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DESCRIPTION AND CAPABILITIES OF A TRAVELING WAVE 
SONIC BOOM SIMULATOR 

By Roger  Tomboulian  and  William  Peschke 

INTRODUCTION 

A detai led  undertaking and systematic  evaluation  of  the 
e f f ec t s   o f   a i r c ra f t   gene ra t ed   son ic  booms on t e r r a in   conf i au ra -  
t i o n s ,   a r c h i t e c t u r a l  s t ruc tu res ,  and  bui lding  mater ia ls  would  be 
s u b s t a n t i a l l y   f a c i l i t a t e d  by t h e   a v a i l a b i l i t y   o f  a laboratory 
type  simulator  capable  of  producing  repeatable boom s igna tures  
of var iable   pressure  ampli tude and durat ion.   Desirable   features  
of  such a f a c i l i t y   i n c l u d e   t h e   a b i l i t y   t o   p r o v i d e  a f u l l   s c a l e  
t r a v e l i n g  wave with a ve loc i ty   cor responding   to   tha t   p roduced  by 
a supe r son ic   a i r c ra f t .  I n  addi t ion ,  it would  be u s e f u l   i f   t h e  
laboratory  device  could  generate  reduced  scale  signatures so t h a t  
tests could  be  performed  with  scale  models  and  achieve an extended 
research  capabi l i ty   with  cost   savings  associated  with  reduced 
s c a l e   t e s t i n g .   I n i t i a l   r e s e a r c h   s t u d i e s   ( R e f e r e n c e  1) were 
conducted t o   e s t a b l i s h   t h e   f e a s i b i l i t y ,   d e s i g n   t e c h n i q u e s  and 
approaches t o  be  followed i n  the  development  of a l a rge   s ca l e   son ic  
boom s imula tor   sa t i s fy ing   these   requi rements .   Dur ing   tha t   e f for t ,  
a sonic  boom simulator   incorporat ing a s to red   a i r   supp ly ,  mass 
flow c r i t i c a l   v a l v e  and an acoust ic   horn was designed and 
constructed.  

The present   s tudy was undertaken t o   g a i n  a more complete 
understanding  of the performance  capabili ty of the   t r ave l ing  
wave type  sonic  boom s imula to r ,   t o  improve i ts  Performance  range 
and c a p a b i l i t y ,  and t o  develop t e s t  data   useful   for   the  develop-  
ment of   l a rger   vers ions   o f   the   s imula tor .  The spec i f i c   a r eas   o f  
invest igat ion  of   the  present   s tudy  are   concerned  with:  

1. A study  of methods  and t e c h n i q u e s   t o   a l l e v i a t e  
t h e  j e t  noise  produced  during  operation  of  the 
f a c i l i t y ,  

2 .  An extended  exploration  of  the  operating  range 
of the  s imulator ,   including  s tudy of t h e  



3 .  

4. 

In 

f a c i l i t y   p e r f o r m a n c e   c h a r a c t e r i s t i c s  a t  
var ious test  sec t ion   l oca t ions   w i th in  
the  s imulator :  

An examination  of  methods  for  the  develop- 
ment of  non-idealized wave shapes: 

A review  of  absorber  materials  and 
a b s o r b e r   i n s t a l l a t i o n   t e c h n i q u e s   t o  improve 
the  ref lected-wave  cancel la t ion  character-  
i s t i c s  o f   t h e   f a c i l i t y .  

a d d i t i o n   t o   t h e s e   a r e a s ,  a diaphragm  driver  technique 
was developed  for  the  production of f a s t  r ise  t i m e ,  short   dura-  
t i o n  N-wave signatures,   appropriate  for  reduced  scale  experimenta- 
t ion .   This  w i l l  be discussed  in  a subsequent  section. 

The fo l lowing   sec t ions   o f   th i s   repor t   rev iew  the   des ign  
f e a t u r e s  and ope ra t ing   cha rac t e r i s t i c s   o f   t he   son ic  boom 
simulator ;  and d e t a i l   t h e  r e s u l t s  o f   t h e   s p e c i f i c   i n v e s t i g a t i o n s  
ou t l ined  above. 

GASL-NASA S O N I C  BOOM SIMULATOR 

The research  undertaken i n  t h e  program was performed  using 
t h e  NASA/GASL Sonic Boom Simulator.  Reference 1 provides a  com- 
p rehens ive   desc r ip t ion   o f   t he   f ac i l i t y .  A schematic  drawing  of 
t h e   f a c i l i t y   l a y o u t  i s  shown in   F igure  1. Figure 2 p resents  
photographs  of  certain components  of t h e   f a c i l i t y .  

The f a c i l i t y   c o n s i s t s   o f   t h r e e   m a j o r  components. Bas i ca l ly ,  
t hey   a r e  a conica l   duc t ,  a mass f low  control   valve  ( including an 
air   supply  system)  which i s  coupled t o   t h e   d u c t   a t  i t s  apex,  and 
a moving a b s o r b e r   i n s t a l l e d   a t   t h e   l a r g e   e n d   o f   t h e   d u c t .  

Conical Duct. - The 100 foot   long   conica l   duc t  shown in   F igure  1 
i s  character ized  by a square  cross-sect ion and a 2 . 2 5  degree  half  
angle.  The cone  measures 8 feet by 8 feet a t  i t s  e x i t .  To min- 
imize  the  loss   of  wave energy t o  the   duc t   wa l l s ,   r e in fo rced  con- 
crete  i s  used a s   t h e   s t r u c t u r a l   m a t e r i a l   f o r   t h e  8 inch   th ick   wal l s .  
The concrete  horn i s  t e rmina ted   a t  i t s  apex  by a s ix   foo t   l ong  
aluminum sec t ion  which is  a l so   con ica l   w i th  a square   c ross   sec t ion .  
I t  t e r m i n a t e s   a t  i t s  smallest   end,   with a .875x.875  inch  opening. 

Wave Generation  Valve. - A schematic  diagram  of  the mass flow 
cont ro l   va lve   as   o r ig ina l ly   des igned  is presented  in   Figure 3. 
The valve i s  hydraul ica l ly   d r iven   bu t   incorpora tes   an   a i r   bypass  
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c i r c u i t   t o  a compensating  cylinder  which  acts  to  reduce  the 
force  unbalance on the  valve  during  operation. The a i r  is 
supplied  to  the  compensating  cylinder from a t a p  on the   sur face  
of   the   conica l   p in t le .  The a i r   p ressure   suppl ied  t o  the  
cy l inde r   va r i e s   w i th  t i m e  and depends on the   loca t ion   of   the  
va lve   p in t le   dur ing  i ts  opening and c los ing   s t roke .  The hydraul ic  
driver  system,  used  in  conjunction  with  the  compensating  cylinder 
provides a l i n e a r   r e l a t i o n s h i p  between  valve  displacement  and 
t i m e .  With a l inear   motion  of   the  valve,  and a constant  supply 
pressure,   the  mass flow  variation  through  the  valve becomes a 
func t ion   on ly   o f   t he   t h roa t   a r ea .   S ince   t he   va lve , i s   ope ra t ed  
a t   suf f ic ien t ly   h igh   supply   p ressures ,   sonic   condi t ions   a re  
obtained  a t   the   valve  throat .  

A t  any  given  instant  of t i m e  during  valve  operation,  the 
flow i s  supersonic  downstream of t h e   t h r o a t .  A shock in t e r f ace  
is found a t  a given  location  within  the  duct where the  f low 
becomes subsonic. The posi t ion  of   the  shock  interface moves i n  
the  d u c t  as  a function  of  the mass flow. O n  the  basis   of   s teady 
s ta te   i sen t ropic   one-d imens iona l   f lu id  dynamic considerat ions,  
the  supersonic  flow  region i s  described by  the  equations  discussed 
i n  Reference 1, i .e . ,  

w = p  u s = p  u r 2 R  i r i  1 r l  (1) 

M =  1 

3 



and the   condi t ion  M = 1 determines  the  required mass f low  ra te  
as   ind ica ted  by Eq. ( 3 ) .  Since  t h e   s i m u l a t o r   f a c i l i t y  is b u i l t  
wi th a re la t ive ly   smal l   d ivergence   angle   in   the   duc t ,  a p l a i n  
shock  can be assumed t o   e x i s t   a t   t h e  shock  interface.  Hence 
t h e   c l a s s i c a l  shock wave equations  can  be  used  to  determine  the 
change i n  propert ies   of   the   f low  f ie ld   gas   across   the  shock.  
I n   p a r t i c u l a r ,   i f  Mli denotes  the Mach number immediately  upstream 
of   the   shock   in te r face   the   ra t io   o f   the   s tagnat ion   pressure  p, 
upstream  of  the  shock to   t he   s t agna t ion   p re s su re  p downstream 
of  the  shock is given  by 

1 

0 

Y 1 

" PC0 - y + l  [2 + (y-1) M;J Y - 1  [ ~ Y M ? ~ -  (y-.I] - Y -1 

(5) 

Equation (5) is  w r i t t e n  with  the  assumption  that   the  
pressure po i s  the  ambient  pressure i n  t he   acous t i c   s ec t ion   o f  
the  cone,  and is  assumed t o  be constant   during  the  per iod  of  t i m e  
t h e  wave propagates i n  the  horn.  

