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TECHNICAL NOTE D-235 

GROUND MEASUREMENTS OF AIRPLANE SHOCK-WAVE  NOISE AT MACH 

NUMBERS TO 2.0 AND AT ALTITUDES TO 60,000 FF%T 

By Lindsay J. Lina  and Domenic J. Maglieri 

SUMMARY 

The i n t e n s i t y  of shock-wave noise a t  t h e  ground r e s u l t i n g  from 
f l i g h t s  a t  Mach numbers t o  2.0 and a l t i t u d e s   t o  60,000 feet was measured. 
Meagurements near   the  ground  t rack  for   f l ights   of  a supersonic   f igh ter  
and  one f l i g h t   o f  a supersonic bomber are presented. 

Level   cruis ing  f l ight  at an a l t i t u d e   o f  60,000 feet and a Mach 
number of 2.0 produced  sonic booms which  were considered  to   be  tolerable ,  
and it i s  reasonable t o  expec t   tha t   c ru is ing   f l igh t  a t  h ighe r   a l t i t udes  
w i l l  produce booms of   to le rab le   in tens i ty  f o r  a i rp lanes  of t h e   s i z e  and 
weight  of  the  test   airplanes.  The measured var ia t ion  of  sonic-boom 
i n t e n s i t y   w i t h   a l t i t u d e  was i n  good agreement  with  the  variation  calcu- 
l a t e d  by  an  equation  given i n  NASA Technical Note D-48. 

The e f f ec t   o f  Mach number on t h e  ground  overpressure i s  small between 
Mach numbers of 1 .4  and 2.0, a r e s u l t   i n  agreement with  the  theory.  No 
amplification  of  the shock-wave overpressures  due t o   r e f r a c t i o n   e f f e c t s  
was apparent near the  cutoff Mach number. 

A method fo r   e s t ima t ing   t he   e f f ec t  of  f l ight-path  angle on cutoff 
Mach number is  shown. Experimental  results  indicate  agreement  with  the 
method, since a climb maneuver produced booms of a much decreased  inten- 
s i t y  as compared wi th   t he   i n t ens i ty  of those  measured i n   l e v e l   f l i g h t  a t  
about  the same a l t i t u d e  and Mach number. 

Comparison of  sound p res su re   l eve l s   fo r   t he   f i gh te r  and bomber air- 
p l a n e s   i n d i c a t e d   l i t t l e   e f f e c t  of e i the r   a i rp l ane   s i ze  o r  weight a t  an 
a l t i t u d e  of 40,000 f e e t .  

INTRODUCTION 

Mil i tary  organizat ions  in   this   country are present ly  aware of  the 
problem  of shock-wave noise accompanying supersonic   f l ight .   People   in  
some communities  have  heard  sonic booms and occasionally damage has 
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been  done  to  buildings  in  spite  of  efforts  to  prohibit  supersonic  flight 
of  military  aircraft  near  populated  areas. 

Although  the  sonic  boom  is  familiar  to  some  localities,  the  probable 
future  introduction of commercial  supersonic  travel  will  necessarily  be 
accompanied  by  disturbances  over  large  areas  occurring  at  regular  and, 
in  a  few  locations,  frequent  intervals.  The  maximum  tolerable  intensity 
of  these  disturbances  is  already  recognized  as  an  important  consideration 
in  the  operation  and,  therefore,  in  the  design  of  supersonic  transports. 
(See, for  example,  ref. 1.) There  appears  to  be  an  immediate  need  for 
accurate  knowledge  of  the  ground  overpressures  to  be  expected  for  the 
climb  and  descent  phases  of  a  flight  plan  typical  of  future  supersonic 
transports  and  for  measurements  of  the  magnitude  and  lateral  spread of 
sonic-boom  disturbances  caused  by  cruising  flight  at  Mach  numbers  to 
3.0 and  alt'itudes  to 80,000 feet. 

