state t o   p r e s s u r i z e   t h e  51 and  102 mm (2-  and 4411.) 
nominal   diameter   glass   spheres .  Room tempera ture   l iqu id  Freon-12 w a s  used 
for   e leven   of   the   exper iments ,  a t  gage  pressures   of   1 ,000  to   2 ,590 kPa 
(145 t o  375 p s i g ) .  The other  ten  experiments  used  vaporized  Freon-12, 
a l s o  a t  room temperature ,   and  internal   pressures   of   241 and  503  kPa 
(35 and  73 p s i g ) .  

The experiments were conducted  using  the same experimental   apparatus  
used  by  Esparza  and  Baker [l] in  measuring  overpressures   f rom air  and 
argon-pressur ized   f rangib le   spheres .  An a r r a y  of e igh t   s ide -on   p re s su re  
t ransducers  w a s  used to   r eco rd   p re s su re - t ime   h i s to r i e s  a t  v a r i o u s   d i s t a n c e s  
a long   t he   r ad ia l s   f rom  the   g l a s s   sphe res .  A s  had  been  done i n   t h e   p r e v i o u s  
i n v e s t i g a t i o n   [ l ] ,  high-speed  cinematography w a s  used i n  some of t h e  tests 
to   obse rve   t he   sphe re   b reakup   and   t o   ob ta in   ve loc i t i e s   o f   t he   g l a s s   f r agmen t s .  
Unfo r tuna te ly ,   because   o f   t echn ica l   d i f f i cu l t i e s   w i th   t he   l i gh t ing   sys t em 
used,  movie  f i lm  data were obta ined  on only   th ree   exper iments .  

B. Experimental  Layout 

These tests were conducted i n  t h e  same b l a s t  chamber a t  SwRI used 
i n   t h e   p r e v i o u s  work [l], as shown i n  F igure  1, The measuring  equipment 
i n   t h e  chamber included two aerodynamical ly-shaped,   penci l - type  blast  
p ressure   t ransducers  and a double-wedge p r o b e   w i t h   s i x   b l a s t   p r e s s u r e  
t ransducers   spaced   a longtheupper   sur face .  All e i g h t  of t hese   t r ansduce r s  
measured the   s ide-on   b las t   p ressures   genera ted  by t h e   b u r s t i n g   p r e s s u r i z e d  
g l a s s   sphe res .  A high-speed camera, p ro tec t ed  by a shee t   o f   t ransparent  
p l a s t i c   h e l d   i n  a wooden frame,  photographed some of t he   even t s .  

The g l a s s   s p h e r e s  were blown  from  Pyrex  glass  tubing  and w e r e  furn ished  
wi th  a neck  about 51 mm (2-in.)  long. Two d i f f e r e n t  schemes were used   t o  
coup le   t he   sphe res   t o   t he   p re s su r i za t ion   sys t em.   Fo r  a l l  spheres ,   except  
t h e  two used   wi th   the   h igh-pressure   l iqu id ,  a shor t   p iece   o f   h igh-pressure  
nylon  hose w a s  used   wi th   hose   c lamps   to   connec t   the   sphere   to   the  steel 
tubing .   For   the   o ther  two sphe res ,   t he   i n s ide   d i ame te r  of the  neck  of   the 
spheres  w a s  6.9  mm(0.25-in.)and a short   p iece  of   6 .35 mm (0.23-in.) steel 
tub ing   wi th  a t u b e   f i t t i n g  was epoxied   ins ide   the   neck   to   connec t   the   spheres  
t o   t h e  rest of t he   p re s su r i za t ion   sys t em.  

Two d i f f e r e n t   s i z e   g l a s s   s p h e r e s  of 51 and'  102 mm (2-  and  4-in.) 
nominal  diameter  and several d i f f e r e n t   t h i c k n e s s e s  were hand  blown f o r   t h i s  
p r o j e c t .  The thickness   of   each  sphere w a s  s e l e c t e d  so t h a t   t h e   d i f f e r e n t  
i n t e rna l   p re s su res   cou ld   be   u sed   t o   p re s su r i ze   t he   sphe res   c lose   t o   t he i r  
b reak   po in t .   Therefore ,  a s l i g h t   t a p   a g a i n s t   t h e   s p h e r e  would b u r s t  i t  
r e l a t i v e l y   u n i f o r m l y  a l l  around  and create small-size  fragments  which would 
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FIGURE 1, OVERVIEW OF EXPERIMENTAL APPARATUS 



minimize   the   in te r fe rence   to   the   shock  wave produced. The r e s u l t s   i n  
References 1 and  2 were used as a gu ide l ine   fo r   e s t ima t ing   t he   p re s su re   wh ich  
would bu r s t   each   s i ze   sphe re .  However, n o n u n i f o r m i t i e s   i n   t h e   s p h e r e s  
( p a r t i c u l a r l y   i n   t h e   t h i c k e r  and la rger   ones)   caused   the  maximum p r e s s u r e   t h a t  
spheres   of   the  same s i z e  would wi ths tand   to   vary .   Consequent ly ,   severa l  
of t he   sphe res   bu r s t   p rema tu re ly  on some tests, which  precluded  recording 
p res su re   da t a .  

Because of the  nonuniformity  expected,   each  sphere  tes ted was  i n d i v i -  
dual ly   measured  for  mass, volume,  and th i ckness .  The sphere  assembly was 
weighed before   each test and the  remains  (usual ly   the  neck  and i ts  f i t t i n g s )  
were weighed a f t e r   e a c h  test to  d e t e r m i n e   t h e   t o t a l  mass of  the  fragments.  
The volume w a s  measured  by f i l l i n g   t h e   s p h e r e   w i t h  water up t o   t h e  bottom 
of the   neck  and  then  emptying  the  contents   into a graduate.   Using  this  volume, 
a mean diameter  w a s  computed us ing   t he   fo rmula   fo r   t he  volume  of a sphere.  
With t h i s  mean diameter  and the  measured mass of   the   sphere ,  a mean sphere 
th i ckness  was a l s o  computed. The a c t u a l   t h i c k n e s s  w a s  a l s o  measured  using 
u l t r a s o n i c   s e n s o r s  by taking  several   spot  measurements  around  the  sphere 
and a v e r a g i n g   t h e   r e s u l t s .  The spheres   used  ranged  in   thickness   f rom  0.3 
to   3 .3  mm (0.012- to   0 .13- in . ) ,   For   the   major i ty   o f   the   spheres ,   these  
average  measured  values were v e r y   c l o s e   t o   t h e  computed mean th i ckness .  

C. T e s t  Procedure 

A t yp ica l   expe r imen ta l  test w a s  conducted by f i r s t   c o u p l i n g  a g l a s s  
sphe re   t o  a remotely  operated  solenoid  valve as shown i n   F i g u r e  1. The 
so lenoid   va lve  w a s  r i g i d l y  mounted onto wooden boards  supported  from  the 
roof  and w a s  connected  using steel t u b i n g   t o   t h e  Freon-12 c y l i n d e r s   l o c a t e d  
i n   a n   a d j a c e n t  test c e l l ,  as shown in   the   d iagram  on   F igure   2 .  A p r e c i s i o n  
bourdon-tube d i a l   g a g e  was used t o   m o n i t o r   t h e   p r e s s u r e   i n   t h e   l i n e  (and 
i n   t h e   s p h e r e ) .  Two manual ly   opera ted   va lves ,   one   ad jacent   to   the   so lenoid  
valve  and  one  near  the  Freon-12  cylinders,   provided  the means f o r   v e n t i n g  
l i n e   p r e s s u r e ,  and for   repea ted   purg ing   of   the   sphere  and tub ing  a t  low 
pressures   us ing   the   vapor   cy l inder .  

Once the   sphe re  w a s  p rope r ly   connec ted   t o   t he   so l eno id   va lve  and  purged, 
a s h o r t   l e n g t h   o f   v e r y   f i n e  wire w a s  l i gh t ly   t aped   a round   t he   sphe re   fo r  
u s e   i n  a b reak -c i r cu i t   t o   p rov ide  a t r i g g e r   v o l t a g e   f o r   t h e   r e c o r d i n g  
ins t rumenta t ion .  Then the  pneumatic   cyl inder  w a s  pos i t ioned   under   the  
sphere  so that, when p r e s s u r i z e d ,   t h e   s t r i k e r  would travel about 4 mm 
(0 .16- in . )   pas t   the   bo t tom  sur face  of t he   sphe re .  The cy l inde r  was mounted 
on a wooden t a b l e  which  provided vertical h e i g h t   a d j u s t m e n t   f o r   t h e   d i f f e r e n t  
s i z e   s p h e r e s ,  The so leno id   va lve   con t ro l l i ng   t he   i npu t   t o   t he   pneumat i c  
cy l inde r  w a s  connected  to  a normally  open set of   contac ts   in   the   h igh-speed  
camera which  prevented  the  energizing  of   the  solenoid by a 24-VDC supply 
u n t i l   t h e  camera w a s  up t o  speed  and  ready to   photograph  the event. 
Checking t o   b e   s u r e   t h a t   t h e  camera c o n t a c t s  were i n   f a c t  open  and t h a t   t h e  
remote start s w i t c h   f o r   t h e  camera w a s  i n   t h e  off pos i t ion   before   opening  
the   n i t rogen   bo t t le   regula tor   connec ted   to   the   pneumat ic   cy l inder   p revented  
any   acc iden ta l   b reakage   o f   t he   g l a s s   sphe res .  