The se t  of  Eqs. ( 1 ) ,  ( 2 ) ,  (4)  and ( 5 )  a r e   t he   bas i c   ope ra t -  
ing  equations,  determining  the  design of t h e  mass control   valve.  
Spec i f i ca l ly ,  by choosing  the  pressure p, o f   t he   r e se rvo i r ,  
Eq. (5)  w i l l  provide  the  value  of  the Mach number i n  the  super- 
son ic   f l ow  a t   t he  shock  intei-face.  Then,  by means of Eq. (4)  t h e  
d e n s i t y   r a t i o  p / p  can be obtained. Then using Eq. (1) and ( 3 )  
the   value  of  them t h o a t   a r e a  S* a s  a function  of w can  be  computed. 
Eq. ( 2 )  with  the  value  of S* then  can  be  used  to  determine  the 
posi t ion  of   the  shock  interface.  I t  may be  noted  that   as   the mass 
flow  increases,   the shock i n t e r f a c e  moves downstream  reaching a 
maximum dis tance  when the  mass f l o w   r a t e   a t t a i n s  i t s  maximum 
value.   Ultimately  the  motion  of  the  shock  interface,   controls 
t h e   r i s e  t i m e  capabi l i ty   o f   the   device .  The basic  requirements 
for   the   cont ro l   va lve   a re   tha t  it be capable of l a rge  mass flow 
a t  peak  opening,   that   the   t ransi t ion from  no  flow to   f l ow be 
sharp and tha t   the   th roa t   a rea   var ia t ion   dur ing   the   va lve   s t roke  
provide  the  required mass flow  properties.  A s  described i n  
Appendix A of Reference 1, parabol ic  mass f low  var ia t ion is needed 
t o  produce a N-wave s igna ture .   This   var ia t ion  is achieved by a 
l inearly  tapered  cone,  assuming  that   the  plug is s t r o k e d   a t  
cons tan t   ve loc i ty .  The basic  dimensions  of  the  plug  valve were 
developed  such  that  for  long  wavelengths,  an  overpressure  of 

4 



2 t o  3 lbs .   per   square  foot   can  be  obtained  a t   the   duct  ex i t .  
Under these   condi t ions   the  mass flow is on the  order  of 
50 l b s / s e c   a t   t h e  maximum opening  of  the  valve.  With  nominal 
pressure  of 1000 p s i   i n   t h e  plenum, a 2 i n .  o r i f i c e  is required 
f o r   t h i s  mass flow.  These  requirements  led  to  the  design  of  the 
plug  valve shown in  Figure 3 .  

Acoustic  Absorber. - While an  absorber i s  not   required  for   very 
short   wavelengths  such  as  those  used  in  scale model t e s t i n g ,  it 
is  c lear   tha t   for   long   wavelengths   ( fu l l   sca le  booms) the  
r e f l e c t e d   s i g n a l  from the  open  end  of  the  duct w i l l  i n t e r f e r e  
with  the  outgoing  pr.essure wave generated  by  the  source and 
combine to   g ive  a r e s u l t  which is not   representat ive  of   the   sonic  
boom s igna ture .  From an ana lys i s   o f   the  wave propagation i n  and 
a t   t h e  end  of  the  duct  (Reference l), a unique  solution was 
obtained  which  resulted i n  the  design and construction  of an 
absorbing u n i t  which would e f f e c t i v e l y   c a n c e l   a l l   o f   t h e  wave- 
l eng ths   o f   p rac t i ca l   i n t e re s t .  The abso rbe r   ac t s   t o  match t h e  
complex acous t ica l   admi t tance   p resent   a t   the  end  of  the  duct by 
cancel l ing  both  the res i s t ive  and i n e r t i a l  components  of  the 
pressure wave. This is accomplished by means of a termination 
which cons is t s   o f  a moving absorber  as  represented by the  
schematic  drawing  in  Figure 4. The absorber   acts   as  a porous 
p i s ton  and is f r e e   t o  move along  the  axis  of  the  cone. The 
moving piston  concept  has  the  advantage  of  being a completely 
passive  arrangement.   After a su i tab le   matching   or   tun ing   has  
been  achieved,  almost  complete  cancellation  of  the  reflected wave 
s igna l   can   t heo re t i ca l ly  be  accomplished. A s u b s t a n t i a l   e f f o r t  
was devoted to   the   se lec t ion   of   var ious   mater ia l s   for   the   porous  
p is ton .   Idea l ly ,   the   mater ia l   should   exhib i t  a f low  res is tance 
R 3 Ap/u, which i s  constant   over   the  range  of   f low  veloci t ies  
which w i l l  e x i s t  i n  the   s imula tor ,   fo r   ins tance ,   up   to  200 
centimeters per  second. 

From a series of  material   sample tes ts ,  it was found t h a t  
no s ingle   mater ia l   exhib i ted   the   p rec ise   p ressure   loss   charac te r -  
i s t ic  d e s i r e d .   F u r t h e r   e f f o r t   t o   l o c a t e  and t e s t  new ma te r i a l s ,  
or  combinations  of  material  more near ly   sa t i s fy ing   the   absorber  
requirement, was postponed  and a compromise mater ia l  was se lec ted  
f o r   i n i t i a l  u se  in   the  absorber .  

The ma te r i a l   s e l ec t ed   fo r   i n i t i a l   u se  i n  t h e   f a c i l i t y  was 
1 / 2  inch  thick  f iberglas   blanket   (0 .75  lbs/f t3   densi ty)  . For 
t h i s   m a t e r i a l   t h e   f l o w   r e s i s t a n c e  was found to  be  approximately 
p ropor t iona l   t o   t he   ma te r i a l   t h i ckness   fo r  a veloci ty   range  of  
60 t o  150 cm/sec, thus   the   res i s tance   o f   the   p i s ton   could   be  

5 



modified by changing  the  thickness  of  the  material .  The i n i t i a l  
resu l t s   ob ta ined   us ing   the  moving absorber   while   not   perfect ,  
ind ica te   tha t   the   approach  was conceptually sound  and t h a t  a 
simulator  device  of  reasonable  length  can be made and yet  produce 
fu l l - sca le   sonic  boom s igna tures .  

The effect iveness   of   the   absorber  is i l l u s t r a t e d   i n  
Figure 5.  The two reproduced  osci l loscope  t races   ( taken from 
Reference 1) represent   the  N-wave ob ta ined   i n   t he   f ac i l i t y   w i th  
and wi thout   the   absorber   ins ta l led .  A s  can  be  seen,  the  absorber 
ac t s   t o   subs t an t i a l ly   r educe   t he  low frequency component of   the 
r e f l e c t e d  wave I 

DEVELOPMENT OF IMPROVED SIMULATOR PERFORMANCE 

This   sec t ion   d i scusses   the   de ta i led   a reas  of inves t iga t ion  
cons ide red   i n   t he   p re sen t   e f fo r t   a s   t hey   r e l a t e   t o   ach iev ing  a 
bet ter   understanding of the  performance  character is t ics  and 
def in i t ion   o f  the range  of   appl icabi l i ty  of the t r ave l ing  wave 
sonic  boom simulator.  

P r io r   t o   d i scuss ing   t he   spec i f i c   a r eas  of i nves t iga t ion  
ou t l ined   i n   t he   i n t roduc t ion ,  two b a s i c   c h a r a c t e r i s t i c s  of the  
f a c i l i t y   d e s i g n  w e r e  examined  and a l t e r e d   t o  improve  and  extend 
i t s  operat ing  character is t ics .   These  revis ions  involved  creat ing 
a more p o s i t i v e   s e a l   w i t h i n   t h e   v a l v e   p r i o r   t o   f l o w   i n i t i a t i o n  
and an  increase  in   the  a i r   supply  system  capaci ty   to   permit  
generation  of  longer  duration boom s igna tures .  

Improvement of  Valve  Throat  Seal 

The v a l v e   p i n t l e  and throa t   conf igura t ion   u t i l i zed   dur ing  
t h e   i n i t i a l   f a c i l i t y  development  (Figure 3 )  did  not   provide a 
p o s i t i v e   s e a l  between  the  valve  throat and t h e  plenum  chamber 
when the   va lve  was i n  i t s  c losed   pos i t ion .  A metal   to  metal  
c learance of -001 inch  between  pintle and throat  had  been  pro- 
vided t o  minimize f r i c t i o n   l o a d s  i n  the  valve.  However, t he  
at tendant   leakage of a i r  which  occurred  into  the  horn when t h e  
valve plenum was pressurized  resul ted  in   object ionable ,   a l though 
low level ,   noise   preceding  the  actual  wave generation. 
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The noise   genera ted   p r ior   to   va lve   ac tua t ion  is  shown i n   t h e  
upper   t race of Figure 6 ,  where  the  leakage  flow  noise  can be 
seen  preceding  the  arr ival  of t he   i nc iden t  wave. In   addi t ion  
t h e r e   e x i s t s  severe je t  noise   during wave production. The lower 
t race   in   the   f igure   represents   the   t ime-d isp lacement   h i s tory   o f  
the  valve  der ived from the  output   of  a l inear   potent iometer  
f ixed   t o   t he   va lve   sha f t .  