The  intensity  of  sonic  booms  for  a  wide  range  of  flight  conditions 
can be  estimated  by  a  theoretical  method  presented  in  references 2 and 3. 
This  theory  has  been  experimentally  verdfied  by  flight  tests  between 
200 and 45,000 feet  and  at  Mach  numbers  to 1.45 in  the  investigations  of 
references 4, 5, and 6 but  has  not  been  verified  in  the  range  of  speeds 
and  altitudes  that  may  be.expected  for  future  supersonic-transport  opera- 
tion.  This  paper  presents  data  from an investigation  of  sonic-boom  over- 
pressures  resulting  from  level  flights  at  Mach  numbers  from 1.2 to 2.0 
and  at  altitudes  from 30,000 to 60,000 feet;  these  flight  conditions  are 
more  nearly  comparable  with  the  operating  conditions  for  economical 
cruising  flight  of  future  supersonic-transport  aircraft.  In  addition, 
the  present  investigation  includes  measurements  of  sonic-boom  overpressure 
obtained  for  climbing  flight  and  the  effects  of  airplane  size  and  weight 
obtained  from  comparison  flights  of  a  supersonic  bomber  and  a  supersonic 
fighter.  Although  the  investigation  included  measurements  to  determine 
the  lateral  spread  of  the  noise  disturbances,  only  the  data  obtained  near 
the  ground  track  of  the  airplane  are  presented  in  this  paper. 

SYMBOLS 

d  equivalent-body  diameter,  ft 

K1 ground-reflection  factor, 4 f  + 4 r  
4, 

K2 ' 
airplane.  body-shape  factor 

2 airplane  length,  ft 
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ML 

MY 

Pa 

PO 

4 f  

m0 

4, 

Y 

7 

a i rp lane  Mach number 

cutoff Mach number f o r   l e v e l   f l i g h t  

cutoff Mach number 

ambient  pressure at a l t i t u d e ,   l b / s q  f t  

ambient  pressure a t  ground  level,  lb/sq f t  

p re s su re   r i s e . ac ross  shock wave i n  free air, lb/sq f t  

pressure   r i se   across  shock wave a t  ground l eve l ,   l b / sq  f t  

pressure rise across   re f lec ted  shock wave, lb/sq f t  

perpendicular  distance from  measuring s t a t i o n   t o   f l i g h t   p a t h ,  
f t  

f l ight-path  angle  

APPARATUS AND METHODS 

The t e s t s  were made i n   t h e   v i c i n i t y   o f  NASA Wallops Stat ion.  A 
ground r ada r   s t a t ion  was used t o   d i r e c t  the a i rp lane  ground t rack   wi th in  
1 o r  2 miles  of  the  measuring  station. The t e r r a i n   i n   t h e   v i c i n i t y   o f  
the  measuring  station is  generally.open and the   e leva t ion  i s  near  sea 
l e v e l .  The t e s t s  were  conducted i n  a manner similar to   t hose  of r e f e r -  
ence 6. Some d i f f e rences   i n   t he  sound  equipment, radar  tracking  equip- 

! 

I ment,  and f l ight   technique  are   explained and a br ief   descr ipt ion  of   the 
i a i rp lanes   used   in   these  tests is  given. 

1 
'1 
:j Test Airplanes 

k 

Photographs  of  the tes t  a i rp lanes  are presented as f igures  1 and 2. 
The supersonic   f ighter  shown i n   f i g u r e  1 weighed about 38,000 pounds 
a t  takeoff  but  averaged  about 30,000 pounds fo r  most of t4e f l i g h t s .  
The wing area  of  the  airplane i s  452 square  feet  and the   l ength  i s  . 

58.8 f e e t .  The major  portion  of  the  present  investigation was made 
wi th   the   f igh ter   a i rp lane .  

I 
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The supersonic bomber shown i n  figure 2 was flown f o r  comparison 
purposes   to   determine  the  effects   of   a i rplane  s ize   and  weight  on sonic- 
boom in t ens i ty .   Th i s   a i rp l ane  is  designed  to   operate  a t  approximately 
t h e  same range  of   a l t i tude and  speed as t h e   f i g h t e r   o f   f i g u r e  1. The 

.a i rplane  weight  was about 140,000 pounds f o r   t h e  test f l i g h t .  The wing 
area i s  1,545 square feet and the   a i rp l ane   l eng th  i s  97 feet. The 
f l i g h t  was made with  an  external  pod a t t a c h e d   t o   t h e  bottom  of  the 
fuselage.  The pod is  not shown i n   f i g u r e  2. 

Sound  Equipment 

Noise-pressure  measurements were obta ined   wi th   the   a id  of comer-  
cially  available  condenser-type  mlcrophones  and  an  inductance-type 
pressure  pickup. The microphones  had a usable  frequency  range  from 
5 t o  10,000 cps  and  the  pressure  pickup  had a f la t  frequency  response 
from 0 t o  175 cps. The s igna ls  from  both  types  of  instruments were fed  
in to   an  FM tape  recorder  having a f l a t  frequency  response  from 0 t o  
10,000 cps. Two microphones  and a pressure  pickup were located a t  the  
measuring  station. One microphone  and the  pressure  pickup were mounted 
i n  a plywood board  to  measure  the  ground  pressures.  The other  micro- 
phone was a t t a c h e d   t o  a mast 30 feet  above  ground l eve l .  The la t ter  
microphone de tec ted   the  free-air pressure as well as the   r e f l ec t ed  
component. 

