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A review i s  given o f  w.a.lytica1 methods f o r  predic t ing  the  
muzzle ve loc i ty  of c~mpres~scsd gas guns. Steady ad iaba t i c  
expansion theory,  quasi-st:e,ady theory and unsteady theory a re  
a l l  examined, with emphasis placed on s impl i f ied  ana ly t i ca l  
methods appl icable  t o  subsonic and t r anson ic  muzzle v e l o c i t i e s .  
New formulae a r e  obtained and compared with numerical r e s u l t s  
from a f u l l  t h e o r e t i c a l  treatment of t h e  gas flow. The 
comparisons show t h a t  the  new a n a l y t i c  r e s u l t s  &re r e  ? arkably 
e f f e c t i v e  and can t h e r e f o m  be  used f o r  gun,dp&&. - :The 
e f f e c t s  of atmospheric coislter pressure a r e  t r e a t e d  separa te ly  
and a new method of correc t ing  the  predic ted  ve loc i ty  i s  given. 
An analys is  of da ta  from actual  subsonic guns h igh l igh t s  the  
importance of muzzle pressillre r e f l e c t i o n s  i n  reducing t h e  
r e t a rd ing  pressure a t  low subsonic speeds. The observed 
muzzle v e l o c i t i e s  a r e  about. 10% below t h e  muzzle v e l o c i t i e s  
predic ted  by theory. F ina l ly ,  n i t rogen,  helium and hydrogen 
a r e  compared as p o t e n t i a l  d r ive r  gases f o r  t ransonic  guns. 
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This repor t  i s  concerned pr imar i ly  with the  gas dynamic theory underlying gas 
guns operat ing with muzzle v e l o c i t i e s  i n  the  t ransonic  range. A good reference 
t o  the  fundamental theory of unsteady gas motions is  the  review of Seigel ( ref .1)  
who has applied the  theory t o  two-stage hyperveloci ty launchers i n  which a moving 
p is ton  i s  used as a gas compressor. More than t h i s ,  Seigel  has given a compre- 
hensive coverage of the  theory of s ingle-s tage  gas guns such as  a r e  considered in  
t h i s  r epor t .  I%c bulk of t h e  design cha r t s  i n  reference 1 apply t o  s ingle-s tage  
guns and a re  therefore  re levant  t o  t h c  present  inves t iga t ion .  A few of the  many 
papers concerned with gas dynamics, hypervelocity launchers and the  use of  moving 
p is tons  as gas compressors a re  given i n  references (2,3,4,5,6,7) .  Reference 2 
i s  included as  an example of a  book pjmoviding an introduction t o  unsteady gas 
dynamics. References 3 , 4  and S contain addi t ional  bibl iographies.  Reference 6 ,  
on the  o ther  hand, i s  concerned s o l e l y  with the  use of a  moving p i s ton  t o  compress 
gas t o  a  very high pressure.  Reference 7 describes the  appl ica t ion  of a  p is ton  
compressor t o  dr ive  a hypersonic wind tunnel .  

I n t e r e s t  i n  gas guns began a t  We:zlpons Research Establishment t en  years  ago. 
During an inves t iga t ion  i n t o  the  f l  ig,l?t of l i f t i n g  p r o j e c t i l e  shapes, it was 
suggested t h a t  a  gas gun could f i r e  s i n g l e  p r o j e c t i l e s ,  mounted i n  sabots ,  and 
t h a t  measurements could be made of t h e i r  subsequent f l i g h t .  A gun of  127 mm 
bore and capable of operat ing a t  pressures  up t o  3000 kPa was constructed and 
has been i n  almost continuous use s lnce  i t s  f i r s t  f i r i n g  l a t e  i n  1967(ref.8).  
Sabot speed i s  measured a t  the  muzzle of t h e  gun. The gun has supported t a sks  
ranging from the  s t a t i s t i c a l  study of p r o j e c t i l e  impact p a t t e r n s  t o  a s s i s t i n g  
i n  the  development of a W.R.E. image synchronization camera. Early i n  1973, 
a l a r g e r  gas gun of 384 mm bore was commissioned t o  study t h e  f l i g h t  of l a rge r  
p r o j e c t i l e s  and c l u s t e r s  of small p ra1 jec t i l e s ( re f .9 ) .  This gun operates a t  
pressures up t o  1000 kPa. The two gas guns, together  with associa ted  i n s t r u -  
mentation, provide a f a c i l i t y  f o r  aerodynamic resea rch( re f .10 , l l )  and the  develop- 
ment of small munitions i n  a  close-to-the-laboratory environment where remote 
and extensive equipments such as those a t  Woomera i n  South Aust ra l ia  a re  not 
necessary. 

The gas guns, a  cont ro l  and recording bui ld ing and pressur iz ing  equipment are  
located a t  one end of an a r e a  appr.ox:imately 1100 m by 600 m i n  s i z e .  The ground 
instrumentation includes some f ixed wide-angle b a l l i s t i c  cameras which a re  s u i t -  
able f o r  t r i a l s  a t  n ight  t o  determine p r o j e c t i l e  pos i t ion ,  a t t i t u d e  and ve loc i ty  
throughout f l i g h t .  n o  l i g h t s  f lashing a t  a  frequency of about SO Hz a re  
ca r r i ed  i n  the  p r o j e c t i l e  and the  lLight f l a shes  recorded on the  b a l l i s t i c  camera 
p l a t e s .  During day f i r i n g s  perfol-mance of the  sabot and subsequent f l i g h t  of 
the  p r o j e c t i l e  may be recorded by high speed cameras. 