I n s t a l l a t i o n  of  a t e f l o n   r i n g  on the  circumference  of  the 
v a l v e   p i n t l e   a t   t h e   p o i n t   o f   t h r o a t   c o n t a c t   ( i n   t h e   v a l v e   c l o s e d  
posi t ion)   e l iminated  this   leakage,   as   can be seen i n  Figure  7a. 
The t r a c e  shown i n  Figure 7a shows the   p re s su re   h i s to ry   p r io r   t o  
valve  opening  as w e l l  a s  a po r t ion  of t he  wave s igna ture  measured 
a t  a d i s t ance  of s i x t y   f e e t  downstream  of t he   t h roa t .  The conical  
"b l ip"   occur r ing  i n  t h i s   t r a c e ,  and preceding  the  incident  wave 
by approximatly 30 m i l l i s e c o n d s   ( t o   t h e   l e f t ) ,  i s  due t o  unseat- 
ing of the   p in t le .   This   "precursor"   d i s turbance  i s  of s u f f i c i e n t  
ampli tude  to  be undesirable.   For  example,   test  results which 
inc lude   th i s   p ressure   d i s turbance   o r  some r e f l e c t e d  component 
of the  disturbance  could  lead t o  mis in t e rp re t a t ion  of the   da ta .  
The spurious  s ignal  was el iminated by r ep lac ing   t he   s l i d ing   s ea l  
on the   va lve   p in t le   wi th  a s t a t i c   s e a l   i n s t a l l e d  i n  the  valve 
body. The improved  performance  obtained  with  this  modification 
i s  shown i n  Figure 7b where it can  be  seen  that   the   s ignal  
preceding  the  generated wave i s  noise   f ree .  

Non-Steady Plenum Stagnation  Pressure 

The a i r  supply  system  constructed  during  the  init ial  
f a c i l i t y  development was s u f f i c i e n t   t o  meet  flow r a t e   r e q u i r e -  
ments for  moderate  length and overpressure wave generat ion.  
During  long  duration,  high  pressure wave generat ion,   d is turbed 
pressure  histories  developed  because of  a s u b s t a n t i a l   v a r i a t i o n  
i n  t he  plenum pressure.  

Typica l ly ,   for  a 300 f t  wave length,  a valve plenum s tag-  
nation  pressure  decrease  of  as much a s  50 percent  was experienced. 
A reproduction from  Reference 1 of the   osc i l loscope   t race   in -  
d i c a t i n g  such  a pressure  decay i s  shown i n  Figure 8. As p a r t  
of the  present   effor t   to   explore   the  range of wave generat ion 
c a p a b i l i t y ,  a l a r g e r   a i r   i n l e t  and supply  system  for  the  valve 
plenum  was inco rpora t ed   i n to   t he   sys t em  to   e l imina te   t h i s  
l i m i t a t i o n .  To accommodate the  entry  of  the  increased  diameter 
piping,   the   valve plenum  chamber was also  modified.  However, 
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i t s  volume  remained e s s e n t i a l l y  unchanged. The modified  piping 
s i z e  and manifold  configuration was selected  based on the  pres-  
sure   drop  for   condi t ions  of  maximum instantaneous mass flow 
through  the  valve.   These  conditions  corresponded  to  the  valve 
a t  i t s  maximum opening. D* = 2.0 inch,  and the   an t i c ipa t ed  
maximum operat ing  pressure,  =IO0 p s i g , .  Maximum instantaneous 
s t eady   a i r   f l ow  r e su l t i ng  from ope ra t ion   a t   t hese   cond i t ions  i s  
7.2 lb/sec.  For a  nominal  pipe  diameter  of 3 inches and  an 
approximately 10 foot   length  of   pipe from t h e   a i r   r e s e r v o i r   t o  
t h e  plenum  chamber, t he   l i ne   p re s su re   d rop ,   ca l cu la t ed  on the  
b a s i s  of   s tandard  pipe  f low  re la t ions and  assumed f low  coef f ic ien ts  
f o r   t h e   p i p e   f i t t i n g s ,  was pred ic ted   to   be   about  4 psi .   This  
l e v e l  of  pressure loss during  valve  operation was considered 
acceptable  provided  the  generated wave amplitude and wave shape 
were  repeatable. O n  t h i s   b a s i s ,   t h e   a i r   s u p p l y   p i p i n g  system 
was increased i n  s i z e .  Measurements  of  plenum pres su re   h i s to ry  
a f te r   these   modi f ica t ions  w e r e  incorpora ted   in to   the   a i r   supply  
system showed a maximum pressure  drop  of 5 psi   dur ing  valve 
o p e r a t i o n   a t   t h e  maximum operat ing  pressure of 100 psig.  

PO 

J e t  Noise  Reduction 

The presence  of j e t  noise   during wave generat ion i s  an 
i n h e r e n t   c h a r a c t e r i s t i c  of acoustic  horn  simulators  because 
operation i s  based on a i r  flow  from  a r e s e r v o i r .  To provide 
usefu l  wave s igna tures   for   t es t   purposes   the   des ign  of the 
wave generator  must  reduce  the  concommittant j e t   n o i s e   c r e a t e d  
during wave genera t ion   to  a m i n i m u m .  The j e t   n o i s e   a r i s e s  from 
the   i n t e rac t ion  between the   t u rbu len t  components  of the  flow 
and the  shocks  produced i n  the  f low from the  choked j e t  . 
The objec t ives   o f   the   p resent   inves t iga t ion  w e r e  t o  examine 
methods  of  reducing  the  relative  amplitude of the  noise   using 
techni iues  which  would no t   adve r se ly   a f f ec t   t he   r i s e  t i m e  o r  
amplitude of the  generated wave. The upper   t races  i n  t h e  two 
oscil loscope  photographs of Figure 9 ind ica t e   t he   ex i s t ence  
of severe  je t   noise   superposed on the  generated  s ignature .  
The upper  photograph was obtained  with a  microphone  located 
70  f e e t  from the   t h roa t   wh i l e  i n  t h e  lower t r ace ,   t he  microphone 
was s t a t i o n e d   a t  a po in t  80 f e e t  from t h e   t h r o a t .  The j e t   n o i s e  
i s  seen t o   a f f e c t   t h e   e n t i r e  N-wave s t ruc tu re   w i th  a maximum 
noise  amplitude  occurring i n  t h e   c e n t r a l   p o r t i o n  of the   s igna ture .  
I n  each  photograph  the  trace  immediately  below  the wave s igna ture  
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i s  t h e  plenum s t agna t ion   p re s su re   h i s to ry  and the  lowest   t race 
ind ica tes   the   va lve   d i sp lacemef i t   h i s tory .  The two remaining 
t races   in   each  photograph  are   the  output   of  two f lush  mounted 
p r e s s u r e   t r a n s d u e r s   i n s t a l l e d  i n  t h e  side wal l   o f   the   t rans i t ion  
sec t ion   jo in ing  the valve and t h r o a t   t o   t h e   f a c i l i t y   h o r n .  The 
t ransducers   were  posi t ioned  a t   d is tances  downstream  of t h e   t h r o a t  
of 26 inches  (upper  trace) and 18 inches  ( lower  t race) .  The 
plenum pres su re   h i s to ry  i s  seen  to  be s t eady ,   i nd ica t ing   t ha t  
t h e  j e t  noise  probably i s  not   generated by p res su re   f l uc tua t ions  
in   t he   va lve  plenum. O n  the  other   hand,   the   f low i n  t h e   t r a n s i -  
t i on   s ec t ion  where the  flow i s  supersonic i s  qui te   unsteady and 
i s  most l i k e l y   t h e   j e t   n o i s e   s o u r c e .  

I n i t i a l   a t t e m p t s   t o   e l i m i n a t e   t h e   j e t   n o i s e   i n v o l v e d   t h e  
use of acous t i c   f i l t e r s   p l aced   w i th in   t he   duc t .  Two b a s i c  
techniques w e r e  used. The f i rs t  approach  involved  install ing 
absorbing  sheets   paral le l   to   the  f low  for   the  purpose of absorb- 
ing  the  higher  frequency component  of t h e   j e t   n o i s e .  The second 
method involved   the   inser t ion  of thin-walled  tube  bundles i n  the 
f low  to   sh i f t   the   f requency  of the  generated  noise   spectrum  to  
still higher   values ,  beyond the  range of In te res t .   Nei ther  
technique   provided   sa t i s fac tory   resu l t s .  The r e s u l t a n t   e f f e c t  
of bo th   f i l t e r ing   techniques  was t o  produce  distortion  of  the 
wave s igna ture  due to  the  wave-solid body i n t e r a c t i o n  and  a 
d e t e r i o r a t i o n  of the  wave r i se   t ime.  The f a i l u r e  of acous t ic  
f i l t e r i n g  methods to   reduce  the  je t   noise   led  to   the  re-examina-  
t i o n  of the  design of t h e   t r a n s i t i o n   s e c t i o n ,   s i n c e  tes t  da t a  
showed it t o  be the  primary  location of the   source   o f   the   j e t  
noise .  The axisymmetric t o   s q u a r e   t r a n s i t i o n   s e c t i o n   o r i g i n a l l y  
developed was designed  to  minimize  the  shock wave t ravel   during 
signature  development. The t r ans i t i on   s ec t ion   des igned   t o  meet 
this   condi t ion  produced a s e r i e s  of  compression  waves i n  the  
region  where  the  flow was supersonic.  These  were  thought  to be 
c o n t r i b u t i n g   a g e n t s   t o   t h e   j e t   n o i s e ,  and consequently a 
redes ign   of   the   t rans i t ion   sec t ion  was under taken   to   a l lev ia te  
t h i s   cond i t ion .  The a l t e r a t i o n   c o n s i s t e d  of rep lac ing   the  
t r ans i t i on   s ec t ion   w i th  a square  cross-section  conical  horn 
extension  approximately  s ix   feet   long.  A . 8 3 5  x .835 inch  square 
th roa t   r ep laced   t he   c i r cu la r   t h roa t  of the   va lve .   This   a l te ra -  
t ion  eliminated  the  angular mismatch i n h e r e n t   i n   t h e   o r i g i n a l  
t r ans i t i on   s ec t ion   conf igu ra t ion ,  and the  source  of  the 
compression  waves. 
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concurrent  with this modif icat ion,   s ince it was necessary 
t o   r e l o c a t e   t h e   a i r   s u p p l y   l i n e s   t o  accommodate t h e   t r a n s i t i o n  
sec t ion   a l t e r a t ion ,   t he   a i r   s to rage   sys t em was a l s o   a l t e r e d   t o  
the  configurat ion shown i n   F i g u r e  10. While  modifications w e r e  
being made to   t he   va lve   conf igu ra t ion   t o   adop t  it to   t he   squa re  
throat   geometry,   an  a l ternate  means fo r  N-wave signature  genera- 
t i o n  was developed t o   f a c i l i t a t e  check-out  of  the  performance  of 
the   modi f ied   t rans i t ion   sec t ion .  A pressur ized   dr iver   sec t ion  
was a t tached   to   the   apex  of the  cone  extension and separated 
from the   conica l   duc t  by a .0035 i nch   t h i ck   ce l lu lose   ace t a t e  
diaphragm. The dr iver   cons is ted  of a 1 inch I . D .  chamber  whose 
length  could be varied.  Using a natural   burst   of   the   diaphragm 
a t  a dr iver   pressure  of  110 ps ig ,  N-waves of 1.5 t o  15  m i l l i -  
seconds  duration  could be obtained  with  typical  rise times of 
less than 10 microseconds  and  incident wave overpressures  of 
4.0 p s f .  A t y p i c a l   r e s u l t  of t h i s  mode of operat ion is  shown 
in   F igure  11. 