5 
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FIGURE 2, DIAGRAM OF EXPERIMENTAL SET-UP 



The t ransducer   ho lders  were installed on vertical p i p e   s t a n d s  so t h a t  
vertical adjustment w a s  poss ib l e .  With t h e   g l a s s   s p h e r e   a l r e a d y  i n  p lace ,  
the t ransducer   p robe   po in t   o r   edge  w a s  a l igned   a long  a r ad ia l   t h rough  the 
sphere   cen ter .  The three   p robes  were placed 90" a p a r t   w i t h   t h e   c e n t e r  
probe  opposite  the  movie camera. The t i p s   o f   t h e   o t h e r  two probes were 
framed i n t o   t h e  movie p i c t u r e s   t o   p r o v i d e  a known r e f e r e n c e   s i n c e   t h e  
t ransducers  were p1aced .a   measu red   d i s t ance   f rom  the   ex te r io r   o f   t he   sphe re .  
With t h e  camera c o n t r o l   c o n n e c t i o n s   v e r i f i e d   t o   b e   i n   o r d e r ,  and t h e   s p h e r e  
and   t ransducers   p roper ly   ins ta l led ,   the  camera was framed,  focused,  and 
loaded  with a r o l l  of  high-speed  negative  f i lm  (Eastman  4x)  and  the camera 
speed set a t  a nominal 5000 frames  per  second. The back test cel l  w a s  then  
evacuated  and  c losed  off .  

The sphere  w a s  t hen   p re s su r i zed   u s ing   t he   appropr i a t e   sou rce   o f  
Freon-12.  The  vapor  source  used was a commerc ia l ly   ava i lab le   cy l inder  
whose gage  pressure a t  21.1'C (70'F) is 483 kPa (70 p s i g ) .  The l i q u i d  
Freon-12 was obtained by us ing  a modif ied  high-pressure  cyl inder  so t h a t  
22.7  kg (50 lb,) of  Freon-12 was  p re s su r i zed   w i th   n i t rogen  up to   3 ,448  kPa 
(500 p s i )  a t  room temperature.  The p r e s s u r i z e d   l i q u i d  w a s  drawn  from t h e  
bot tom  of   the  cyl inder   with a "dip-tube"  arrangement. The des i r ed   p re s su re  
was set by vent ing  some of   the   n i t rogen   pr ior   to   opening   the  Freon-12 
va lve   i n to   t he   expe r imen ta l   s e tup .  A thermistor   temperature   probe  monitored 
t h e  Freon-12 temperature  as nea r   t he   g l a s s   sphe re  as w a s  phys i ca l ly   poss ib l e .  
The remotely  operated  solenoid  valve w a s  kept   open   un t i l   the   t empera ture  
i n   t h e   l i n e   s t a b i l i z e d   w i t h   a m b i e n t   b e f o r e  i t  was  c l o s e d   i n   p r e p a r a t i o n  
f o r   t h e  tes t .  I n   t h e  case of   the   vapor   exper iments ,   th i s   p rocedure   took  
less than   10   minu te s .   In   t he  case of   the   l iqu id   exper iments ,   the   spheres  
f i l l e d  up r a t h e r   r a p i d l y   u n t i l   t h e   l i q u i d  level  was a b o u t   3 / 4   f u l l  and  then 
took much l o n g e r   t o   f i l l   t h e  rest o f   t he  way, p a r t i c u l a r l y   f o r   t h e   l a r g e r  
volume spheres .  By t h e  time the   sphe res  were f u l l ,   t h e   i n t e r n a l  and  ambient 
temperature had equal ized .  Once the   t empera tures  were t h e  same, the   remote ly  
con t ro l l ed   so l eno id   va lve  was deenergized  (c losed)   and  the  tubing  l ine 
p a r t i a l l y   v e n t e d .  Enough pos i t i ve   p re s su re   was ikep t  so as to   minimize 
the  purging  operat ion  f rom test t o  test  but  low:  enough so t h a t  when t h e   n e x t  
sphere w a s  used   there  w a s  no danger   of   breaking i t  as t h e   s o l e n o i d  valve 
was  again  opened. 

The  high-speed camera a n d   t h e   s p o t l i g h t  were then   tu rned   on   to   begin  
t h e   a c t u a l  test. A t  a p r e s e t   p o i n t   o f   f i l m  travel, t h e   c o n t a c t s   i n   t h e  
camera closed  which  energized  the  solenoid on the  pneumatic   cyl inder .  
The cy l inde r  was p res su r i zed   and   t he   s t r i ke r   bu r s t   t he   sphe re   r e l eas ing   t he  
high-pressure  contents .  The bu r s t ing   o f   t he   sphe re   b roke   t he   t r i gge r  wire 
which i n   t u r n   t r i g g e r e d   t h e   p r e s s u r e   t r a n s d u c e r ' s   r e c o r d i n g   i n s t r u m e n t a t i o n .  
After   the   event ,   the   high-speed camera w a s  un loaded ,   the   f i lm  processed ,  
the  pneumatic   cyl inder   depressurized,   the   remains  of   the  sphere removed  and 
weighed,  and t h e  test ce l l  cleaned  and made r eady   fo r   t he   nex t   expe r imen t .  

D. Measurement  System 

The o b j e c t i v e   o f   t h i s   e x p e r i m e n t a l   e f f o r t  w a s  t o   o b t a i n   p r e s s u r e -  
time r e c o r d s   f r o m   f r e e - f i e l d   f l a s h   e v a p o r a t i n g   v a p o r   a n d   l i q p d   e x p l o s i o n s .  
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This  w a s  accompl ished   by   us ing   e ight   p ressure   t ransducers   in  a s i m i l a r  
f a sh ion  as in   Re fe rence  1. The t r ansduce r s  us.ed have minimum n a t u r a l  
frequency  of 67 kHz and are capable   of   accurately  measuring  overpressures  
down t o  0.69  kPa  (0.1 p s i ) .  The t r ansduce r s  were connected as shown i n  
F igure  3 t o  SwRI-built   impedance  matching  amplifiers  consisting of a 
v a r i a b l e   s t e p   c a p a c i t a n c e   i n p u t   f o r   d i f f e r e n t   c h a r g e   a t t e n u a t i o n   s e t t i n g s  
and i n t o  a f i e l d   e f f e c t   t r a n s i s t o r   c i r c u i t   w i t h   v e r y   h i g h   i n p u t  impedance. 
The output,   which  has a low  impedance, was t h e n   s l i g h t l y   a m p l i f i e d   f o r  
d r i v i n g   t h e   c a b l e   l i n e s   t o   t h e   d a t a   r e c o r d e r s .  The frequency  response  of 
t h e s e   u n i t s  i s  about   0 .1  Hz t o  4 MHz. The ou tpu t s   o f   t he   ampl i f i e r s  were 
recorded  on  Polaroid  f i lm  using a Biomation Model 802 d i g i t a l   r e c o r d e r   w i t h  
Tektronix Model  602 d i s p l a y   u n i t ,  a Tektronix Model R5444 dua l  beam 
osc i l l o scope   w i th  two  Model 51126 plug-in  amplif iers ,   and two Tektronix 
Model R561B osc i l l o scopes   w i th  Model 3875  plug-in  amplif iers .  The minimum 
recorded  f requency  response  of   any  of   these  uni ts  as used was 250 kHz. 

The reduced  data   obtained  f rom  these  experiments   included,  when- 
ever poss ib le ,   the   peak   overpressures   for   bo th   f i r s t   and   second  shocks  
and t h e i r  arr ival  t i m e s ,   f i r s t   p o s i t i v e   p h a s e  and  negative  phase  impulses,  
and the   du ra t ions   o f   t he  first p o s i t i v e  and negat ive   phases .  The d a t a  
photographs were d ig i t i zed ,   man ipu la t ed   and   p lo t t ed   u s ing  a H e w l e t t -  
Packard Model  9830 microcomputer  system. The pressure  and  impulse  versus  
t i m e  p l o t s  were then   u sed   t o   r ead   t he   va r ious   pa rame te r s   o f  interest. 
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111. RESULTS AND DISCUSSION 

A. General 

The da ta   ob ta ined  i n  t h i s  expe r imen ta l   e f fo r t  are presented  i n  t h i s  
s e c t i o n .  A l l  b l a s t  parameters p l o t t e d  are nondimensional  and are shown as 

. var i ab le s   and  as fo l lows  : 1 f u n c t i o n s  of two non-dimensional 

where 

Pa  

a = ambient  sound  velocity a 

Ps = peak  side-on  overpressure 

ta = a r r i v a l  t i m e  of   the   peak  overpressure 

T = dura t ion   o f   t he   ove rp res su re  

Is = spec i f i c   impu l se  

R = r a d i u s   o f   b l a s t  wave ( s t andof f   d i s t ance )  

p1 = i n t e r n a l   a b s o l u t e   p r e s s u r e  of sphere  

= amibent   p ressure   (absolu te )  
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and 