In   add i t ion   t o   ob ta in ing   t he  measured noise   p ressure ,   the   opera tors  
and  observers a t  the   measur ing   s ta t ion   recorded   the i r   reac t ions   to   the  
booms and a l so ,  when possible ,   observed  the  react ion  of   other   persons 
i n   t h e   v i c i n i t y .  

Radar  Tracking  for  Flight  Control 

Ground t r acks  and al t i tude-dis tance  paths   were  plot ted  automatical ly  
at 1-second intervals   by  the  use  of  ~ ~ - 1 6  and SCR-584 Model I1 radars  
located a t  t h e  NASA Wallops S ta t ion .  All t h e   f l i g h t s  were i n  a norther ly  
d i rec t ion   over   the   At lan t ic  Ocean and  were  terminated  near  Wallops  Station. 
The ground-track  posit ions are bel ieved  to   be  accurate   within  about  
+1/2 m i l e  and a l t i t u d e s  are be l ieved   to  be accurate  within  about 
k5OO feet.  

For   each  f l ight ,  a zone along  the  a i rplane  t rack from  which d is turb-  
ances would bracket  the  measuring  station was predetermined by calcula-  
t i ons .   F l igh t   con t ro l  of t he   a i r c ra f t   by   r ad io  communication wi th   the  
p i l o t  was used t o  ' insure   tha t ' the   des i red   f l igh t   condi t ions  were  reached 
p r i o r   t o   e n t e r i n g   t h e  tes t  zones. An i n d i c a t i o n   o f   t h e   r e l i a b i l i t y  of 
es t imat ing  the  locat ion  of   the  tes t  zone was determined  by  comparisons 
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of observed a r r i v a l  time with  the  predict ion of t h e   a r r i v a l  time of t h e  
sonic boom at  the  measuring  station. The tests indicated  excel lent  
agreement  with  the  predicted  arrival  t imes; f o r  example, i n  many instances 
the  t imes checked within 2 seconds f o r  a t o t a l   t r a v e l  t ine of t h e  shock 
wave of 2 minutes.  Flight Mach number was determined fo r   s eve ra l   pos i -  
t i o n s  on each  ground t r a c k  by radio communication wi th   the   p i lo t .   S ince  
the  Mach numbers were obtained from t h e   p i l o t ' s   r e a d i n g s  of t he   a i rp l ane  
Mach meter, Mach numbers are believed  to  be  accurate  within  about k0.02. 

Atmospheric  Soundings 

Rawinsonde atmospheric  soundings were obtained  in   the morning  and 
in   the  af ternoon of each  day on which t e s t s  were made. The soundings 
were made  up t o  60,000 f e e t .   P l o t s  of soundings,  which were made on 
days of occurrence  of  extremes  of  pressure and  extreme  average  gradients 
of  speed  of  sound,  temperature, and  wind  components f o r   t h e   t e s t s ,   a r e  
shown i n   f i g u r e s  3 and 4. Standard ICAO atmospheric  conditions (ref.  7) 
a re   inc luded   in   f igure  3 f o r  comparison.  These  soxndings  were  used i n  
the  determinat ion  of   the  ray  paths   (path  of   t ravel   of  a segment of  the 
shock-wave disturbance from the   a i rp l ane ) .  

RESULTS AND DISCUSSION 

The magnitude  of the f i r s t  peak  overpressure on the  ground 4,, 
r e s u l t i n g  from passage of t h e  ai rplane bow shock wave, was measured 
from t ime  his tor ies   obtained  with  the microphone  and r e l a t e d  sound 
equipment. A typical   t ime  his tory i s  shown i n   f i g u r e  5 .  The theore t i -  
ca l   var ia t ions  of overpressure  with  alt i tude,  Mach number, and a i rp lane  
shape  and s i z e  were calculated from the  following  equation which was 
presented  in   reference 8: 

This  equation i s  based on the  volume-effect  theory  of  references 2 and 3. 
The measured  overpressures, w i t h  a few exceptions, are those  obtained a t  
ground l e v e l  on the plywood re f l ec t ion   su r f ace   l oca t ed   nea r   t he   f l i gh t  
t rack .   In  a f e w  instances free-air microphone data  were read  and  cor- 
r e c t e d   t o  ground pressure  by'multiplying  the  measured  values  by 1.8. 
This number represents  the  average measured  value of  K1, t h e  ground- 
r e f l ec t ion   f ac to r .  
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Most of   the   da ta  are from f l igh ts   o f   the   supersonic   f igh ter ,   bu t  
da ta  from  one f l i gh t   o f   t he   supe r son ic  bomber were also obtained t o  
determine  the  effect  of a i rp l ane   s i ze  and weight. 