A series of tests w e r e  performed  with  the new t r a n s i t i o n  
sect ion  using  the  diaphragm  dr iver   in   place of t he   va lve   p in t l e  
t o   g e n e r a t e  t e s t  s ignatures .   Using  var ious  dr iver   lengths ,  a 
range   of   to ta l   d r iver  volumes  provided a range  of  sustained 
per iods  (a lbei t   decaying)   f lows  through  the  t ransi t ion.  

T e s t  s ignatures   obtained  with a microphone  located on 
the   s imu la to r   cen te r l ine   a t  a d i s t ance  of 70 f e e t  from the  
th roa t   a r e   p re sen ted   i n   F igu re  1 2  for   d r iver   l engths  of 39, 76,  
and 156 inches.  The da ta   i nd ica t e s   t ha t   t he   mod i f i ed   t r ans i t i on  
sec t ion   has  no d e l e t e r i o u s   e f f e c t  upon the   s igna tu re  rise t i m e  
and that  noise  generation  by  the  throat/ transit ion  cone  assembly 
i s  a t  a low .level and i s  non-ex i s t en t   du r ing   t he   i n i t i a l  5-10 
mil l iseconds of wave generation. 

With the   in t roduct ion  of the   modi f ied   t rans i t ion   sec t ion ,  
the  valve  pint le   configurat ion  required  corresponding  modif icat ion.  
The or iginal ly   designed  valve body  and ac tua t ing  mechanism  was 
r ead i ly   adap tab le   t o   pe rmi t   a t t achmen t   t o   t he   t r ans i t i on   s ec t ion  
flange. Two p in t l e   con f igu ra t ions  and o r i en ta t ions  w e r e  
c o n s i d e r e d .   I n   t h e   f i r s t   c a s e ,   t h e   p i n t l e  i s  a symmetric 10 
to ta l   angle   double  wedge forming a squa re   c ros s   s ec t ion   a t  i t s  
base   t o   p rov ide   s ea l ing   a t   t he   t h roa t .  A s  t h e   p i n t l e  i s  with- 
drawn along  the  horn  axis two r e c t a n g u l a r   o r i f i c e s   a r e  formed 
a t   t h e   c r i t i c a l   s e c t i o n .  A schematic  of  this  configuration is  
shown in   F igure  13 .  An a l te rna te   conf igura t ion   provid ing  a 
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s i n g l e   t h r o a t  i s  shown in   F igure  14. I n   t h i s  case the p i n t l e  i s  
two-dimensional  but i s  formed  by a 8.5 degree wedge whose l i n e  
of   act ion is  p a r a l l e l   t o  one  wall  of the horn.  In  both  configura- 
t i ons   s ea l ing   o f   t he   t h roa t  i s  accomplished  by  an  "interference 
f i t "  between the p i n t l e  and a t e f l o n   n o z z l e   b l o c k   i n s t a l l e d   a t  
the th roa t .  Due to   the  requirement   for   extremely  accurate  
alignment  of  pintle  and  conical  wall  imposed  by the l a t t e r  con- 
f igurat ion,   the   former  pint le   geometry was selected for  continued 
investigation.  Three  f lush-mounted  pressure  transducers w e r e  
l o c a t e d   i n   t h e   c o n i c a l   t r a n s i t i o n   s e c t i o n   a t   d i s t a n c e s  of 50 (l), 
2 8  ( 2 ) ,  and 10 ( 3 )  inches downstream  of the   th roa t .  (The  numbers 
in   paren theses   a re   used   to   d ,enote   t races   o f   the   da ta   ob ta ined . )  

The oscil loscope  photograph  of  Figure 15  i s  representa t ive  
of the  s ignature   recorded  a t  a d i s t ance  of 70  f e e t  from the  
th roa t   u s ing   t he  10 degree wedge p i n t l e .  Whereas the  induced 
peak t o  peak  noise   level   inherent   in   the  or iginal   axisymmetr ic  
configurat ion was on the  order  of twice  the  incident  wave 
amplitude, the peak t o  peak  noise  level  obtained  with  the wedge 
was reduced t o  a l v e l  on the  order   of   the   incident  wave 
amplitude. The remaining  four   t races   in   the  photograph  represent ,  
from top   to   bo t tom,   the   p ressure   h i s tor ies   recorded   in   the  
t r a n s i t i o n ,   ( r e f e r r e d   t o  by  number)  and in   t he   va lve  plenum, 
respec t ive ly  and the  valve  displacement  history.  The t ransducers  
l o c a t e d   i n   t h e   c o n i c a l   t r a n s i t i o n   c l e a r l y   i n d i c a t e d   t h a t  a reduced 
noise   l eve l   had  been obtained  with  the new valve-throat  configura- 
t i on .  (The transducer  channel  used  to  acquire plenum stagnat ion 
pressure   appears   to  be experiencing a f a i l u r e  and should be 
disregarded.)  I t  i s  t o  be noted  that   dur ing  these tests with 
this configurat ion,  a port ion  of   the wedge remained in   the   super -  
sonic  region  of  the  nozzle.  

A fu r the r   r educ t ion   i n   no i se   l eve l  was obtained by 
t r u n c a t i n g   t h e   p i n t l e   t o  a length  of two inches.  This  reduced 
the   l ength   o f   tha t   por t ion  of t h e   p i n t l e  which  remained i n   t h e  
throat   during  valve  operat ion.  

The three  oscil loscope  photographs  of  Figure 16 dep ic t  
t h e   h i s t o r i e s  of t he   va r i ab le s  measured i n   t h i s  series. The 
two upper  photographs show the  s ignature   shape  obtained  a t  a 
d i s t ance  of 70 f e e t  from the t h r o a t   f o r  a plenum s tagnat ion  
pressure  of 25 psig.  
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The lower   photograph   presents   the   s igna ture   ob ta ined   a t  
a d i s t ance  of 83  f e e t   w i t h  a plenum s t agna t i ion  pressure of 
50 psig.  The two lower   t races   in   each   case   de l inea te  the 
p res su re   h i s to r i e s   r eco rded  by the   t ransducers   loca ted   in   the  
wal l  of the t rans i t ion   cone .   In  the upper  data  photograph the 
s ta t ic   p ressures   sensed   by   t ransducers  1 and 3 are   recorded,  
whereas i n  the two lower  photographs the pressures  sensed  by 
t ransducers  1 and 2 a r e  shown. Comparison  of t hese   da t a   i nd ica t e  
t h a t   t h e  shock t ransi t ion  takes   place  between  t ransducers  2 and 
3 .  The noise   l eve l   genera ted  by t h i s   t r u n c a t e d   p i n t l e ,  it i s  
noted, was reduced t o  approximately 50 percent   of   the   incident  
wave amplitude. 

To fu l ly   exp lo re   t he   e f f ec t   o f   l eng th   r educ t ion ,   t he   p in t l e  
was shor tened   to  a length  of .625 inch.  Thus,  during  operation 
of the  valve,  the p i n t l e  was withdrawn  completely  from  the  square 
th roa t .  A typical   osci l loscope  photograph  of   the  s ignature   shape 
acquired a t  a distance  of 75 f e e t  from t h e   t h r o a t  i s  presented  as  
Figure 1 7 .  A fu r the r   r educ t ion   i n   t he  peak t o  peak  amplitude 
of  the  noise i s  evident  al though  not  as marked as   the   p rev ious  
decrease.  However, the d a t a   c l e a r l y  shows t h e   i n t r i n s i c  improve- 
ment in   generated  s ignature   qual i ty   obtained  with  the  modif ied 
valve  configurat ion.  The dis tor t ion  (diminishing  ampli tude)  of 
the   cen t ra l   por t ion   o f   the   s igna ture  i s  due a t   l e a s t  i n  p a r t   t o  
a s tagnat ion  pressure  decay  during wave generat ion.  To f a c i l i -  
ta te   rapid  modif icat ion  of   the  equipment   in   these  exploratory 
tests, only  one of the fou r   a i r   supp ly   l i nes  was connected  to  
the plenum chamber.   This  expedience  resulted  in a plenum 
stagnat ion  pressure  decay  in   excess   of   the  5 percent  l i m i t  se t  
previously,  however, the improved  performance  characterist ics 
of   the   rev ised   va lve / t rans i t ion   conf igura t ion   could  still be 
assessed.   Reinstal la t ion  of  the complete plenum a i r   supply  
system w i l l  tend t o   e l i m i n a t e   t h i s   d i s t o r t i o n .  On t h e   b a s i s  
of   the  data   obtained  for  the present   configurat ion,  an ana lys i s  
of  the  valve  behavior  during  operation was performed.  Speci- 
f i c a l l y ,   t h i s   i n v o l v e d  an assessment  of  the mass f l o w   r a t e   h i s t o r y  
and consequently  the  generated wave shape. 