E = i n t e r n a l   e n e r g y   i n   t h e   s p h e r e  
- 
P 1  = P1/Pa 

113 

E1/3 
- RPa 
R =  

The bars   ind ica te   non-d imens iona l   quant i t ies   cor responding   to   the   des i red  
d imens iona l   quan t i t i e s .   Th i s   func t iona l   r e l a t ionsh ip  is the  reduced 
form  of t h e   s c a l i n g  l a w  de r ived   i n   Re fe rence  1 fo r   t he   fo rma t ion  and  transmission 
of b l a s t  waves from  spheres   of   perfect   gases   with similar s p e c i f i c   h e a t  
r a t i o s  and sonic   speeds.   Because  of   the  l imited  scope  of   the  experimental  
e f f o r t   r e p o r t e d   h e r e ,  no analysis   has   been  performed  to   develop a gene ra l  
s c a l i n g  l a w  fo r   f l a sh -evapora t ing   f l u ids .  However, because   on ly   one   f lu id  
h a s   b e e n   u s e d   i n   t h i s   e f f o r t ,  i t  is v e r y   l i k e l y   t h a t   t h e   s c a l i n g  l a w  would 
r e d u c e   t o   t h e   r e l a t i o n s k i p  shown above   such   tha t   the   b las t   parameters  are 
p r imar i ly   func t ions  of R as w a s  t h e  case f o r   t h e  more per fec t   gases   such  
a_s a i r  o r   a r g o n   [ l ] ,  and  only  the  overpressure showing some dependence  on 

Since a l l  the  nondimensional  parameters,   except two, c o n t a i n   t h e  
i n t e r n a l   e n e r g y   i n   t h e   s p h e r e ,  E ,  a de t e rmina t ion   o f   t h i s   quan t i ty  i s  
r e q u i r e d   f o r  computing the   ba r r ed   quan t i t i e s .   I n   Re fe rence   &the   ene rgy  
i n   t h e   s p h e r e  w a s  computed us ing  Huang and  Chou's d e f i n i t i o n  [ 4 ] ,  which i s  
e s s e n t i a l l y   t h e   p o t e n t i a l   e n e r g y   c a u s e d  by t h e   h i g h   p r e s s u r e   o f   t h e   g a s   i n   t h e  
sphere.  For a p e r f e c t   g a s ,   t h e   e n e r g y   i n   t h e   s p h e r e   g i v e n  by t h i s   d e f i n i t i o n  
is v e r y   c l o s e   t o  what  would be computed  assuming the   ava i l ab le   ene rgy  
is that which is re l eased  by an   i sen t ropic   expans ion   of   the   gas   in   the   sphere  
from a h igh   pressure   to   an   ambient   p ressure  [5 ] .  

For a bu r s t ing   sphe re   con ta in ing  a f l a sh ing   vapor   o r   l i qu id   such  as 
Freon-12, per fec t   gas   behavior   cannot   be   used   to   de te rmine   the   energy   of  
t he   sphe re .  The maximum ene rgy   t ha t   can   be   r e l eased   t o   d r ive  a b l a s t  wave 
can   be   es t imated  by  assuming a n   i s e n t r o p i c   e x p a n s i o n   f r o m   t h e   i n i t i a l  state 
condi t ions  to   ambient   pressure,   and  computing  the  corresponding work which 
could  be  done as a change i n   i n t e r n a l   e n e r g y  of the   expanding   f lu id .   S imi la r  
approximat ions   have   been   used   by   o ther   inves t iga tors   to   de te rmine   the   energy  
of   an  expansion  pressure wave from a f lash-evaporat ion  process  [ 6 ] .  Based  on 
a u n i t  mass of f luid,   the   energy  change  of  a p r o c e s s   s t a r t i n g  a t  state 1 and 
expanding t o  state 2 is 

u 1  - u2 - 1 
- J2 p dv 
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If t h e   i s e n t r o p i c   e x p a n s i o n   p r o c e s s   f o r  Freon-12,  which i s  u s u a l l y  a 
two-phase f l u i d ,   c a n   b e  assumed to   fo l low  an   expans ion   acco rd ing   t o  

p v  = c  n 

then  Equat ion (2) g i v e s  

Two types  of  experiments were conducted  with  the  Freon-12.   In   the 
f i r s t ,   l i q u i d   F r e o n   f i l l e d   t h e   f r a n g i b l e   s p h e r e s  a t  pressures   above 
s a t u r a t i o n   p r e s s u r e  f o r  room tempera ture .   In   the   second,  room temperature  
sa tura ted   vapor   o r   superhea ted   vapor  w a s  u s e d   t o   f i l l   t h e   s p h e r e s .   T a b l e s  
of  thermodynamic p r o p e r t i e s  of  Freon-12 are r e a d i l y   a v a i l a b l e .  They g ive  
p rope r t i e s   o f   s a tu ra t ed   l i qu id ,   s a tu ra t ed   vapor ,   and   supe rhea ted   vapor .  
No proper t ies   for   compressed   l iqu id  seem t o  be   ava i lab le .   (But ,  by analogy 
to   propert ies   of   compressed water, ve ry  l i t t l e  in te rna l   energy   can   be   s tored  
i n   t h e  compressed l i q u i d ,  compared t o  a w e t ,  d ry   o r   supe rhea ted   vapor ) .  There- 
f o r e ,   t h e   f i r s t   t y p e   o f  tes t ,  s a t u r a t e d   l i q u i d   i n i t i a l   c o n d i t i o n s  were 
assumed t o  compute in t e rna l   ene rgy  a t  s ta te  1. 

The p rocedure   u sed   t o   ca l cu la t e  maximum s p e c i f i c  work, “ u ,  is 
t h e n   t o   o b t a i n   v a l u e s   f r o m   t a b l e s   f o r   t h e   i n i t i a l   c o n d i t i o n s , u $ n c l u z i n g  
the   en t ropy  s and  enthalpy  hl ,  Compute u from  one  of i t s  d e f i n i t i o n s  1 1 

u = h - p v  

Assume expans ion   t o  a p r e s s u r e   i n   t h e   t a b l e   n e a r e s t   t o   a t m o s p h e r i c ,  
P2 2 Pa, w i t h  s2 - - sl. C a l c u l a t e   q u a l i t y  x of   vapor ,   i f  w e t ,  from 

Next,   get  

and 

s - s  f 
s - s  

x =  
g f  

V 2 = V f + X V  
f g 

h 2 = h   + x h  f f g 
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Use Equation (5) a g a i n   f o r  s ta te  2 c o n d i t i o n s   t o   g e t  u . I f   f l u i d  
i n  state 2 is in   supe rhea ted   r eg ion ,  u2 is obta ined   f rom  tab le   va lues   o f  
h and v2. F i n a l l y ,  u - u2 is obtained,  which is t h e   d e s i r e d   r e s u l t .  2 1 

For a sphe re   o f   any   g iven   i n i t i a l  volume V t h e  mass of r e f r i g e r a n t  
can   be   ca l cu la t ed   u s ing  V, and v, o r  i ts  r e c i p r o c a l  y, .  This  mass is  1' 

I I 

m = V / v  1 1  

and t h e   t o t a l   e n e r g y   i n p u t   f o r   t h e   b l a s t  wave is 

E = m ( u  1 - u2) 

When t h e   e n t i r e   e x p a n s i o n   p r o c e s s   o c c u r s   i n  
Equation ( 4 )  can   be   used   to  estimate the  exponent 
s ion .   Rear ranged ,   th i s   g ives  

p 1  v1 - p2 v2 + n =  
u1 - u2 

I n   t h i s   e q u a t i o n ,  n is the   coun te rpa r t   o f  y f o r  a 

I 

the   superheated  region,  
n f o r   i s e n t r o p i c  expan- 

( 4 4  

pe r fec t   gas .  Sample 
c a l c u l a t i o n s   f o r  test c o n d i t i o n s   u s e d   i n   t h i s  program are g i v e n   i n  Appendix A. 

A s  i n   Re fe rence  1, a t tempts  were made to   de t e rmine   t he   k ine t i c   ene rgy  
of t he   g l a s s   f r agmen t s  by t h e   u s e  of  high-speed  cinematography.  Unfortunate- 
l y ,   b e c a u s e   o f   l i g h t i n g   d i f f i c u l t i e s ,   o n l y   t h r e e  of t h e  tests produced 
r e a d a b l e   r e s u l t s   f o r  tests con ta in ing   t he   r e f r ige ran t   i n   vapor   fo rm.  The 
f i l m s  of t h e   l i q u i d  tests showed t h a t   t h e   g l a s s   p i e c e s  were p ro jec t ed  a t  
much lower   ve loc i t i e s   t han   t hose   u s ing   vapor  so t ha t   t he   expand ing   l i qu id  
quickly  covered  the  fragments  and  then  they became unobservable.  However, 
even for   the   vapor   spheres   which   had   the   h igher   f ragment   ve loc i t ies  and  lower 
i n i t i a l   e n e r g y  levels, t h e   k i n e t i c   e n e r g y  w a s  a t  t h e  most less than  10% 
of the   i sen t ropic   change   in   in te rna l   energy .   Fur thermore ,   because   the  
energy term always  enters   with  an  exponent   of  1/3, n o t   c o r r e c t i n g   f o r  the 
k ine t i c   ene rgy  of the   f ragments  would r e s u l t   i n  a maximum e r ro r   o f  3% on 
t h e   e n e r g y   a v a i l a b l e   f o r   d r i v i n g   t h e   b l a s t  wave. 