A l i s t  of   the   f l igh t   condi t ions   for   the   da ta   p resented  is  g iven   in  
table I. The da ta   ob ta ined   i n   t he   f l i gh t  tes t  t o  de te rmine   the   l a te ra l  
spread  of  the  noise  disturbances are only from the  ground-track meas- 
u r ing   s t a t ion  and,  therefore, are not  intended t o  show the   e f f ec t   o f  
lateral  d i s t a n c e   i n   t h i s   r e p o r t .  These  ground-track  data are used t o  
supplement t h e  measurements f o r   a l t i t u d e   e f f e c t .  Comments of  observers 
c l a s s i fy ing   t he   no i se   l eve l  as e i ther   ob jec t ionable  o r  t o l e rab le  are 
inc luded   in   the   t ab le .  Some information on t h e   t o l e r a b l e   l e v e l  of 
sonic-boom overpressure was a lso   p resented   in   re fe rences  6 and 8. 
Although the  maximum l e v e l  judged t o  be   to le rab le  by the   observers   in  
these  tes ts  and in   t he   t e s t s   o f   r e f e rences  6 and 8 was about 1.0 lb/sq f t ,  
it i s  be l i eved   t ha t   t he  maximum to le rance   l eve l  w i l l  vary  with  the  indi-  
vidual  - t h a t  is ,  his  preoccupation and condi t ioning  to   noise .  

D 

Effect   of   Alt i tude 

A summary of the  measured  ground  overpressure  obtained from f l i g h t s  
of   the  supersonic   f ighter  a t  Mach numbers from 1.2 t o  2.0 and a l t i t u d e s  
from 30,000 t o  60,000 feet i s  shown i n   f i g u r e  6. The measured va r i a t ions  
of overpressure   wi th   a l t i tude   a re  compared wi th   t he   t heo re t i ca l   va r i a -  
t i ons .  The measurement a t  60,000 feet was obtained a t  a Mach number of 
2.0, and the   da t a  at the  lower a l t i t u d e s  were  obtained a t  various Mach 
numbers from 1.2 t o  about 2.0. The two theore t ica l   curves   ind ica te   the  
range  of  overpressures  predicted  for Mach numbers between 1 .2  and 2.0. 
The da ta   a r e   s een   t o   be   i n  good  agre'ement with  theory  in  spite  of  changes 
in  weather  conditions  for  the  various  days on which the   da t a  were gathered. 
(The  extremes  of the  weather   condi t ions  prevai l ing  during  these  tes ts  
were p resen ted   i n   f i g s .  3 and 4 . )  Some of   the   sca t te r   o f   the  data i s  prob- 
ably due t o  weather  effects,   but no correct ions  for   weather   effects  were 
a p p l i e d   t o   t h e   t e s t   d a t a .  

The r e s u l t s   o f   t h e   t e s t s   i n d i c a t e   t h a t   l e v e l   c r u i s i n g   f l i g h t  a t  
60,000 f e e t  i s  wel l  above t h e   a l t i t u d e s  a t  which objectionable  sonic 
booms are   created a t  speeds up t o  a Mach number of 2.0. The agreement 
of t h e  tes t  resul ts   wi th  the  theory  of   references 2 and 3 seems t o  war- 
ran t   the   p red ic t ion   tha t   f l igh t   opera t ion  a t  a l t i t u d e s  above 60,000 f e e t  
would  produce  sonic booms of l e s s   i n t ens i ty   t han   t hose  measured f o r  
flights a t  60,000 f e e t   i n   t h e   p r e s e n t  tests.  
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Effect  of  Clouds 

Fl ight   data   obtained on an  overcast  day, at an   a l t i tude   o f  
58,000 feet and a Mach number of 1.87, are shown i n   f i g u r e  6 as t h e  
s o l i d  symbol. This  value  of  overpressure i s  approximately  the same 
as that   obtained a t  60,000 feet and a Mach number of 2.0 on a c l ea r  
day. The effect   of  cloud  cover is, therefore ,   seen   to  be small and 
not   s ign i f icant  when compared wi th   t he   s ca t t e r  of the   da ta .  