The present   valve  operat ion employs  motion of the valve 
pint le   only  within  the  region  upstream  of   the  nozzle   throat .  
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The instantaneous mass f lux  is t h u s   r e l a t e d   o n l y   t o   t h e   c r i t i c a l  
a rea  formed  by the  valve  pint le   (square  plug)   and the geometric 
nozzle  entrance,   assuming  an  invariant plenum pressure.  The 
actual  geometry  involved i s  shown i n   t h e  sketch presented   in  
Figure 18. 

The l inear   displacement   his tory  of   the  valve  during  opera-  
t i o n  i s  obtained  from a l inear   potent iometer  which i s  coupled 
to   t he   va lve   sha f t .  A regulated DC voltage i s  applied  across 
the  potent iometer   as  shown in   F igure  19 ,  and t h e   p o t e n t i a l  
difference  change  as  a funct ion  of   valve  posi t ion i s  displayed 
on an osci l loscope.  A typical   record  of  a t e s t  i s  shown i n  
Figure 20.  

The f low  area  for   the  valve  configurat ion employing the  
t runca ted   p in t l e  shown i n  Figure  18, i s  shown in   F igure  21 a s  
a funct ion of p i n t l e   p o s i t i o n .  If the  time-displacement 
r e l a t ionsh ip   fo r   t he   va lve  were l i nea r ,   F igu re  2 1  would then 
a l so   represent   the   f low  a rea   as  a function  of t i m e .  S ince  t h e  
actual  valve  displacement i s  non-linear  with t i m e ,  a s  i s  seen 
from Figure 20 ,  the   f low  a rea   h i s tory  i s  derived from the  t e s t  
da ta .  The computed h i s t o r y  of the  flow  area  between  the  con- 
vergent  nozzle  entrance and the   va lve   p in t l e  i s  shown i n  Figure 2 2  
I n  both  Figures 2 1  and 32, the   area  of   the   f ixed  geometr ic   throat  
i s  ind ica ted  (A=.696 i n  ) .  Clear ly ,  when the  valve  plug  has  been 
withdrawn in to   t he   co   ve rgen t   s ec t ion   t o  a po in t  where the  flow 
area  exceeds  0.696 i n  , the   f ixed   nozz le   th roa t  becomes the  
c r i t i c a l   f l o w   a r e a  and  mass flow i s  e s sen t i a l ly   cons t an t .  
Further   motion  of   the  pint le  becomes supe r f luous   un t i l   t he   p in t l e ,  
i n  i t s  return  s t roke,   reduces the upstream  flow  area  to  that  of 
the   f ixed   th roa t .  A t  t h i s   p o i n t ,  a t r a n s i e n t  mass flow  condition 
is  again  achieved,   with  the  a i r   f low  diminishing  to   zero  as   the 
valve  c loses .  The wave shape   can   be .an t ic ipa ted   for   th i s  mass 
f low  h is tory   s ince   the  wave overpressure i s  propor t iona l   to   the  
r a t e  of  change  of  mass  flow. A t  any p o i n t   i n   t h e   f a r   f i e l d  of 
the  s imulator   one  can  expect   an  ini t ia l ,   rapid  pressure r ise t o  
a maximum value  as  supersonic  f law is  es tab l i shed   in   the   d iver -  
gent   nozzle   sect ion.  The i n i t i a l   o v e r p r e s s u r e  i s  followed  by a 
rap id   decay ,   essent ia l ly   to   ambient   p ressure ,   dur ing   the  t i m e  of 
constant  mass f low.   This   s ta te   cont inues  unt i l   the   f low  area 
i s  again  reduced  below  the  f ixed  throat  area.  A t  t h i s   p o i n t   t h e  
negative  overpressure i s  generated  corresponding t o  the col lapse  
of  the  supersonic  flow f i e ld  in   t he   nozz le   a s   t he  mass f l o w   r a t e  
i s  reduced.   Final ly  the pressure  increases   back  to   ambient   as  
the   va lve   c loses .  
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The measured wave shape  for   the  valve  displacement   his tory 
described  above, i s  shown in   F igure  23. A s  expected,   the   durat ion 
of   the   re la t ive ly   cons tan t   p ressure  segment  of t h e  wave i s  con- 
s i s t e n t  w i t h e  41.5 m s  t i m e ,  i nd ica t ed   i n   F igu re  2 2 ,  during 
which the   f i xed   t h roa t  i s  the   c r i t i ca l   f l ow  c ros s - sec t ion ,  and 
t h e  mass flow i s  constant .  

Quant i ta t ive  ver i f icat ion  of   the  valve  performance  as  
de te rmined   in   these   inves t iga t ions   p rovides   the   ins ight   requi red  
to   ach ieve  two primary  goals,  i . e . ,  the  production of a "normal" 
N-wave, and the  generat ion of non-normal (e.g.,  peaked,  rounded, 
spiked, e tc  .) wave shapes. 

Assuming a l inear   re la t ionship  between  valve  displacement  
and t i m e ,  and a constant  plenum pressure,  a parabol ic   f low  area 
va r i a t ion  w i l l  provide  the  parabol ic  mass f low  var ia t ion  required 
for  generation  of an i d e a l  .N-wave. For a p i n t l e  geometry  which 
opera tes   p r imar i ly   in   the   subsonic   par t   o f   the   f low  f ie ld :   the  
flow  area  variation  can  be  achieved by a parabolic  convergent 
en t rance   to   the   f ixed   nozz le .  The design  requirements  are  that  
the  f low  area  generated  between  the  parabolic  entrance  contour 
and the va lve   p in t l e   du r ing  i t s  displacement w i l l  not  exceed 
the f ixed  nozzle   throat ,  and s imultaneously,   that   the   length 
of the   parabol ic   sec t ion  w i l l  be cons i s t en t   w i th   a t t a inab le  
p in t le   d i sp lacement   ve loc i t ies  and the  range of wave lenghts  
t o  be generated. 

These  considerations  lead  to  the  valve  contour  geometry 
shown in  Figure 24.  Assuming a cons tan t   va lve   s t roke   ve loc i ty ,  
and a t y p i c a l  wave length  durat ion of 100 m s  the  f low  area 
h i s t o r y   t h a t  would be generated  by  this   configurat ion i s  pre- 
sented i n  Figure 25 .  I t  i s  an t i c ipa t ed   t ha t   t h i s   t ype   nozz le  
entrance  geometry w i l l  provide  accurate  control  of  the mass flow 
h i s t o r y  and consequently  of  the  generated  signature.  

Improvement  of Horn Matching Q u a l i t y  

concurrent  with the development of t he  new wave generat ing 
valve,  a review  of   avai lable   acoust ic   absorbing  mater ia ls  was 
undertaken.  This  investigation was  aimed a t   o b t a i n i n g  a 
mater ia l   su i tab le   for   a t tachment   to   the   inner   sur face  of t he  
s imulator ,  and capable  of  providing a fu r the r   r educ t ion   i n   t he  
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j e t  noise  accompanying wave generation. Samples w e r e  obtained 
of   several   mater ia ls  and t h e   f i n a l   c h o i c e  was made  on the b a s i s  
of   acous t ic   absorp t ion   coef f ic ien t ,   cos t ,   ava i lab i l i ty ,  and ease 
of   a t tachment   of   the   faci l i ty   wal ls .  The mater ia l   se lec ted  i s  
a  non-hygroscopic,   l ightweight,   f iberglass  blanket  material ,  
compacted on one face ,  making it sa t i s fac tory   for   a t tachment  to  
a surface  using a contact  adhesive.  The absorp t ion   coef f ic ien t  
of t h i s   m a t e r i a l  i s  0.89 a t  a frequency of 4000 H z .  

As an an t ic ipa ted   consequence   of   the   ins ta l la t ion   o f   th i s  
l in ing   over   the   in te r ior   sur faces  of the  simulator  horn  between 
t h e   e x i t  and apoin t  65 f e e t  downstream  of the   va lve   th roa t ,  a 
dec rease   i n   t he   i n t r in s i c   no i se   l eve l  of  the wave s igna ture  was 
obtained. The s igna tu re   acqu i r ed   a t  a d i s tance  of 85 f e e t  from 
the   t h roa t  i s  shown i n  Figure 26.  Th i s   c l ea r ly  shows t h a t   t h e  
peak t o  peak  noise  amplitude i s  less   than  2 5  percent of the  
inc ident  wave amplitude. 

Improvements  were also  sought i n  the  performance of the  
moving absorber. The or iginal   absorber ,   consis t ing  of  two % 
inch   th ick   l ayers  of f iberg lass   b lanket   (dens i ty  = 0.75 l b / f t  ) 
provided  approximately 67  percent   concel la t ion of t he   r e f l ec t ed  
component  of the  wave.  That i s ,  only 33 percent  of the   inc ident  
wave amplitude was r e f l e c t e d  by the  absorber .  The data  acquired 
foE th is   conf igura t ion   has   been   presented  i n  Figure 5 of t h i s  
r epor t .  