B. Liquid  Spheres 

There were eleven  experiments   a t tempted  using Freon-12 a t  p res su res  
w e l l  above   the   sa tura ted   vapor   p ressure  a t  a room temperature  of  about 2OoC 
(68OF).  The  compressed l i q u i d   f i l l e d   t h e   g l a s s   s p h e r e s   c o m p l e t e l y  a t  
p r e s s u r e   r a t i o s  p /p2  of  11.2  to  27.3.  On three   o f   the   exper iments ,  no 
d a t a  were o b t a i n e i   b e c a u s e   t h e   g l a s s   s p h e r e s   b u r s t   p r i o r   t o   c o m p l e t e   f i l l i n g  
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w i t h   t h e   l i q u i d  Freon-12.  Because  of  the:  isentropic  change i n   i n t e r n a l  
energy  which was a v a i l a b l e   f o r   d r i v i n g   t h e   b l a s t  wave fo r   t hese   expe r imen t s  
w a s  comparable   to   the   p ressure   energy   used   in   the  tests of Reference 1, t h e  . 
record ing   ins t rumenta t ion  w a s  set up t o   r e c o r d   v o l t a g e  levels i n   t h e  same 
range as had  been  observed i n  t h e  a i r  and  argon  experiments.  However, i t  
was soon  evident after a couple  of tests w i t h   l i q u i d - f i l l e d   s p h e r e s   t h a t ,   f o r  
t he   r ange   o f   s ca l ed   d i s t ances   u sed ,   t he   peak   ove rp res su res  were a t  least one 
o rde r  of  magnitude  lower  than  expected.  Consequently  these two tests y ie lded  
no recoverable   data .   Furthermore,  i t  was evident  that a shock  f ront   seldom 
developed,   except   in   one tes t  which  used  one  of  the  102 mm spheres  a t  t h e  
h i g h e s t   p r e s s u r e   r a t i o   u s e d ,  pl/pa = 20.3, f o r   t h i s   s i z e   s p h e r e .  
For t h i s   p a r t i c u l a r  test ,  the   ove rp res su re  a t  t h e   c l o s e s t  measurement p o i n t ,  
R = 0.41, w a s  only 5.9 kPa (0.86 p s i g ) .  The rest o f   t hese  tests y ie lded  
even  lower  overpressures a t  the   va r ious  measurement s t a t i o n s  most  of  which 
were lower   than   1 .4   Wa  (0 .2   ps ig) .  A t  t hese   l eve l s ,   t he   p re s su re   t r ansduce r s  
used were c l o s e   t o   t h e i r   l o w e r  l i m i t  of   measuring  with  acceptable   accuracy 
so t h a t  i t  w a s  d i f f i c u l t   t o   d e t e r m i n e   w h e t h e r   t h e  scatter found i n   t h e   d a t a  
was caused by inaccurac i e s  i n  t h e  measurement  system o r  by t h e   n a t u r e  of t h e  
exper iment .   Therefore ,   the   da ta   ob ta ined   have   been   presented   on ly   in  
t a b u l a r   f o r m   i n  Appendix E. 

- 

The gene ra l   cha rac t e r i s t i c   o f   t he   p re s su re - t ime   h i s to r i e s   r eco rded  
f o r   t h e   l i q u i d - f i l l e d   s p h e r e  was as shown i n   F i g u r e  4 .  A g r a d u a l   p o s i t i v e  
rise was followed by a long   dura t ion   and   la rger   ampl i tude   nega t ive   phase .  
A s econd ,   sho r t e r   du ra t ion   pos i t i ve   phase   t hen   fo l lowed .   In   con t r a s t ,  
F igure  5 shows t h a t   d a t a   r e c o r d e d   f o r  Test No. 1 3   i n  which a shock   f ront  
similar t o  those   r eco rded   fo r   t he   vapor   ( a l so   fo r  a i r  and  argon in   Re fe rence  1) 
did   deve lop .   This   f igure  i s  also  an  example  of   the  reduced  format  of t h e  
d a t a   u s e d   t o   o b t a i n   t h e   v a r i o u s   b l a s t   p a r a m e t e r s .  

Note t h a t  a shock  developed  only  for   the  highest  tes t  pressure   o f   the  
l a r g e s t   s p h e r e .  The a c t u a l  time scale f o r   t h i s  test is, of   course,   considerably 
longer   than   the  time scales f o r  tests f o r  smaller spheres .  We can   specula te  
t h a t   t h e   l i q u i d   t h e r e f o r e  had  more time t o   e v a p o r a t e  and t o   g e n e r a t e  a shock 
wave i n  Test No. 13 t h a n   i n   a n y   o t h e r  test. But, we d id   no t   ob ta in  enough 
test d a t a   t o   b e   c e r t a i n  of t h i s   c o n c l u s i o n .  

F o r   t h e s e   d a t a ,   t h e   f i r s t  and  second  peak  overpressures were obtained 
as w e l l  as t h e   p o s i t i v e  and negat ive  impulses .  The r a t h e r  low p res su re  
ampl i tudes   r eco rded   i n  view of   the   h igh   energy   ava i lab le  is  probably   due   to  
the   r e l a t ive ly   s low  f l a sh -evapora t ion  of t h e   l i q u i d  a t  the   p re s su res   u sed .  
Thus no t  enough  vapor was a v a i l a b l e  a t  h igh   p re s su re   t o   deve lop  a shock   f ron t .  
Our high-speed  f i lms of t hese  tests produced  no da ta   fo r   f r agmen t   ve loc i t i e s ,  
but   they  did show t h a t   t h e   l i q u i d  was d ispersed  a t  h igh   ve loc i ty .  A l l  of 
o u r   b l a s t   t r a n s d u c e r s  were s ide-on   t ransducers   o r ien ted   wi th   sens ing   e lements  
p a r a l l e l   t o   t h e   f l o w ,   a n d  would therefore   no t   measure  dynamic o r   l i q u i d  
impact  pressures.   Again,  we c a n   s p e c u l a t e   t h a t  dynamic pressures   exer ted   on  
o b j e c t s  immersed i n   t h e   f l o w  would be much h igher   than   the   s ide-on   pressures ,  
bu t  we do n o t  know  how  much higher  because w e  made no  measurements. 
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S e n s i t i v i t y :  0.86 kPa/div 

P = 0.92 @a, R = 178 mm 
s1 
- 
P = 0.0094, E = 0.83 

Sweep: 1.0 ms/div 

TEST No, 14J FREON-12 LIQUID 
SPHERE DIAMETER: 5 1  MMJ q / p A  = 112 

Upper Trace 
Sens i t iv i ty :   1 .72   kPa/d iv  - 
P = 0.0106, E = 0.62 

Middle Trace 
Sens i t i v i ty :   1 .59   kPa /d iv  
- 
Ps = 0.011, = 0.73 

1 

Lower Trace 
Sens i t i v i ty :   2 .41  kJ?a/div 

P = 0.0068, E = 1.23 
- 

s1 
Sweep: 1.0  ms/div 

FIGURE 4, EXAMPLES OF PRESSURE-TIME HISTORIES FROM 
BURSTING SPHERES  PRESSURIZED  WITH LIQUID FREON-12 
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PMRX = 8.782 

1 psi = 6.895 kPa 

F I G U R E  5 .  P R E S S U R E  DATA FROM 102 MM L I Q U I D   F R E O N - 1 2   S P H E R E  
WITH  PI /PA = 20,3 
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C. Vapor Spheres 

There were ten  experiments  conducted  using  Freon-12  vapor i n  which   b las t  
d a t a  were o b t a i n e d   i n   e v e r y  test .  The pressure- t ime  h i s tor ies   recorded  
were s i m i l a r   t o   t h o s e   r e p o r t e d   i n   R e f e r e n c e  1 f o r   b u r s t i n g   s p h e r e s   o f  a i r  
and  argon. The traces were q u i t e   r e p e a t a b l e  and are charac te r ized   by   an  
i n i t i a l  shock  overpressure,  a gradual  decay  back  to  ambient,  a s i g n i f i c a n t  
negat ive  pressure  phase,   and a second  shock  overpressure.  The  main d i f f e r e n c e s  
in   appearance   be tween  the   da ta  traces in   Re fe rence  1 and   t hose   r eco rded   i n  
t h i s  program are that t h e  Freon-12 vapor traces have i n   g e n e r a l  a r e l a t i v e l y  
shor te r   nega t ive   phase   dura t ion   and  a higher   second  shock  pressure compared t o  
t h e   f i r s t . *   F i g u r e  6 shows a number of examples  of t h e  Freon-12 vapor   da ta  
recorded   f rom  both   s ize   spheres   and   in te rna l   p ressures   used   in   these  tests. 
A f t e r   d i g i t i z i n g   a n d   p l o t t i n g   t h e   d a t a  from these   t ypes   o f   r eco rds ,   t he  
va r ious   b l a s t   pa rame te r s  were read .  The r e s u l t s  were non-dimensionalized  and 
are p r e s e n t e d   i n   g r a p h i c a l   f o r m   i n   F i g u r e s  7 through 1 4 .  I n   t h e s e   f i g u r e s ,  
two d i f f e r e n t   s i z e  symbols are used   t o   deno te   t he  two s p h e r e   s i z e s   u s e d   i n  
the  experiments .  Also, a d i f f e r e n t i a t i o n  is  made i n   t h e  symbols t o  show 
t h e  two d i f f e ren t   i n t e rna l   vapor   p re s su res   u sed .   In   add i t ion ,  whenever 
poss ib le ,   the   non-d imens iona l   da ta  are compared t o   d a t a  compiled f o r   P e n t o l i t e  
high-explosive [3 ] .  The sca l ed  times of a r r i v a l   o f   t h e   f i r s t   s h o c k  waves 
are p resen ted   i n   F igu re   7 .  The Fa fo r   bu r s t ing   vapor   sphe res  are comparable 

t o   t h o s e   f o r  a high-explosive  over a decade   of   sca led   d i s tances  E ranging 
f rom  about   1 .0   to   10 .0 .   Note   tha t   the   sca led  times fo r   t he   l ower   p re s su re  
expe r imen t s   p lo t   s l i gh t ly   l ower   t han   t he  rest, which   ind ica tes  a s l i g h t  
dependence  with i n i t i a l   i n t e r n a l   p r e s s u r e  i n  the   sphe re .   A l so   no t i ce   t ha t  
s c a t t e r   i n   t h e   d a t a   i n c r e a s e s   w i t h  smaller va lues  of E. This  is  t o   b e  
expected  because of the   poorer   reso lu t ion ,   accuracy   and   repea tab i l i ty  of 
measu r ing   sho r t e r   a r r iva l  times which  use as a r e fe rence  a t r i g g e r   p u l s e  
from a break w i r e  around  the  sphere.  