Effect  of Mach  Number 

The va r i a t ion  of  ground  noise  pressure  with Mach number was measured 
i n   - s e v e r a l   f l i g h t s  on t h e  same day a t  a l t i tudes  varying from  43,000 t o  
47,500 feet .  The r e s u l t s ,  shown i n  figure 7, i nd ica t e   t ha t   t he re  was 
l i t t l e  e f fec t   o f  Mach number between Mach numbers of 1 .4  and 2.0.  The 
sca t t e r   o f   t he   da t a  was in   f ac t   g rea t e r   t han   t he   t heo re t i ca l   e f f ec t   o f  
Mach number  shown f o r  comparison i n   t h e   f i g u r e .  A con t r ibu t ion   t o   t he  
magnitude  of scat ter   could have  been  caused  by t h e   f a c t   t h a t   t h e   f l i g h t s  
were several   hours   apar t .  The theoret ical   curves  are based on equa- 
t i o n  (l), which  does  not  account  for  atmospheric  refraction,  and show 
var ia t ion  down t o  a Mach number of 1.0. However, because  of  refraction 
of t he  atmosphere a cutoff Mach number occurs  near a Mach number of 1.2 
f o r  most of the  present  tests. This  cutoff Mach number var ies   with a l t i -  
tude and  weather  conditions  and i s  a f fec ted  by temperature  and  wind 
gradien ts   in  a manner shown in   re fe rence  3 .  From t h e   r e s u l t s  shown i n  
f igu re  7, t h e   e f f e c t  of Mach number i s  small as long  as   the Mach number 
i s  well above the  cutoff  Mach number. This  agreement  with  the  theory 
of reference 2 ind ica t e s   t ha t  it i s  reasonable   to   predict   only a 26- 
percent  increase i n  sonic-bo'om overpressure  between Mach numbers of 
1.5 and  3.0. 

In   f i gu re  8, data are shown which are   bel ieved  to   be  an  accurate  
measure of t h e   e f f e c t  of Mach number near  the  cutoff Mach number. Since 
these  data were  obtained a t  about  15-minute in t e rva l s   i n   t he  morning  and 
afternoon  of  one  day,  the data are   be l ieved   to  be more nearly  comparable 
because of constant  atmospheric  conditions. 

A t h e o r e t i c a l  method is descr ibed   in   sec t ion  4 of the  appendix  in 
reference 3 which p red ic t s  a focusing  effect   of   refract ion  that   causes  
an  increase  of  the sonic-boom in tens i ty   over   tha t   ca lcu la ted  for a homog- 
enous  atmosphere  by a factor   greater   than 5 a t   t h e   c u t o f f  Mach number. 
Such e f f e c t  would have great   s ignif icance  in   the  operat ion  of   supersonic  
aircraft. The data of figure 8 ind ica t e   t ha t   t he  sonic-boom i n t e n s i t y  
decreased as Mach number was decreased  to  the  cutoff Mach number and the  
maximum value  of 40 obtained was only  about 40 percent greater than 
tha t   p red ic t ed  by equation (1). This maximum measured i n t e n s i t y  was, 
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however, l a rger   than   tha t   p red ic ted  from  equation (1) by  an amount some- 
what l a rge r   t han   t he   da t a   s ca t t e r .   Th i s   r e su l t  may b e   i n  some  way r e l a t e d  
to   t he   focus ing   e f f ec t   o f   r e f r ac t ion   bu t   t he   l a rge   i n t ens i f i ca t ion  (a t  
the  cutoff  Mach number) ind ica ted   by   the   theore t ica l  method i n  refer- 
ence 3 was not  detected. 

For   the   f l igh ts   near   the   cu tof f  Mach number, the  ray  paths  were 
known t o  have  been jus t   g raz ing   the  ground.  These ray  paths   represent  
the  propagation  path  of a segment of t h e  shock wave. The shock wave 
f r o n t  i s  perpendicular   to   the  ray  path,  and for   the  grazing  ray  path 
the shock f r o n t  i s ,  therefore ,   ver t ical   near   the  ground.  The shock 
f r o n t s  were known t o   b e   v e r t i c a l  from  examination  of  the  records from 
the   f r ee -a i r  microphone  and the  microphone  mounted  on t h e  ground  board. 
I n   a d d i t i o n   t o   a r r i v a l  times of  the bow wave being  the same fo r   bo th  
microphones, no r e f l e c t e d  wave was seen on t h e  free-air microphone t race;  
t h i s   i nd ica t ed  a shock wave perpendicular  to  the  ground. The i n t e n s i t y  
measured  by t h e   f r e e - a i r  microphone was t h e  same as t h a t  measured  by 
t h e  ground  microphone. 