3 

A lower  density (0.6 lb/ft’) f ibe rg la s s   b l anke t  which was 
n o t   o b t a i n a b l e   i n   s u f f i c i e n t   q u a n t i t y   d u r i n g   t h e   i n i t i a l  program, 
was a l s o  a candidate   absorber   mater ia l .  During the   p resent  
e f f o r t ,   t h i s   m a t e r i a l  was obtained and i n s t a l l e d  i n  the  absorber 
frame,  replacing  the  higher  density  material .  

N o  a l t e r a t i o n  of t he   t o t a l   we igh t  of the   absorber   s t ruc ture  
was made f o r   t h e s e   t e s t s ,  i n  view  of   the  fact   that   the   react ion 
of the  absorber  has  been shown i n  t h e   e a r l i e r  program t o  be 
s a t i s f a c t o r y   a t  low frequency. 

The pr imary  effect  of t he  new absorber  material  was t o  
provide  an  a t tenuat ion of the  high  frequency component  of t he  
r e f l e c t e d  wave. A s  i nd ica t ed   i n   t he   da t a  shown i n  Figure 27 ,  t he  
high  frequency  content of t he   r e f l ec t ed  wave i s  reduced t o  
approximately 10 percent  of  the  amplitude of the  corresponding 
inc iden t  wave component. 
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Development  of  Non-Ideal Signatures  

The requirement  for  generation  of non-normal sonic  boom 
s igna tures  i n  the   s imula tor ,  stems from the  need to   develop 
s igna tures  which a re   r ep resen ta t ive  of those  generated by 
cu r ren t   a s  w e l l  a s   p ro jec ted   a i rc raf t   geometr ies .  

Dur ing   the   per iod   of   th i s   inves t iga t ion ,   the   theore t ica l  
techniques  for  producing  non-ideal  (non-normal) wave s igna tures  
were  reviewed.  Three  basic  methods  for  generating  sonic boom 
signatures  other  than  normal  (e.g.,  peaked and  rounded)  have 
been examined.  These include  modification of valve  geometry, 
programming  of the  valve  displacement   his tory,  and i n s t a l l a t i o n  
of r e f l e c t i n g   s u r f a c e s  i n  the  s imulator   duct .  

The v a l i d i t y  of  each  of t he  f i rs t  two methods i s  based on 
the   ana lys i s  which  governs  the  simulator  operation.  Alteration 
of the   parabol ic  mass f low  h is tory ,  which cha rac t e r i zes  normal 
N-wave gene ra t ion ,   r e su l t s  i n  a modification  of  the  normal 
s ignature .  To a s ses s   t he   e f f ec t   o f  marked v a r i a t i o n s  of  valve 
p i n t l e  geometry on signature  shape,  three  configurations  were 
f ab r i ca t ed  and t e s t e d  i n  the   s imula tor .  The geometries of 
t h e s e   p i n t l e s   a r e  shown in   F igure  28 .  The tests were  performed 
with  the  original  axisymmetric  valve  configuration.  Consequently,  
the  wave signature  d.ata  presented i n  Figures 2 9  t o  3 1  i s  charac- 
t e r i z e d  by t h e   j e t   n o i s e  and valve  leakage  associated  with  the 
operation  of  this  valve.  To a s s i s t   i n   t h e   i n t e r p r e t a t i o n  of 
t he   da t a ,  a schematic of t he  wave shape i s  presented  with  each 
d a t a   t r a c e .  The valve  displacement   his tory i s  recorded  as   the 
lower t r a c e  i n  each  oscilloscope  photograph. The pressure 
transducer  used  as a microphone i n  t h e s e   t e s t s  was l o c a t e d   a t  a 
po in t  100 f e e t  downstream of the   va lve   t h roa t .  

Figure 2 9  dep ic t s   t he  normal N-wave s ignature   obtained 
through  the  use of the 3 inch   conica l   p in t le .  The ac tua l   s t roke  
length of the  valve was 1 . 2  inches  over a period of 35 m i l l i -  
seconds  result ing i n  a wave duration  of 70  mil l iseconds.  

The  wave s ignature   generated i n  the  s imulator  by the  
t runca ted   conica l   p in t le  i s  shown i n  Figure 30. The increase  
i n  r i s e  t i m e ,  compared wi th   tha t   ob ta ined   wi th   the  above  cone 
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i s  a t t r i b u t e d   t o  the smaller  included  angle of the t runcated 
conf igura t ion .   This   charac te r i s t ic  i s  a func t ion   o f   t he   i n i t i a l  
opening  his tory of the   va lve   as  it a f f e c t s   t h e   i n i t i a l   s l o p e  of 
the  mass flow  function. The "tendency" of t he   s igna tu re   t o  
exhibit a downward facing  concavity i s  a l s o   a t t r i b u t e d   t o   t h e  
small  cone  angle. The result  i s  c h a r a c t e r i s t i c   o f  a  geometry 
which cons t ra ins   the  mass  flow h i s t o r y ,  i.e., one i n  which the  
t i m e  r a t e  of  change  of t h e  mass  flow i s  smaller   than  that   pre-  
sc r ibed  by the   pa rabo l i c   r a t e .  

A s  an  extreme  departure  from  the  above  operating modes, a 
va lve   p in t le   incorpora t ing  two conica l   sur faces  as shown i n  
Figure 28 was t e s t e d .  The motion  imparted t o   t h e   v a l v e  i n  t h i s  
case i s  uni -d i rec t iona l .  The generated  signature  recorded i n  
t h i s  tes t  i s  shown i n  Figure 31. As a  consequence  of  the  Large 
included  angles of the   conica l   sur face   as  compared with  the two 
configurat ions  a l ready  discussed,   the  mass f low  increases   rapidly 
t o  a maximum value.  The upward facing  concavity of the   s igna ture  
immediately af ter   the   leading  edge is  a r e s u l t  which  can  be 
expected  for a  geometry  which  induces a t i m e  r a t e  of  change  of 
mass  flow grea te r   than   the   parabol ic   ra te .  

A l imi ted  number of t e s t s  were also performed  with  the 
5/8 inch  long,   square  pint le   valve  configurat ion.   These  tes ts  
were r e s t r i c t e d ,  by the  present   valve  geometry,   to   a l terat ions 
of   the  valve  pint le   displacement   his tory.  The major e f f e c t  
induced  consisted of v a r i a t i o n  of the   inc ident  wave r i s e  time. 
The valve  displacement  history was var ied by r e s t r i c t i n g   t h e  
hydraul ic  f l u i d  flow t o  the   hydraul ic   ac tua tor  of the  simulator 
valve.  Some of t h e   t e s t   r e s u l t s   o b t a i n e d   a r e  shown i n  Figures 32  
t o  35. I n  each  case,  both  the  generated  signature  (upper  trace) 
and the  corresponding  valve  displacement  history  (lower  trace) 
a r e  shown. The microphone was l o c a t e d   a t  a d i s t ance  of 84 f e e t  
from the   va lve   th roa t .  The s igna tures  shown in   F igures  32  and 33 
a r e   c l a s s i f i e d  i n  t he   p re sen t   s e r i e s  of t e s t s   a s   e x h i b i t i n g  a 
"moderate" rise t i m e .  The valve  displacement  trace i s  character-  
i zed  by a near- l inear   opening  behavior   with  respect   to  t i m e .  
The r e s u l t a n t   r i s e   t i m e  is approximately 3 mil l iseconds.  A s  a 
consequence of the  valve  geometry,  discussed i n  a previous 
s e c t i o n ,   t h e   r a t e  of  change  of  flow  area  between  the  valve  pintle 
and nozzle   entrance  exceeds  the  required  parabol ic   ra te   for  
normal N-wave generat ion.   Therefore ,   the   s ignature   of   Figure 32  
e x h i b i t s   t h e  upward fac ing   concavi ty   charac te r i s t ic  of t h i s  
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non-normal mass f low  d is t r ibu t ion .  With the exception  of  the 
data  presented  in  Figure  33,  a l l  of   the   s igna tures   ob ta ined   in  
this series of tests are similar i n   t h i s  respect a f t e r  the 
f i r s t  10 mil l iseconds of recorded  signature.  The s igna ture  
dep ic t ed   i n   F igu re  33 was obtained  by  imposing a c u r t a i l e d   s t r o k e  
per iod on the  valve  operat ion  while   providing a r e s t r i c t e d  
hydraul ic   f luid  f low to the valve  actuator .  The waveform i s  
character ized  by a 3 mill isecond rise t i m e  and a wave dura t ion  
of  20 mil l iseconds.  

Figure 34 dep ic t s  a wavetrace  which has a r ise  t i m e  of 
approximately 6 mill iseconds.  The i n i t i a l   s l o p e  of the corre-  
sponding  valve  displacement  trace i s  small and i s  responsible  
for   the  extended r ise  t i m e .  

The shor t  rise t i m e  of the  signature  of  Figure  35,  i . e . ,  
less than 1 mill isecond, i s  a t t r i b u t e d   t o   t h e   i n i t i a l   s l o p e  of 
the  valve  displacement   t race,  which is  seen t o  exceed t h a t  
recorded  for   the  previous two configurat ions.  