1 

- I n   F i g u r e  8,  the  peak  s ide-on  overpressure is shown as a func t ion  of 
R. These  data do not   g roup   toge ther  as c l o s e l y  as t h e  time of arrival 
da ta .  Some d i f f e r e n c e s  are evident  between  the small and l a r g e   s p h e r e   d a t a  
f o r  a p r e s s u r e   r a t i o  = 6 ,  and  between  these two sets of da t a   and   t he   l a rge  
s p h e r e   d a t a   f o r  p' = 3.5. T h e s e   d i f f e r e n c e s   i n d i c a t e   t h a t  , i n   a d d i t i o n   t o  
the  dependence  on R and p' the  side-on  overpressure  must  also  depend on 
o the r   pa rame te r s   fo r   p rope r   s ca l ing .  As shown,  however, a l l  t h e   d a t a  are 1' 

of   lower  ampli tude  than  data   f rom the high-explosive.  

1 
1- 

The s c a l e d   d u r a t i o n   d a t a   o f   t h e   f i r s t   p o s i t i v e   o v e r p r e s s u r e s  are shown 
i n   F i g u r e  9 and are czmpared t o   t h e   P e n t o l i t e   c u r v e .  The d a t a  seem to   g roup  
toge ther  by value  of  p1 , and f o r  p' = 6 t h e  two d i f f e r e n t   s i z e   s p h e r e s  
experiments   yield  analogous  resul ts :  The p o s i t i v e   s c a l e d  time dura t ions  
a p p e a r   r e l a t i v e l y   c o n s t a n t   f o r   t h e   r a n g e   o f  E t e s t e d   s u c h   t h a t  T (+) has  

s1 

* The s c a l e d   d u r a t i o n s   f o r  Freon-12  vapor are cons iderably   longer   than  
s c a l e d   d u r a t i o n s   f o r  air o r   a rgon ,   fo r   equa l   s ca l ed   d i s t ances .  
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TEST No, 17, FREON-12 VAPOR 
SPHERE DIAMETER = 5 1  MMJ P ~ / P A  = 6 

FIGURE 6, EXAMPLES OF PRESSURE-TIME HISTORIES FROM 
BURSTING SPHERES PRESSURIZED WITH FREON-12 VAPOR 
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Sensitivity: 1.72 kPa/div 

pS 
= 3.24 @a, R = 203 m 

1 
- 
P = 0.033, % = 1.54 
s1 

Sweep: 400 ms/div 

Sensitivity: 1.72 kPa/div 

'sl = 3.93 m a ,  R = 203 m 

- 
P = 0.04, E = 1.60 
s1 

Sweep: 400 ms/div 

FIGURE 6, EXAMPLES OF PRESSURE-TIME HISTORIES FROM  BURSTING 
SPHERES  PRESSURIZED  WITH  FREON-12  VAPOR (CONT'D) 
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TEST No, 19, F R E O N - ~ ~  
SPHERE DIAMETER = 102 MM, 

Upper Trace 
S e n s i t i v i t  
P =1.86 

s 1 

:y : 1.03 kPa/div 
kPa, R = 610 mm 

- 
P = 0.019, E = 3.73 

Lower Trace 
S e n s i t i v i t y :  1.03 kPa/div 
P = 1.52 Wa, R = 711 mm 

- - 
Ps = 0.015, R = 4.35 
1 

Sweep: 500 msldiv 

VAPOR 

TEST No, 21, F R E O N - ~ ~  VAPOR 
SPHERE DIAMETER = 102 MM, p l / p A  = 3,5 

FIGURE 6, EXAMPLES OF PRESSURE-TIME HISTORIES FROM BURSTING 
SPHERES PRESSURIZED WITH FREON-12 VAPOR (CONT'D) 
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FIGURE 7 ,  SCALED TIME OF 
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ARRIVAL OF FIRST SHOCK WAVE FROM BURSTING 
SPHERE AT ROOM TEMPERATURE 
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FIGURE 8, SCALED SIDE-ON PEAK  OVERPRESSURE FOR BURSTING 
FREON-12 VAPOR  SPHERE AT ROOM TEMPERATURE 
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FIGURE 9, SCALED DURATION OF POSITIVE PHASE OF BLAST KAVE 

FROM BURSTING FREON-12 VAPOR SPHERE 
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a mean v a l u e  of  almost  1.4. This v a l u e  is abou t   2 .5   t o  5 times longer   than  
t h e   s c a l e d   d u r a t i o n s   f o r   t h e   P e n t o l i t e   o v e r   t h e   t e s t e d   s c a l e d   d i s t a n c e s .  

The values   of  Fs measured fo r   t hese   expe r imen t s  were lower  than 

those   o f   Pen to l i t e .  T i e  magnitudes  of T (+> were h ighe r .  However, t h e  

scaled  side-on  posit ive  impulses  measured  which are in te rdependent   wi th  
t h e s e  two b las t   parameters  compare c l o s e l y   t o   t h e   h i g h - e x p l o s i v e   v a l u e s .  
This  i s  shown in  F igure  10. The da ta   po in t s   g roup   t oge the r  rather w e l l  
w i th  a s l igh t   t endency   fo r   t he  smaller sphere  tests t o   y i e l d   s l i g h t l y  
h igher   sca led   impulses   than   the   l a rger   sphere  tests. 

s1 

The negat ive  phase  durat ion  and  impulse  data  are p r e s e n t e d   i n   F i g u r e s  
11 and  12,   respect ively.   Similar   dependence  on E can be seen f o r   t h e s e  
negat ive  phase  parameters  as w a s  obse rved   fo r   t he   co r re spond ing   pos i t i ve  
p h a s e   d a t a .   I n   t h i s  case, t h e   s c a l e d   d u r a t i o n s   a p p e a r   t o   b e   c o n s t a n t  
r ega rd le s s   o f   s ca l ed   d i s t ance   u sed .  The mean value  of  T (-> is  about 1 .9  
and, as a r e s u l t ,   t h e   n e g a t i v e   i m p u l s e s  are s l i g h t l y   h i g g e r   t h a n   t h e  
pos i t i ve   impu l ses  a t  cor responding   sca led   d i s tances .  

F i n a l l y ,   t h e   s c a l e d  time of arrival and  peak  overpressure  data  from 
the  second  shock wave are shown i n   F i g u r e s  13 and  14. The time  of arrival 
da ta   po in t s   g roup   t oge the r   qu i t e  w e l l ,  wh i l e   t he   ove rp res su re  seems t o  
scatter more  and s e p a r a t e   s l i g h t l y   f o r   t h e  two d i f f e r e n t   v a l u e s  of p’ 
used.  This i s  similar t o   t h e  way t h e   d a t a  behaved f o r   t h e   f i r s t   s h o c k  wave. 
The ove rp res su re   ampl i tudes   fo r   t he   s econd   shock   f ron t  are s l i g h t l y   h i g h e r  
t h a n   f o r   t h e   f i r s t .  