The cutoff Mach number, predicted from the  rawinsonde  data and  by 
use  of  the method of  reference 3 ,  was 1.22 fo r   bo th   t he  morning  and 
a f t e rnoon   f l i gh t s  and  agrees  with  the  measured  cutoff Mach numbers within 
about +O .O3. 

Effect  of  Flight-Path Angle 

Level-fl ight  operation a t  t h e  cutoff Mach number i s  characterized 
by a ray  path j u s t  grazing  the ground.  This  situation  can  also  be 
real ized  in   c l imbing  or   descending  f l ight  a t  Mach numbers respect ively 
above  and below the  cutoff  Mach number f o r   l e v e l   f l i g h t .  It i s  believed 
that   f l ight-path-angle  changes are   equivalent   to   changes  in   the Mach 
angle as far as propagation  direction i s  concerned. On t h i s   b a s i s ,   t h e  
change in   cu tof f  Mach number may be  expressed by the  following  relation: 

The var ia t ion  of cutoffl Mach number, obtained by  use  of  equation (2), 
with   f l igh t   pa th   angle  i s  shown in   f i gu re  9 f o r   f l i g h t   i n   t h e   s t a n d a r d  
ICAO atmosphere ( r e f .  7) a t  var ious   a l t i tudes .  It can  be  seen from 
f igure  9 t h a t  an airplane  having a large  climb-angle  capability may be 
operated a t  r e l a t ive ly   h igh  Mach numbers with no sonic-boom problem. 
Conversely,  descending f l i gh t   r equ i r e s  a decreased Mach number i f  sonic 
booms are   to   be  avoided on the ground. 
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In  order  to  determine  experimentally  whether  cutoff Mach number i s  
a f f ec t ed   i n   t he  manner indicated  by  equation (2), the   e f fec t   o f   c l imb 
angle on sonic-boom i n t e n s i t y  w a s  investigated  by making  two tests, one 
i n  l eve l   f l i gh t   fo l lowed  a short   t ime la ter  by  one that   included a pu l l -  
up and  climb  maneuver. The  Mach number was 1.4 f o r   t h e   l e v e l - f l i g h t  
tes t  but   var ied between 1.4 and 1.34 i n   t h e  climb  maneuver. The f l i g h t  
pa ths   fo r   t he  two tests, taken  from  the  radar  plot   board,  are shown i n  
f igu re  10. Ray pa ths ,   for   severa l   pos i t ions   in   each  test ,  were computed 
from t h e  rawinsonde  data  presented  in  f igure 11. It can  be  seen i n  
f igu re  10 t h a t   l e v e l   f l i g h t  produced a r a y   p a t h   t h a t  w a s  more near ly  
perpendicular  to  the  ground a t  the  measuring  s ta t ion  than w a s  t h e   r a y  
pa th   for   the   c l imb maneuver. The climb maneuver was, in   f ac t ,   pu rpose ly  
made a t  a combination  of  flight-path  angle  and Mach number c l o s e   t o   t h e  
condition a t  which a cutoff  of  the  sonic boom would be  produced  by  atmos- 
pher ic   re f rac t ion .  The computed r ay   pa th   fo r   t he  climb  maneuver j u s t  
grazed  the  ground a t  the  measuring  station and t h e  boom i n t e n s i t y  was 
greatly  reduced  in comparison with the  boom produced i n   l e v e l   f l i g h t .  
The measured  overpressure  for  level  f l ight was 0.56 lb/sq f t  and f o r   t h e  
climb maneuver was 0.07  lb/sq f t .  Although the re  was a small d i f fe rence  
i n   a l t i t u d e  and Mach number f o r   t h e   p o s i t i o n s   i n   t h e   l e v e l   f l i g h t  and 
the climb maneuver from  which the   ray   pa ths  emanated, t h e  main e f f e c t  
was be l i eved   t o  be  .caused  by  f l ight-path  angle  in a manner similar t o  
the  Mach number e f f ec t   nea r   cu to f f ,   i nd ica t ed   i n   f i gu re  8. The f l i g h t -  
path  angle  and Mach number i n   t h e  climb maneuver are shown p l o t t e d   i n  
f igu re  9 i n   r e l a t ion   t o . the   va r i a t ion   o f   cu to f f  Mach number wi th   f l i gh t -  
path  angle computed for  atmospheric  conditions existing a t  the  t ime  of 
t h e   f l i g h t .  The measurement shows good agreement  with  the  calculated I 

curve; from th is   exper imenta l   resu l t  it appears   tha t   the  method of es t i -  
mat ing  the  effect   of   f l ight-path  angle  on cutoff Mach number i s  essen- 
t i a l l y   c o r r e c t .  