The q u a l i t a t i v e   i n f l u e n c e  of the  valve  displacement  history 
and in   pa r t i cu la r   t he   a r ea   benea th  the valve  displacement  curve, 
on the  overpressure  amplitude i s  clear when t h e   d a t a  from these 
tests a r e  examined. The tests w e r e  performed  without  the a i r  
compensation c i r cu i t   t o   pe rmi t   t he   d i sp l acemen t   va r i a t ions   t o  
occur. With the elimination  of  the  adverse  nozzle  entrance 
area va r i a t ion ,  tests can be performed w i t h  t h e  compensation 
c i rcu i t   opera t ing   as   d i scussed   prev ious ly .   Addi t iona l   da ta   can  
a l s o  be obtained  for  a configurat ion  using  an  external   source 
t o  supply  a i r   to   the  compensat ing  sect ion  of   the  s imulator   valve.  

The a l t e r a t i o n  of the   overa l l   s igna ture   shape ,   us ing   the  
modified v a l v e  configuration,  can.be  achieved  by  modifying  the 
nozzle  entrance  geometry. I t  i s  an t i c ipa t ed   t ha t   t he   pa rabo l i c  
nozzle  entrance  discussed  above w i l l  r e s u l t   i n   t h e   g e n e r a t i o n  of 
nornal N-Wave s igna tures .  I t  i s  a l so   be l i eved ,  on the basis of 
the  spiked wave shapes  obtained  with  the  present  rapidly  varying 
nozzle   entrance  area and the hydraul ic   system  control ,   that  a 
fur ther   modif icat ion of the  proposed  parabol ic   entrance  to  
achieve a more gradual  flow  area  variation  can  produce a 
"rounded"  signature.  This  can be a t t a i n e d   i n  a simple manner 
by  providing a l inear  nozzle  entrance  contour.  
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A number of tests w e r e  also  conducted  using a r e f l e c t i n g  
s u r f a c e   i n s t a l l e d   a t   t h e   e x i t   p l a n e  of the   s imula tor ,  i.e., 100 
feet downstream of the   t h roa t .  A microphone i n s t a l l e d   a t  a 
po in t  95 f e e t  from t h e   t h r o a t  was used t o   d e t e c t  and record  the 
signature  developed  as a r e s u l t  of the  superposi t ion  of   the 
inc ident  and r e f l e c t e d  wave components.  Only  a  small f r a c t i o n  
(less than 2 5  percent)   of   the  moving absorber was "blocked"  by 
the   r e f l ec to r   su r f ace .  A s  a r e su l t ,   on ly  a r e l a t ive ly   sma l l  
port ion  of   the  incident  wave was r e f l e c t e d .  The r e f l e c t e d  
component should  appear  as a p o s i t i v e  "jump" i n   t h e   s i g n a t u r e  
a t  an i n t e r v a l  of approximately 10 mi l l i s econds   a f t e r   t he   a r r iva l  
of the   inc ident  wave leading  edge a t   t h e  microphone.  This 
in te rva l   cor responds   to   the  t i m e  requi red   for   the   inc ident  wave 
to   t r ave r se   t he   d i s t ance  between  microphone  and r e f l e c t o r  and 
t o   r e t u r n ,   a s  a r e f l e c t e d  wave, t o   t h e  microphone. 

Examination  of  the  data  acquired, shown i n  Figure 36, 
reveals  the  occurrence of the  predicted  perturbation  superposed 
on the   i nc iden t  wave at   the  prescribed  t ime,  followed  immediately 
by t h e   d i f f r a c t i o n  wave gene ra t ed   a t   t he  edge of t he   r e f l ec to r .  
By proper  design of the   re f lec tor   sur face   wi th   respec t  t o  s i z e ,  
r i g i d i t y  and abso rp t iv i ty ,   fo r  example, t h i s  method  of generat ing 
modified N-wave signatures  can  be  extended  to augment the  capa- 
b i l i t y  of the  s imulator .  

Operating Range  of Simulator - 

A n  a x i a l  and transverse  survey of the  simulator  has  been 
completed. A microphone was i n s t a l l e d   a t  a number of l oca t ions  
i n  the  simulator  horn (shown i n  Figure 37)  and the   i nc iden t  wave 
s igna tu re  was recorded a t  each  of these  points   using an o s c i l l o -  
scope  and  camera. A s  a n t i c i p a t e d ,  no t ransverse   var ia t ion  i n  
wave shape  (amplitude,  duration and r i s e   t ime)  was observed. 

The durat ion and r i s e  t i m e  of  a generated  signature  for a 
given  pintle  shape and dr iv ing   pressure   a re   a l so   invar ian t   wi th  
loca t ion .  The v a r i a t i o n  i n  overpressure  with  axial   locat ion 
fol lows  the  predicted  t rend  indicated by the  curves  shown i n  
Figure 38. The va r i a t ion   i n   i nc iden t  wave overpressure  with 
plenum p r e s s u r e   a t  a po in t   loca ted  7 5  f e e t  downstream  of t h e  
t h r o a t  i s  shown i n  Figure 39. 
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A maximum measured  incident wave amplitude  of 13.5 psf 
was recorded a t  a po in t  50 f t  from the  throat   of   the   s imulator  
(approximately  half  of  the  length  of  the  simulator  horn)  for a 
plenum stagnation  pressure  of 100 ps ig .  On the   bas i s   o f   t he   da t a  
obtained  to   date ,  an inc ident  wave overpressure of 50 psf  should 
be   readi ly   ob ta inable  by increas ing   the   d r iv ing   pressure .   This  
overpressure  can  be  a t ta ined  a t   the  50 foot  location  through an 
increase  of the  plenum stagnat ion  pressure from 100 p s i g   t o  
approximately 410 ps ig  and a t   t h e   e x i t  o f   t he   f ac i l i t y ,  by  an 
increase  to  approximately 1030 ps ig .  Both  of these plenum 
pres su re   l eve l s   a r e   w i th in   t he   s t ruc tu ra l   capab i l i t y   o f   t he  
simulator  valve.  The  wave dura t ions   ac tura l ly   recorded   in   the  
simulator  range from 1.5 milliseconds  using  the  diaphragm mode 
of operat ion,   to   approximately .20 second,  developed  using  the 
simulator  valve.  The rise  t imes  obtained  extend from be t te r   than  
10 microseconds  for  the  diaphragm mode t o   i n   e x c e s s  of 5 m i l l i -  
seconds  developed by the  valve.  

SUMMARY AND CONCLUSIONS 

The research  effor t   conducted  during  this  program has  
provided a broad  understanding of the  performance  character is t ics  
of t h e   t r a v e l l i n g  wave sonic boom simulator.   Specific,   improve- 
ments  which  were made i n  the  simulator  performance  based on t h i s  
understanding  included a reduct ion of the  j e t  noise  accompanying 
wave s ignature   development ,   fur ther   a t tenuat ion by t h e  moving 
absorber of the  reflected  high  frequency  signature component, 
and modifications of t h e   f a c i l i t y  which  enhance  the  feasibi l i ty  
of  generating low noise   content ,  normal and non-normal sonic 
boom s igna tures .  

The major e f f o r t  was concentrated on the   i nves t iga t ion  of 
techniques  for   the  reduct ion of t h e   j e t   n o i s e  which accompany 
wave generation. The r e s u l t  of t h i s   e f f o r t  was a demonstrated 
reduct ion  of   the  je t   noise   ampli tude from  a minimum of 100% of 
the   inc ident  wave overpressure   to  a maximum of 25% of the  over- 
pressure.  The r e s u l t s  of the  absorber   invest igat ion  included 
a 90% a t tenuat ion  of the  high  frequency component of the wave. 
The o r i g i n a l   l e v e l  of a t t enua t ion  of t he   r e f l ec t ed  wave over- 
pressure was approximately 67%. 
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Test data  acquired  during  the  program  demonstrated  the 
f e a s i b i l i t y  of  obtaining non-normal  (peaked  or  rounded)  sonic 
boom signatures .  The primary method used to   ach ieve  non-normal 
s ignatures ,   involves  programming  of the  valve  nozzle   entrance 
shape  and/or  valve  pintle  displacement  history.  

A second method which w a s  tes ted  involved the use  of 
ad jus t ab le   r e f l ec t ive   su r f aces   t o   p rov ide  a r e f l e c t e d  wave "test" 
signature.   This  technique, which r equ i r e s  some addi t iona l  
i nves t iga t ion ,   d id   p rov ide   s a t i s f ac to ry   r e su l t s  and  can be used 
t o  supplement the simulator wave genera t ing   capabi l i ty .  

The invest igat ion  of   the  operat ing  range and a survey  of 
the  facil i ty  provided  performance  data  concerning  the wave 
durat ions,  maximum overpressures,  and rise times obtainable   with 
t h e   f a c i l i t y  . 

The r e s u l t s  of these  invest igat ions  demonstrated  the 
fol lowing  performance  character is t ics  of the NASA/GASL sonic 
boom simulator:  

Diaphragm Mode Valve Mode 

N-wave duration(mil1iseconds) 1.5 - 15 20 - 200 
Overpressure  (psf)  To 6 To 13.5 
Min. R i s e  T i m e  (Milliseconds) .01 1 
Duty Cycle  (per  minute) 1 1 

I t  is  an t i c ipa t ed ,   a l so  on t h e   b a s i s  of t h e   r e s u l t s  of 
t h i s   e f f o r t ,   t h a t  an extension  of  the wave d u r a t i o n   t o  400 
mil l iseconds and  an inc rease   i n   i nc iden t  wave overpressure to 
50 psf   a re   rea l izable   wi th   on ly  minor a l t e r a t i o n s  of t he   ex i s t ing  
simulator components. 
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FIGURE 1 - SONIC BOOM SIMULATOR F A C I L I T Y  
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FIGURE 2: ASPECTS OF THE  SONIC BOOM SIMULATOR  FACILITY 
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FIGURE 3 - SONIC BOOM SIMULATOR VALVE - I N I T I A L  CONFIGURATION 



FIGURE 4 - SCHEMATIC OF THE  MOVING ABSORBER 
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F I G U R E  5 - DEMONSTRATION  OF  MOVING  ABSORBER  PERFORMANCE 
(REFERENCE 1) 

a)  WITHOUT  ABSORBER; b) WITH  ABSORBER  INSTALLED 
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4 I n c i d e n t  Wave 

Precursor Leading E d g e  

F IGURE 7 - OSCILLOSCOPE  DATA  DEPICTING  EXISTENCE AND 
ELIMINATION  OF   PRECURSOR  NOISE DUE TO  VALVE 
UNSEATING 
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F I G U R E  8 - PLENUM  PRESSURE  RECORD ( REFERENCE 1) 

Upper t race   ind ica tes   pos i t ion   o f   va lve  
pint le   with  each  divis ion  corresponding 
t o  about 1 inch. 