1 
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FIGURE 10. SCALED SIDE-ON POSITIVE IMPULSE FROM BURSTING 
FREON-12 VAPOR SPHERE 
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FIGURE 11, SCALED DURATION OF NEGATIVE PHASE OF BLAST NAVE 
FROM BURSTING FREON-12 VAPOR  SPHERE 
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FIGURE 12, SCALED SIDE-ON NEGATIVE IMPULSE FROM 
BURSTING FREON-12 VAPOR SPHERE 
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FIGURE 13, SCALED TIME OF ARRIVAL OF SECOND SHOCK WAVE 

FROM BURSTING FREON-12 VAPOR SPHERE 
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I V .  CONCLUSIONS AND RECOMMENDATIONS 

Small-scale  experiments were conducted by Southwes t   Research   Ins t i tu te  - 
t o   p roduce   da t a   on   i nc iden t   ove rp res su res  a t  v a r i o u s   d i s t a n c e s   f r o m   f r a n g i b l e  
spheres   pressurized  with  Freon-12  l iquid  and  vapor .   Since no q u a n t i t a t i v e  
da ta   f rom  th i s   type   o f   exper iment  are a v a i l a b l e   i n   t h e   l i t e r a t u r e ,   c o m p l e t e  
time h i s t o r i e s   o f   o v e r p r e s s u r e  were obta ined   us ing   an   a r ray   o f   s ide-on  
p r e s s u r e   t r a n s d u c e r s   t o   c h a r a c t e r i z e   t h e   b l a s t  waves formed  by t h e   b u r s t i n g  
g l a s s   sphe res   con ta in ing  a f l a sh -evapora t ing   l i qu id   o r   vapor .  Two d i f f e r e n t  
s i z e   s p h e r e s  were used  of  nominal  diameters  of 51 and  102 mm (2  and 4 i n . )  

The l iquid  experiments   generated  overpressures   which were cons iderably  
lower in   ampl i tude   than   expec ted   for   the   energy   ava i lab le ,   assuming  an  
isentropic  expansion.  Consequently,   most of the  measurements made were 
of  lower  amplitude  than  the  low  end  of  the  pressure  range  over  which  the 
pressure   t ransducer  w i l l  measure  with  accuracy.  Therefore,  it is  d i f f i c u l t  
t o   e s t a b l i s h   w h e t h e r   t h e   l a r g e   s c a t t e r   i n   t h e   d a t a  was a r e s u l t  of t h i s  problem 
a n d / o r   j u s t   t h e   n a t u r e  of the   exper iment .   For   th i s   reason ,   and   because   on ly  
o n e   o f   t h e s e   e x p e r i m e n t s   a c t u a l l y   r e s u l t e d   i n  a shock  propagation,  only 
p re s su re  and  impulse  data were reduced f o r  t h e   f i r s t  two waves, and  have 
been   presented   so le ly   in   t abular   form.  

The r eco rded   b l a s t  waves for   the   vapor   exper iments  were q u i t e   r e p e a t a b l e  
and somewhat d i f f e r e n t   i n   a p p e a r a n c e  and relative amplitudes  from waves 
produced  by similar experiments   using  high-pressure air  and  argon  spheres o r  
condensed  explosives  such as P e n t o l i t e .  The i n i t i a l   p o s i t i v e   p h a s e  w a s  
followed by a very  pronounced  negative  phase  and a large  ampli tude  second  shock.  

The r e s u l t s  of the  vapor  tests i n   t h i s   l i m i t e d   e x p e r i m e n t a l   e f f o r t  
were t ransformed  in to   non-d imens iona l   quant i t ies   and   p lo t ted   versus  a 
scaled  dis tance  which  corresponded  to   the  var ious  dis tances   f rom  the 
spheres  a t  which  pressure  t ransducers  were pos i t i oned .  Whenever poss ib l e ,  
t h e s e   d a t a  were compared wi th   compi led   da ta   for   Pento l i te   h igh-explos ive .  
Most o f   t he   b l a s t   pa rame te r s   f rom  the   non- idea l   exp los ions   u sed   i n   t h i s  work 
depend p r imar i ly   on   t he   s ca l ed   d i s t ance   a l though  some dependence i n  some 
of   the  parameters  i s  e v i d e n t   f o r   c h a n g e i n   i n i t i a l   i n t e r n a l   p r e s s u r e   i n  
t h e   s p h e r e   o r   t h e   p h y s i c a l   s i z e  of the   energy   source .  Reduced data  from 
these  experiments   include  the  peak  overpressures   and arrival t imes  of   the 
f i r s t  and   s econd   shock ,   du ra t ions   o f   t he   f i r s t   pos i t i ve   phase   and   nega t ive  
phase,   and  the  posi t ive  and  negat ive  phase  impulses .  

T h e s e   d a t a   a p p e a r   t o   b e   t h e   f i r s t  set of  measurements  of  the  characteris- 
t i c s   o f   b l a s t  waves f rom  bu r s t ing ,   f r ang ib le   sphe res   p re s su r i zed   w i th  a 
f l a sh -evapora t ing   f l u id .  However, s i n c e   t h i s  set of  experiments  used  only 
one   f l u id ,   add i t iona l   expe r imen t s   u s ing   t he   bas i c  test arrangement  and 
methods  reported  here are recommended to   supplement   these  data .   These 
experiments   should  include:  

(1) Tests o f   b u r s t i n g   s p h e r e s   f i l l e d   w i t h   v a p o r s  of  higher 
s a tu ra t ion   p re s su re   such  as Freon-22,  Freon-13, o r   s u l f u r  
hexaf luor ide  (SF ) t o   b e t t e r   d e t e r m i n e   t h e   e f f e c t   o f   s p h e r e  
pressure   on   the   overpressures   measured .  6 
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( 2 )  Tests u s i n g   t h e  same f l u i d s  as  above   bu t   i n   l i qu id   fo rm  ju s t  
above   s a tu ra t ion   p re s su re  a t  room temperature.  

(3) Tests us ing   f lash-evapora t ing   f lu ids   in   l iqu id   form a t  a 
high-pressure  heated  above room t e m p e r a t u r e   t o   j u s t  below t h e  
sa tura t ion   tempera ture .  

A last  recommendation i s  to   look ,   th rough a model a n a l y s i s ,  a t  what 
form  the   sca l ing  l a w  f o r   b l a s t  waves from  f lash-evaporat ing  f luid  spheres  
should   t ake   to   be t te r   p resent   the   non-d imens iona l   parameters .  A t  t h e  same 
time, the   methodology  for   comput ing   the   energy   for   d r iv ing   the   b las t  waves 
which   account   for   the   f ragmenta t ion   of   the   g lass   sphere   needs   to   be   ana lyzed  
t o   b e t t e r   a p p l y  the s c a l i n g  l a w  and t o   a c c u r a t e l y  compute t h e  non-dimensional 
blast   parameters   for   comparison  with  high-explosive  data   or   analyt ic   predic-  
t i o n s .  Thus, b e t t e r   r i s k   a s s e s s m e n t s  and damage p red ic t ions   f rom  acc iden ta l  
explosion  of   pressure vessels conta in ing   f lash-evapora t ing   f lu ids   could   be  
made. 
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APPENDIX A 

SAMPLE ENERGY CALCULATIONS 

The fo l lowing   sample   ca lcu la t ions   use   Engl i sh   un i t s   o f   measure  be- 
c a u s e   t a b l e s  of thermodynamic p r o p e r t i e s   f o r  Freon-12 are r e a d i l y  available 
o n l y   i n   t h i s   s y s t e m   o f   u n i t s  [7]. 

I sen t ropic   expans ion   of  Freon-12 l i q u i d  a t  p /p  = 20.3  and room 
temperature  8 = 76°F.  Since  no  properties  for  compressed  (subcooled) 

l a  

l i q u i d  Freon-12 seem t o   b e   a v a i l a b l e ,   p r o p e r t i e s   f o r  s ta te  1 w i l l  be  assumed 
as those  of a sa tu ra t ed   l i qu id .   Fu r the rmore ,   s ince   t h i s  is an   e s t ima te  
of t he   change   i n   i n t e rna l   ene rgy   caused  by the  expansion  of   the  pressurized 
r e f r i g e r a n t ,   i n t e r p o l a t i o n   o f   t a b l e   v a l u e s  w i l l  be  minimized. 

For p = 290 p s i a  2 296 p s i a  1 

s p e c i f i c  volume v = 0.01465 f t3/1b 

en tha lpy  hl = 48.065 Btu/lbm 

entropy s = 0.091159  Btu/lbmoF 

and in t e rna l   ene rgy  u1 = hl - plvl, 

1 m 

1 

t h e r e f o r e  u1 = 47.27  Btu/lbm. 

A t  s t a t e  2 a f te r   expans ion   ( s l  = s z )   t o  p2 14.22  psia ,   the   qual i ty   of  
vapor x is  

s1 - x =  
s “s 

= 0.508 
g f  

where  subscr ipt  f means f l u i d  and s u b s c r i p t  g means gas .  

Therefore ,  

= Vf + x  f g  = 1.328  f t3/ lbm 

h2 = h + x h = 39.759  Btu/lbm 
f f g 

and 
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u2 = h2 - p2v2 = 36.263  Btu/lbm 

. . .. .. . . . 



Thus, 

u1 - u2 = 11.0  Btu/lbm 

Conver t ing   t h i s   t o   an   ene rgy   pe r   un i t  volume, 

Au = 247.6 B t u / f t  3 - 
v1 

E = 247.6 V = 127,000  in-lbf 

o r  

E = 14,300  Joules  

I f  the fragment   veloci ty  is  measured , then   the   k ine t ic   energy   of  the f r ag -  
ments would be   sub t r ac t ed  t o  o b t a i n   t h e   e n e r g y   a v a i l a b l e   f o r   d r i v i n g  a 
b l a s t  wave. 