Effect  of Airplane  Size  and Weight 

The e f f e c t  of   a i rplane  s ize  and  weight  on t h e  measured  ground  over- 
pressure w a s  invest igated  by  f lying  the  supersonic   f ighter   ( f ig .  1) and 
supersonic bomber ( f i g .  2)  over   the   t es t   range  on the  same day.  These 
f l i g h t s  were made about  one  hour  apart  and,  therefore,  in  nearly  the 
same weather  conditions. The measured  ground overpressures   for   the  
f l i g h t s  a t  a Mach number of 1.5 near 40,000 feet  are p resen ted   i n   f i g -  
ure 12. The theore t ica l   curves  were again  determined by using  the method 
of  reference 2. The method i s  based on a i rp lane  volume ra ther   than  l i f t .  
The supersonic  f ighter  has a f ineness   ra t io   o f  7.75, and the  equivalent-  
body-shape f a c t o r  (ref.  8) f o r   t h e   c a l c u l a t i o n s   i n   f i g u r e  12 was de ter -  
mined to   be '0 .558 .  The supersonic bomber has a f ineness   r a t io  of  about 
8.3 and the  equivalent-body-shape  factor i s  about 0.6. The data  obtained 
show good agreement  with  the volume theory. The supersonic bomber out- 
weighed t h e  fighter by a f a c t o r  of about 4.0, and t h e   r e s u l t s   i n d i c a t e  
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t h a t   t h e  sound i n t e n s i t i e s  are l i t t l e  a f f ec t ed  by e i t h e r   t h e   a i r p l a n e  
s ize  d i f f e rences   o r   t he  weight d i f fe rences  a t  t h e  tes t  a l t i t u d e .  

CONCLUSIONS 

Measurements  of t h e  ground shock-wave noise   pressures   during  f l ight  
tests of a supersonic   f igh ter  and a supersonic bomber i n   t h e  Mach number 
range from 1.2 t o  2.0 and a t  a l t i t u d e s  from 30,000 t o  60,000 feet ind i -  
cate  the  following  conclusions: 

1. Good agreement  of t he   va r i a t ion   w i th   a l t i t ude  was obtained 
between  measured  and  calculated  values  of  ground  pressure  near  the 
f l i g h t  track f o r   t h e  wide  range of atmospheric  conditions  encountered. 

2. Leve l   c ru i s ing   f l i gh t   a t   an   a l t i t ude   o f  60,000 f e e t  a t  a Mach 
number of 2.0 produced  sonic booms which  were  considered t o  be to l e rab le .  

3. The e f f e c t  of Mach number on t h e  ground  overpressure i s  small   in  
t h e  Mach number range  from 1.4 t o  2.0. The expe r imen ta l   r e su l t   i s - in  
good agreement  with  the  theory. 

4. No ampl i f ica t ion   of   the  shock-wave overpressures due t o   r e f r a c -  
t i o n   e f f e c t s  was apparent  near  the  cutoff Mach number. 

5 .  The climb  maneuver  produced booms of a much decreased  intensi ty  
as compared wi th   those   p roduced   in   l eve l   f l igh t  at about  the same a l t i -  
tude and Mach number. A method of ca l cu la t ing   t he   e f f ec t   o f   f l i gh t -  
path  angle on cutoff Mach number i s  presented which shows good agreement 
with  the  experimental   resul ts .  

6. The d i f f e rences   i n   t he  measured  ground noise   pressures  due t o  
a i rp l ane   s i ze  and  weight were minor a t  t h e  tes t  a l t i t ude   o f  40,000 f e e t ,  
and t h e  measured pressures  were i n  good agreement  with  the  calculated 
values  based on volume ef fec ts   on ly .  