The W.R.E. gas guns continue t o  be used extensively.  For t h i s  reason, pre-  
liminary considerat ion has been given t o  the  design of a gun capable of much 
higher speeds. Since aerodynamic problems of a var ied  nature  f requent ly  occur 
a t  t ransonic  speeds, any such gun sh,ould be capable of t e s t i n g  p r o j e c t i l e s  a t  
speeds up t o  a t  l e a s t  a Mach number of 1.2, and preferably  up t o  a  Mach number 
of 1.5 o r  so. The purpose of t h e  present  r epor t  i s  t o  provide the  necessary 
t h e o r e t i c a l  design bas i s .  A s  w i l l  be seen, the  r epor t  r e l i e s  heavily on work 
ca r r i ed  out  by o ther  inves t iga to r s .  

We begin with the  simple flow model described by Perfect  ( ref  . l 2 ) .  This model 
i s  extended t o  higher subsonic speeds i n  Section 2 .  For supersonic gas speeds, 
a  d i f f e r e n t  model i s  necessary and one based on unsteady expansion waves i s  
described i n  Section 3. Through~out, the  emphasis i n  on s impl i f ied  ana ly t i ca l  
methods which may be applied r e a d i l y  by gun designers.  Section 4 introduces 
t h e  r e t a rd ing  e f f e c t  of atmospheric counter pressure ac t ing  on t h e  f ron t  face  of 
a  p r o j e c t i l e .  The performance of e x i s t i n g  subsonic gas guns is examined i n  
d e t a i l  i n  Section 5 i n  order  t o  assess  t h e  prec is ion  with which muzzle v e l o c i t i e s  
can be predicted.  A summary of the  recommended design procedures i s  given i n  
Section 6 .  An example i s  presented i n  Section 7,  t o  compare hydrogen, helium and 
ni t rogen as  d r i v e r  gases f o r  a  t-rimsonic gas gun. F ina l ly ,  conclusions a r e  given 
i n  Section 8. 
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APPENDIX I1 

SEIGEL PRESSUFlE FORMULA FOR A. > A1 8 

The b a r r e l  en t ry  sonic  approxim~ation i s  described i n  sec t ion  3 .3 .  Equation 
(15) gives 

where 

- 

270 / (Yo -1) 
p,po = [ 1 + 1: -t+) ;] 

Seigel  ( r e f .  1) has introduced an improved formula by taking  equation (11.1) t o  
apply only f o r  You/& 1.5. When You/ao 1.5, Z i s  replaced by (~ou / l .Sao)  .Z  
which leads t o  the  co r rec t  behaviolu~r i n  t h e  l i m i t  a s  u -+ 0. Se ige l ' s  improved 
formula leads t o  a muzzle v e l o c i t y  formula more complex than equation (14). 
However, i n  cases where t h e  d is tance  t r a v e l l e d  f o r  a given muzzle v e l o c i t y  i s  
required,  S e i g e l ' s  improved formula i s  s t ra ight forward  t o  use i n  t h e  equation of 
motion (6).  The inversion t o  give v e l o c i t y  e x p l i c i t l y  is  not  so s t ra ight forward  
and must be r e s t r i c t e d  t o  t r anson ic  and supersonic speeds if a logari thmic 
formula i s  desired.  In view of the  good performance of equation (14) a t  t r a n -  
sonic  and supersonic speeds, a s  d.esc:ribed i n  sec t ion  3.4, Se ige l ' s  more complex 
pressure  formula has not  been used~. The s i m p l i c i t y  of equation (14) i s  worth- 
while preserving.  

The case yoU/a,, < 1.5  w i l l  now be examined i n  more d e t a i l .  The f a c t o r  Z 
i n  equation (11.1) is  mul t ip l ied  bly ( 'you/l.5ao). The r e s u l t i n g  pressure  formula 
the re fo re  looks l i k e  equation (11) with po unchanged and ao replaced by 

- L I . S ( Y ~ - ~ I J  ' The mult iplying f a c t o r  becomes 

A1 )] (I- & - -3 by introclu.cing an expansion based on (70 -1) being small.  

Hence equation (13) f o r  t h e  muzzl.~: v e l o c i t y  becomes 

When yoU/ao 2 1.5, even more comp:lexity w i l l  be introduced i n  t h e  formula. Thus 
S e i g e l ' s  improved pressure  formula i s  b e s t  used t o  ca lcu la t e  d is tance  t r a v e l l e d  
f o r  a prescr ibed  muzzle ve loc i ty , .  The r e s u l t  f o r  YOU/* 2 1.5 can be shown t o  be 

where E = exp [3-(1/2)(l-(kl/d&1:l)] - 1  1-(~0/3)(1-(~1/&))]-~~xp[3-~0(Al/~o))]* 
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