For   an   i sen t ropic   expans ion  of  Freon-12  vapor a t  pl/pa = 3.45  and 
= 78"F, 

v1 = 0.90 f t  / l bm 3 

h = 88.42  Btu/lbm 1 

SI = 0.17984  Btu/lb, - OF 
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and 

u1 =: hl - plvl = 80.2 Btu/lbm 

At p2 'L 14.0 psia 

s 2 = s  > s  
1 g  

(still  in  superheated  region) 

= 2.83 ft /lbm 3 
v2 

h2 = 78.42 Btu/lbm 

and 

u2 = 71.09 Btu/lbm 

Therefore, 

Au = 9 .ll Btu/lbm 

and 

- =  Au 3.337v 
v1 
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For T e s t  No. 21, 

E - 3.337 V = 2 ,056  in-lbf 

or 

E = 232 Joules 
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APPENDIX B 

DATA TABLES 

The non-dimensional   data   obtained i n  t h i s  program,  along  with  the 
g l a s s   s p h e r e   c h a r a c t e r i s t i c s   f o r   e a c h  test, are presented  i n  t h i s  Appendix. 
Most of   the  column headings are self-explanatory;  however,  a shor t   exp lana t ion  
of  each  follows: 

I n t e r n a l   P r e s s u r e  - t h e   a b s o l u t e   p r e s s u r e   u s e d   i n   t h e   s p h e r e  
r a t ioed   t o   t he   ambien t   p re s su re  

Volume - t h e   a c t u a l  volume  measured fo r   each   sphe re .  

Computed Diameter - the   diameter   of   the   sphere as computed 
from  the  measured  volume. 

Mass - t h e  mass of t he   g l a s s   sphe re   ob ta ined  by t ak ing   t he   d i f f e rence  
of t h e   t o t a l  mass of   the   sphere   assembly   before   the  test and t h e  
mass of the  remains on t h e  test f i x t u r e   a f t e r   t h e  test .  

Thickness - computed  from t h e  measured mass and  diameter  of  the 
sphe re ,   and   spec i f i c   g rav i ty  of t h e   g l a s s .  

Energy - t he   e s t ima ted   ene rgy   ava i l ab le   fo r   d r iv ing   t he   b l a s t  
wave assuming  an  isentropic  expans2on  and  very l i t t l e  fragment 
k i n e t i c   e n e r g y   l o s s .  Sample computations are given in Appendix A.  

A l l  non-dimensional  parameters  used  have  been  defined i n   S e c t i o n  
111. The loca l   a tmosphe r i c   cons t an t s   u sed   i n  some of t h e s e  
parameters were: 

Pa = 98.5 kPa = 1 4 . 3   p s i  

a = 339.3 m / s  = 13,360  in . / sec  a 
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Table B-1 
Freon-12 Liqu id  Bursting Sphere Data 

Internal Computed 
Diameter Mass 

(m) M 
Computed 
Thickness 
(mm) 

Energy 
E 

(Joules) 
Test Pressure Volume 

No. (pl'pa) 3 
__. -___ (cm 1 

- 
P 
"1 

- 
P 
52 

2 11.9  480 97.1  137.2 2.0 7,560 0.72 
0.96 
1.43 
1.67 

0.54 
0.64 
1.07 
1.47 
1.86 
2.25 
2.64 

0.0065 
0.0050 
0.0031 
0.0014 

0.0074 
0.0060 
0.0010 
0.0021 
0.0032 
0.0027 
0.0019 

0.0017 
0.0017 
0.0011 
0 .0011 

0.00816 
0.0102 
0.00218 
0.00444 
0.00528 
0.00498 
0.00353 

10  23.4 57 47.7 35.3 2.1 1,729 0.00620 
0.0335 
0.0r)ZSl 

0.00852 
0.00802 
0.00526 

0.  o n m s  

0.0076 
0.0068 

0.0065 
0.0042 
0.0038 

0 .  0033 

0.  0031 

11 23.4 59 48.3  39.7 2.3 1,729 0.53 
0.63 
0.68 
1.06 

0.0200 

0.0100 
0.00506 

0.0173 
0.0266 
0.0236 
0.0155 
0.00833 

0.0812 
" 

0.0191 
-_ 

0.0278 
" 

0.0227 
" 

13  20.3 

14  10.2 

512 

63 

99.2  234.8 

49.4  13.1 

3.3 

0.7 

14,300 

983 

0.36 
0.42 
0.71 

0.65 
0.77 
0.83 
1.30 
1.77 
2.24 
2.71 
3.18 

0.62 
0.73 
0.79 
1.23 
1.68 
2.13 
2.58 
3.03 

0.0600 
0.0556 
0.0472 

0.0124 
0.00980 
0.00938 

0.00390 
0.00361 
0.00308 
0.00266 

0.0106 
0.0110 
0.0116 
0.00679 
0.00458 
0.00480 
0.00384 
0.00314 

0.006a5 

0.013 
0.011 
0.0077 

0.0132 
0.0109 
0.00611 
0.00791 
0.00594 
0.00577 
0.00693 
0.00598 

0 .0168 
0.0166 
0.0168 
0.00800 
0.00523 
0.00769 
0.00717 
0.00582 

0.011 
0.011 
0.012 

0.0757 
0.0507 
0.0350 
0.0151 
0.0110 
0.00947 
0.00798 
0.00632 

0.0733 
0.0539 
0.0411 
0.0187 
0.0129 
0.0110 
0.0102 
0.00747 

0.013 
0.013 
0.020 

0.0100 
0.00614 
0.0101 
0.0108 
0.00546 
0.00441 
0.00266 
0.00252 

0 . O m  
0.0141 
0.0148 
0 .0149 
0.00826 
0.00644 
0.00483 
0.0037R 

15 10.2 73 51.9  12.8 0.7 1,141 



w 
al 

Table B-2 

Freon-12 Vapor Bursting  Sphere Data 

Internal Computed  Computed  Energy 
Test Pressure Diameter  Mass  Thickness E 
No. (pl'pa)  (Cm3) (W) (m) (Joules) R 

- 
- " _ _ _ ~  

4 6.04  540  101 15 1.0 440  2.47 
3.08 
3.70 
4.32 

5 6.04  501  98.5  76.5 1.1 409 3.95 
4.58 

8 6.04  59  48.3  10.4  0.6  46 2.30 

3.61 
4.92 
6.24 
7.55 
8.86 

9 6.11  73  51.9  7.8 0.4 52  2.20 

3.45 
4.70 
5.96 
7.21 
8.47 

- 
pS 1 

0.028 
0.028 
0.021 
0.014 

0.0175 
0.0147 

0.032 

0.023 
0.014 
0.013 
0.0099 
0.0074 

0.048 

0.039 
0.023 
0.019 
0.016 
0.012 

1.79 1.38 
2.47 1.24 
2.74 1.34 
3.48 1.24 

2.64  1.29 
3.19 1.46 

1.80 1.40 

3.07 1.45 
4.39 1.40 
5.92 1.32 
6.84 1.22 
7.98 1.32 

1.17 1.30 

2.93 1.26 
4.06 1.17 
5.45 1.17 
6.33 1.17 
7.54 1.13 

0.025 1.92 
0.019 1.92 
0.016 1.88 
0.012 1.84 

0.015 1.84 
0.013 1.78 

0.029 -- 

0.022 1.93 
0.013 1.84 
0.012 1.89 
0.0086 1.84 
0.0065 1.89 

0.037 -- 

0.029 1.93 
0.017 1.76 
0.016 1.80 
0.011 1.68 
0.0085 1.80 

0.039 

0.0260 
0.0189 

0.022 

" 

" 

0.038 
0.021 
0.017 
0.012 
0.0082 

" 

0.055 
0.030 
0.017 
0.016 
0.013 

5.13 0.068 
5.70 0.053 
5.90 0.036 
6.53 0.031 

5.74  0.025 
6.40  o.n19 

" " 

6.40 0.0330 
7.59 0.0207 

9.83 0.0113 
11.10 0.00680 

8.99 o . m w  

6.03 0.0514 
6.91 0.0408 
8.30 0.0288 
9.18 0.0223 
10.56  0.0156 



T a b l e  B-2 (Cont'd) 

Freon-12   Vapor   Burs t ing   Sphere  Data 

Internal  
Pressure Volume Computed  Computed Energy 

Test Diameter Mass Thickness E P t 
- - 

NO. (P1'Pa) (cm ) (m) (gm) (m) (Joules) R 
- 

s1 al " - ~  ~ " -  

16 5.90 77 52.8  7.0  0.3 62 1.63 
2.07 
3.26 
4.44 
5.63 
6.81 
8.00 
9.33 

17 6.04 83 54.1  8.2 0.4 66 1.60 
2.03 
3.19 
4.35 
5.51 
6.68 
7.84 
9.14 

18  5.90 541 101.1  100.5  1.3 441  1.00 
1.23 
1.85 
2.47 
3.08 
3.70 
4.32 
5.01 

19 5.90 527 100.2 94.0 1.3 429 1.01 
1 .24  
1.87 
2 .49  
3.11 
3.73 
4.35 
5.05 w 

\o 

0.065 
0.057 
0.036 
0.022 
0.020 
0.015 
0.011 
0.011 

0.069 
0.049 
0.034 
0.021 
0.018 
0.013 
0.011 
0.012 

0.069 
0.055 
0.041 
0.027 
0.022 
0.018 
0.015 
0.015 

0.074 
0.064 
0.043 
0.027 
0.023 
0.019 
0.015 
0.015 

0.748 
1 .42  
2.48 
3.61 
4.83 
5.70 
6.84 
8.19 

1.04 
1.11 
2.59 
3.75 
4.92 
5.86 
6.94 
8.30 

0.515 
0.844 
1.48 
2.08 
2.66 
3.32 
3.93 

" 

0.415 
0.685 
1.35 
2.10 
2.53 
3.09 
3.84 

" 