Langley  Research  Center, 
National  Aeronautics  and  Space  Administration, 

Langley  Field, V a . ,  December 1, 1959. 
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TABLE 1.- LOG OF FLIGHTS FOR SONIC-BOOM INVESTIGATION 

Date 

6/17/59 
6/18/59 
6/18/59 
6/18/59 
6/18/59 
6/26/59 
6/26/59 
6/26/59 
6/26/59 
7/1/59 
7/6/59 
7/6/59 
7/17/59 
7/20/59 
7120159 
7/23/59 

7/23/59 

7/23/59 

7/23/59 

7/23/59 

7/23/59 

7/23/59 

7/29/59 
7/29/59 

8/6/59 

8/6/59 

Variable 
investigated 

Altitude 
Altitude 
Altitude 
Altitude 
Altitude 

Mach numier 
Mach  number 
Mach  number 
Mach  number 

Lateral  spread 
Lateral  spread 
Lateral  spread 
Lateral  spread 
Lateral spread 
Lateral  spread 
Mach  number 
near  cutoff 
Mach  number 
near cutoff 
Mach number 
near  cutoff 
Mach  number 
near  cutoff 
Mach  number 
near  cutoff 
Mach  number 
near  cutoff 
Mach  number 
near  cutoff 
Climb angle 
Climb angle 

Airplane  size 
and weight 

Airplane  size 
ana weight 

Mach 
lumber 

1.5 
1.5 
1.53 
1.20 
1.44 
1.42. 
2 .oo 
1.71 
1.40 
1.40 
1.87 
1.40 
2.00 
2.01 
1.25 
le21 

1.25 

1.23 

1-35 

1.30 

1.22 

1.27 

1.40 
1.40 
to 
1.34 
1.45 

1.50 

Utitude, 
f e e t  

" 

42,500 

54 , 600 

47 , 500 
46,000 

45,000 
46,000 
58, 000 
46,600 
60,000 

40,000 

31 , 000 
30,000 

43,000 

48,500 
42,000 
41,400 

41,400 

42,000 

42,x)O 

41,800 

42,500 
42,700 

43,000 
""" 

39,100 

40,100 

Flight-path 
angle, deg 

0 
-5 
0 
0 
0 
1 
2 
5 
0 
2 
3 
1.4 
3 
1 
0 
0 

0 

1 

1 

1 

.5 
0 

3 
10 

0 

-5 

Later  a1 
listance, 
nautical  
miles 

0.3 
.2 
.5 
1.2 

.5 

.2 
1.9 
.2 

1.0 
.4 
.2 
1.8 
.2 
.4 
.2 
- 5  
.1 

1.2 

.a 

.7 

.4 

.a 

l.gE. 

.5w. 

herpressure, 4p0, 
lb/sq f t  

0.87 
1.12 
.41 
1.14 
1.51 

.57 
* 83 
.80 
.92 
-99 
.40 
.70 . .49 
-76 
.79 
.04 

1.12 

0 

1.15 

.42 

.02 

.10 

-56 
07 

1.24 

1.10 

Boom 
Dbjectionable 

Boom 
tolerable 

X 
X 

X 
X 

X 
X 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
X 

Number 
of 

booms 

2 
2 
2 
2 

2 or 3 
5 

1 or  2 
2 
2' 

2 or  3 
2 

1 or  2 
1 

1 or  2 
2 
2 

2 

""" 

2 

2 

2 

2 

2 
3 o r  4 

2 

I 
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Figure 3.- Profiles of atmospheric  soundings on days of occurrence of the extremes of  atmospheric 
pressure and extreme average gradients of temperature and speed of sound. ul P 



70 x 

60 - 

50 - 

40 - 

42 
CI 

30 - 
3 * 
4 * 
rl 

20 - 

10 - 

O L  

103 

\ 
\ 
\ 

\ , 
\ 
> 

”- 
/ 

... 
1- . . ‘. 

I 
I 
/ 

/‘ 

60 

5c 

40 

* 
30 

d 
2 

< 20 
* 
rl 

10 

\ 
.” 

I 0 
80 60 40 20 0 20 40 60 80 

Wind VelocitJ, ft/seC 
Headwind Tai lwind 

103 I 

(a) Components a long  f l ight   paths .  (b) Components perpendicular t o  f l ight  paths. 
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and perpendicular  to  the f l ight t rack.  



Figure 5.- Time history of pressure as obtained by microphone mounted flush  with plywood ref lec-  
tion  board. 
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Figure 6.- Measured and calculated  variation  with  alt i tude of the  ground noise  pressures  near 
the   f l igh t   t rack .   Level   f l igh ts  on several   different  days were made a t  Mach numbers from 
1.2 t o  2.0. 
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with f l i g h t  Mach number near  cutoff.  Data were obtained on the same % , 
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Figure 9.- Calculated  effect  of flight-path  angle on cutoff Mach number 
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ver made to investigate the effect of climb angle on sonic-boom intensity. 
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