Lower t r a c e  i s  a measure  of  the plenum 
pressure  with  each  divis ion  represent ing 
about 200 p s i   w i t h   t h e   i n i t i a l  (and f i n a l )  
pressure  about 400 p s i .  
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J 
1.92 psf 

t 
Plenum 
Pressure 

T r a n s i t i o n  
Section 
Pressures 

Valve 
D i s p l a c e m e n t  

F I G U R E  9 - OSCILLOSCOPE DATA D E P I C T I N G  J E T  NOISE  SUPERIMPOSED 
ON SIGNATURE  OBTAINED  AT a )  70 AND b)  80 F E E T  
FROM  THROAT 
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FIGURE 10 - PRESENT SIMULATOR VALVE AND A I R  
SUPPLY 
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F I G U R E  11 - SHORT N-WAVE SIGNATURE  OBTAINED A T  70 F E E T  FROM THROAT 
V E R T I C A L   S E N S I T I V I T Y  - 3.85 psf/cm 
HORIZONTAL SWEEP = .5 m s / c m  
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F I G U R E   1 2  - RESULTS OF DIAPHRAGM MODE T E S T S - S I G N A T U R E  
OBTAINED  AT  POINT 7 0  F E E T  DOWNSTREAM OF 
THROAT FOR DRIVER  LENGTHS a )  39,  b) 56, 
c)  156 INCHES.  FOR PLENUM  STAGNATION 
PRESSURE,  p, = 100 psig 
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FIGURE 13 - VALVE  CONFIGURATION - 10 DOUBLE WEDGE 
0 



Plenum1 Air Inlet? Valve  Pintle 7 
Teflon  Nozzle 

I I I -. - Block  (Throat) - 

Conical Horn 
Extension 

Coupling Flange \*+= Fastening (Typical) 



385 psf 
1 

4 
C o n i c a l  
T r a n s i t i o n  
P r e s s u r e  

6 Plenum 
P r e s s u r e  

Disp lacement  

FIGURE 15 - RESULTS OF 10° DOUBLE WEDGE TEST 
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(a) P0=25 p s i g  
2 0  m s  

1""" psf 

I 
C o n i c a l  
E x t e n s  i on  
P r e s s u r e s  

1 1 . 9 2  psf 

-it- (b) Po = 2 5  p s ig  

2 0  m s  

4 ( C )  P =50 ps ig  
0 

20 ms 

FIGURE 16 - RESULTS  OF TESTS WITH 2 "  LONG TRtTNCATED DOUBLE WEDGE. 
SIGNATURES  OBTAINED  AT  DISTANCES FROM  THE  THROAT OF 
a )  and b) - 70 F E E T  AND c)  83 F E E T .  PLENUM  STAGNATION 
PRESSURES,  po AS INDICATED.  
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1.92 psf 

F I G U R E  1 7  - SIGNATURE  OBTAINED  USING 5/8 INCH LONG SQUARE 
PINTLE  AT  A   DISTANCE OF 7 5  FEET FROM THE  THROAT 
WITH  A  PLENUM  STAGNATION  PRESSURE, p =50 pig. 

0 
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FIGURE 19 - C I R C U I T  FOR MONITORING AND RECORDING VALVE DISPLACEMENT 



FIGURE 20 - TYPICAL  OSCILLOSCOPE  TRACE OF 
VALVE  PINTLE  DISPLACEMENT  HISTORY 

Vertical  Sensitivity = 1.33 in/cm 
Horizontal  Sweep  Plate = 20 ms/cm 
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FIGURE 21 - FLOW CROSS-SECTIONAL AREA  VARIATION AS A FUNCTION OF VALVE 
DISPLACEMENT FOR TEST OF FIGURE  20 
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F I G U R E   2 2   - V A L V E C R O S S - S E C T I O N A L  AREA  HISTORY  FOR  TEST  OF  FIGURE 20 



FIGURE 23 - OSCILLOSCOPE  TRACE OF WAVE  SIGNATURE 
OBTAINED  IN  TEST OF FIGURE 20 

Vertical  Sensitivity = 1.14 psf/cm 
Horizontal  Sweep  Rate = 20 ms/cm 
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FIGURE 2 4 -  SONIC BOOM VALVE  GEOMETRY-PARABOLIC  NOZZLE  ENTRANCE 
A L L   D I M E N S I O N S   I N   I N C H E S  - ALL  OTHER  DIMENSIONS 
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1 .92  psf 

F I G U R E  26 - IMPROVED WAVE SIGNATURE  OBTAINED  AT A DISTANCE OF 
90 F E E T  FROM THE  THROAT  FOR A PLENTJM STAGNATION 
PRESSURE,  p, = 50 psig.  
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1.92  psf 

F I G U R E  2 7  - SIGNATURE  OBTAINED  AT A DISTANCE OF 85 F E E T  WITH 
MOVING  ABSORBER  INSTALLED.  PLENUM  STAGNATION 
PRESSURE,  P = 50 psig. 

0 
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2.5 * 

1.25 

3 Inch C o n e  

1.35 

-7- 
Truncated C o n e  

tlD 
3.5 ". 

D o u b l e   C o n e  

F I G U R E  2 8  - AXISYMMETRIC  VALVE  PINTLE  GEOMETRIES 

ALL DIMENSIONS I N  INCHES 
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5 0  ms 

Interpreted Waveform 

FIGURE 29 - NORMAL SIGNATURE  RECORDED  AT 100 F E E T  FRObI THROAT- 
THREE  INCH CONE P I N T L E .  PLENUM  STAGNATION  PRESSURE = 

400 ps ig  
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4 50 ms 

In te rpre ted  Waveform 

FIGURE 30 - ROUNDED SIGNATURE  RECORDED  AT 100 F E E T  FROM THROAT- 
TRUNCATED  CONE P I N T L E .  PLENUM  STAGNATION  PRESSURE = 

200 psig.  
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3.6 psf 

1.33 in. 

In te rpre ted  Waveform 

F I G U R E  31  - PEAKED  SIGNATURE  RECORDED  AT 100 F E E T  FROM THROAT- 
DOUBLE  CONE P I N T L E .  PLENUM  STAGNATION  PRESSURE = 
200 psig. 
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1.14 PSf 

1 .33  i n .  4 1  20 m s  

V a l v e   D i s p l a c e m e n t  

F I G U R E   3 2  - MODERATE RISE  TIME  SIGNATURE  RECORDED  AT 84 F E E T  

FROM THROAT.  PLENUM  STAGNATION  PRESSURE = 5 0  psig.  
SQUARE P I N T L E .  

54 



1.14 psf 

I l 2 0 m s  

Valve  Displacement 

F I G U R E  3 3  - MODERATE RISE  TIME  SIGNATURE  RECORDED  AT 84 F E E T  
FROM  THROAT.  PLENUM  STAGNATION  PRESSURE = 50 psig.  
SQUARE  PINTLE. 
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V a l v e   D i s p l a c e m e n t  

F I G U R E  34 - LONG RISE  TIME  SIGNATURE  RECORDED  AT 84 F E E T  
FROM THIIOAT.  PLENUM  STAGNATION  PRESSURE = 50 ps ig .  
SQUARE P I N T L E .  
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1.33 in. 

1 
l- 

- 

Valve Displacement  

FIGURE 35 - SHORT R I S E  TIME SIGNATURE RECORDED AT 84 F E E T  FROM 
THROAT.  PLENUM  STAGNATION PRESSURE = 50 psig.  
SQUARE P I N T L E .  
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I 1  Without R e f  l ec tor  

1.92 psf 
I 

With R e f l e c t o r  
D i f f r a c t i o n  

R e f l e c t i o n  

F I G U R E  36 - I N C I D E N T  AND REFLECTED WAVE SIGNATURE  RECORDED  AT A 
DISTANCE OF 95 F E E T  FROM THROAT  USING A REFLECTING 
SURFACE  INSTALLED  AT 100 F E E T .  
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FIGURE 3 7  
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- TEST  LOCATIONS FOR SIMULATOR PERFORMANCE SURVEY (DENOTED BY CLOSED CIRCLES) 
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FIGURE 38 - VARIATION OF SIMULATOR-GENERATED  INCIDENT  WAVE  OVERPRESSURE AS 
A FUNCTION OF DISTANCE  MEASURED  FROM  THE  THROAT  FOR TWO PLENUM 
STAGNATION  PRESSURE  LEVELS 
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FIGURE 3 9  - VARIATION OF SIMULATOR-GENERATED  INCIDENT  WAVE 
OVERPRESSURE AS A FUNCTION  OF  PLENUM  STAGNATION 
PRESSURE  MEASURED AT A  DISTANCE OF 75 FEET  FROM 
THE  THROAT. 
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