1.07 0.0457 
1.35 0.0435 
1.23 0.0265 
1.15 0.0147 
1.15 0.0130 
1.07 0.00980 
1.19 0.00787 
1.23 0.00814 

1.20 0.0513 
1.40 0.0383 
1.20 0.0259 
1.12 0.0165 
1.16 0.0128 
1 .12  0.00931 
1 .24  0.00804 
1.16 0.00847 

1.44 0.0572 
1.54 0.0451 
1.36 0.0333 
1.34 0.0206 
1.36 0.0189 
1.26 0.0130 
1.48 0.0138 
1.42 0.0129 

1 .41  0.0612 
1.50 0.0516 
1.31 0.0365 
1.31 0.0218 
1.31 0.0195 
1.35 0.0169 
1.43 0.0135 
1.43 0.0129 

1.92 
1.90 
1.70 
1 .74  
1.78 
1.78 

1.82 

1.82 
1.78 
1.74 
1.67 
1.82 
1.74 
1.86 
1.90 

1.70 

1.96 
1.96 
1.96 
3.92 
2.00 
1.96 
1.92 
1.94 

2.01 
1.93 
1.95 
1.89 
1.97 
1.91 
2.01 
1.93 

0.0756 
0.0648 
0.0463 
0.0267 
0.0210 
0.0152 
0.0116 
0.0127 

0.0798 
0.0627 
0.0508 
0.0296 
0.0210 
0.0156 
0.0121 
0.0135 

0.105 
0.0818 
0.0662 
0.0381 

0.0257 
0.0190 
0.0212 

0.109 
0.0710 
0.0653 
0.0384 
0.0276 
0.0241 
0.0186 
0.0191 

0.0310 

3.74 
3.66 
5.42 
6.49 
7.87 
7.91 
9.73 

11.24 

4.03 
5.43 
6.71 
6.60 
7.95 
8.72 

10.04 
11.46 

3.40 
4.02 
4.16 
4.76 
5.44 
5.89 
6.73 
7.23 

3.43 
3.54 
3.97 
4.55 
5.30 
5.82 
6.54 
7 .71  

0.114 
0.0665 
0.0484 
0.0304 
0.0195 

0.0126 
0.0172 

0.0134 

0. I00 
0. 0608 
0.0406 

0.0177 
0.0119 

0.0219 

0.00952 
0.01.34 

0.101 
0.0937 

0.0454 

0.0253 
0.0200 
0.0225 

0.0803 
0.0849 
0.0840 
0.0387 
0.0336 
0.0242 
0.0183 
0.0192 

0.0709 

0.0366 



Table B-2 (Cont'd.) 

Freon-12  Vapor Bursting  Sphere Data 

Internal 
Pressure Volume Computed Computed Energy 

Test  Diameter Mass Thickness E 
- - 

- P t 
No. (pl'pa) (cm (mm) (Joules) __ -~ R s1 al 

20  3.45  568  102.7  50.5  0.7  203  1.30 
1.60 
2.39 
3.19 
3.99 
4.79 
5.58 
6.48 

21 3.45  616  105.5  68.3  0.8 226 1.25 
1.54 
2.31 
3.08 
3.85 
4.62 
5.39 
6.26 

0.048 
0.040 
0.031 
0.019 
0.015 
0.013 
0.0098 
0.0098 

0.040 
0.033 
0.025 
0.015 
0.014 
0.011 
0.0084 
0.0084 

0.56 
1.09 
1.95 
2.72 
3.28 
4.00 
5.04 

" 

0.412 
0.944 
1.30 
2.01 
2.80 
3.40 
4.30 
4.91 

1.52 0.0457 
1.84 0.0399 
1.63 0.0300 
1.47 0.0171 
1.63 0.0145 
1.68 0.0123 
1.63 0.00926 
1.57 0.00926 

1.72 0.0409 
1.80 0.0355 
1.60 0.0258 
1.54 0.0151 
1.67 0.0133 
1.67 0.0105 
1.72 0.00834 
1.67 0.00901 

2.13 
2.00 
2.05 

2.05 
1.95 
2.05 
2.05 

2.01 
2.14 
2.06 
2.08 
2.03 
1.96 
2.03 
2.03 

2.08 

0.0834 
0.0616 
0.0560 
0.0319 
0.0250 
0.0178 
0.013R 
0.0147 

0.0591 
0.0567 
0.0497 
0.0281 
0.0213 
0.0151 
0.0123 
0.0138 

4.45 
4.45 
4.80 
5.52 
6.42 
6.90 
7.73 
8.61 

4.14 
4 .R6 
4.97 
5.74 
6.43 
7.02 
8.10 
9.44 

0.0658 
0.0525 
0.0465 
0.0277 
0.C216 
0.0171 
0.01.21 
0.0146 

0.0648 
0.0443 
0 .0361 
0.0207 
0.0168 
0.0128 
0.00882 
0.0130 



REFERENCES 

1. E .  D.  Esparza  and W .  E. Baker, '!Measurement of B las t  Waves  From 
Burs t ing   Pressur ized   Frangib le   Spheres ,  'I NASA CR-2843 , 1977. 

2. D. W. Boyer, H.  L.  Brode, I. I. Glass, and J .  G.  H a l l ,  "Blast 
from a Pressurized  Sphere,"  UTIA Report No. 48,   Universi ty  of 
Toronto,  Canada,  January  1958. 

3. W. E. Baker ,   Explosions  in  A i r ,  University  of  Texas Press, Aust in ,  
TX, 1973. 

4 .  S.  L .  Huang and P. C .  Chou, "Calculations  of  Expanding  Shock Waves 
and  Late-Stage  Equivalence, ' '   Drexel  Insti tute of  Technology  Report 
No. 125-12, Apri l   1968.  

5. R.  A.  Strehlow  and W .  E .  Baker, "The Charac te r i za t ion  and  Evaluation 
of  Accidental .Explosions,"  Progress ... - ~ i n  ~ Energy  and  Combustion  Science, 
Vol.  2, NO.  1, pp 27-60,  1976. 

6. B. Maurer, H. Schneider,  K.  Hess, and W .  Leuckel,   'Nodelling  of 
Vapor  Cloud Dispersion  and  Deflagrat ion  After   Burst ing of  Tanks 
F i l l e d   w i t h   L i q u i f i e d  Gas" (Trans la t ion   by  R.  A .  Mayer),  Enlarged 
Version of Lec ture   before   In te rna t iona l   Seminar :  ELCALAP f o r  
S t ruc tu ra l   Sa fegua rds  and  Containment  Structures,   Berlin,  West 
Germany, September  1975. 

7.  """"-_I_ ASH= Handbook of  Fundamentals, Am. Soc.  of  Heating,  Refrigerating 
and A i r  Condi t ioning  Engineers ,   Inc. ,  N .Y. ,  1972. 

41 



1. Report No. 
- . . - . - - . 

2. Government Accession No. 3. Recipient's Catalog No. 
" ~ " - 

NASA CR-2811 
4. and MEASUREMENTS OF BLAST WAVES FROM 5. Report Date 

BURSTING FRANGIBLE SPHERES  PRESSURIZED WITH FLASH- November 1977 -~ 
EVAPORATING VAPOR OR LIQUID 

6. Performing  Organization Code 

- -" 
7. Author(s) 8. Performing  Organization  Report  No. 

E. D. Esparza and W. E. Baker SWRI 02-4599 
10. Work Unit  No. 

9. Performing  Organization Name and Address 

Southwest Research  Institute 
P. 0. Drawer 28510 

13. Type of  Report  and Period Covered San Antonio, Texas 78284 
NSG-3008 

National  Aeronautics  and  Space  Administration 14. Sponsoring Agency Code 
Washington,  D.C. 20546 

11. Contract  or  Grant  No. 

12. Sponsoring Agency Name and Address Contractor  Report 

15. Supplementary Notes 

Final report.  Project  Manager,  Paul M. Ordin,  Space  Propulsion  and  Power  Division, NASA 
Lewis  Research  Center,  Cleveland, Ohio 44135 

16. Abstract 

Laboratory  experiments  were  conducted  to  obtain  incident  overpressure  data  from  frangible 
spheres  pressurized  with a flash-evaporating  fluid  in  liquid  and  vapor  form.  Glass  spheres 
under  higher  than  ambient  internal  pressure of Freon-12  were  purposely  burst  to  obtain  time 
histories of overpressure. Non-dimensional  peak pressures,   arrival and  duration  times,  and 
impulses  are  presented, and  whenever  possible  plotted  and  compared  with  compiled  data for 
Pentolite  high-explosive.  The  data are  generally  quite  repeatable and  show differences  from 
blast data produced by condensed  high-explosives. 

7. Key Words (Suggested by  Authork l )  

Blast  waves;  Non-ideal  explosions;  Blast 
pressures;  Blast  impulses;  Bursting  frangible 
pressure  vessels;  Flash-evaporating  liquids; 
Vapor  explosions 

T 10. Distribution  Statement 

Unclassified - unlimited 
STAR Category 28 

- 
9. Security Classif. (of this report) 22. Price' 21. No. of Pages 20. Security Classif. (of this page) 

Unclassified A03 44 Unclassified 

* For sale by the Natronal Technical  Information Service, Sprlnefleld. Vlrglnia 22161 

NASA-LanGley. 1977 


