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EFFECTS OF ATMOSPmRE, WIND, AND AIRCRAFT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
MANEUVERS ON SONIC BOOM SIGNATVRES 

Rudolph C .  Haefeli 
Aeronautical  Research Associates of Princeton, Inc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

SUMMARY 

Sonic boom propagation i n  a hor izonta l ly  s t r a t i f i e d  atmos- 
phere i s  computed f o r  a broad scope of atmosphere and f l i g h t  
conditions,  using both a f ighter- type (F-104) and an SST-type 
(SCAT 15-F) a i r c r a f t ,  Atmospheric conditions include various 
temperature inversions,  lapse r a t e s ,  and wind p r o f i l e s .  F l i g h t  
conditions include va r i a t ions  i n  aircraft  a l t i t u d e  and Mach num- 
ber, together w i t h  maneuvers of steady f l i g h t ,  longi tudina l  ac- 
ce le ra t ion ,  pullup, pushover, and c i r c u l a r  t u rns .  

A computer program i s  used which w a s  developed using geo- 
metric acoust ic  theory,  accounting f o r  nonlinear e f f e c t s  by means 
of an appropriate age var iable .  The program therefore  y i e lds  the  
e n t i r e  sonic  boom signature ,  w i t h  i t s  proper d i s t o r t i o n  (aging) 
i n  e i t h e r  uniform or nonuniform atmospheres w i t h  winds, and 
accounting f o r  any spec i f ied  a i r c r a f t  maneuver. T h i s  program 
gives  output i n  both tabular  and graphical  formats, including 
p l o t s  of the  r e s u l t i n g  sonic boom pressure s ignature  w i t h  shock 
waves properly loca ted .  

Resul ts  of the  ca lcu la t ions  are presented and discussed. 
Comparisons w i t h  data from other  sources are shown. Important 
e f f e c t s  near ray  focusing and f o r  maneuvers are described, in -  
cluding large overpressures and major changes i n  the shape of the 
pressure s ignatures  f o r  spec l f ied  f l i g h t  conditions.  

INTRODUCTION 

The development of a new ana lys is  technique f o r  computing 
sonic boom pressure s ignatures  w a s  reported i n  reference 1. T h i s  
analys is  o f f e r s  a unique capab i l i t y  to ca lcu la t e  the sonic boom 
propagation through var iable ,  hor izonta l ly  s t ra t i f ied  atmospheres 
w i t h  winds from any d i r ec t ion  and f o r  general  a i r c r a f t  maneuvers. 
The maneuver parameters a f f e c t  the s t rength  and aging ( d i s t o r t i o n )  
of the signature ,  and are completely included i n  the ray-tube area 
equations.  There i s  no r e s t r i c t i o n ,  then, as to the type of man- 
euver;  it may be Specified f o r  any steady or acce lera t ing  f l i g h t  



path,  including banked tu rns  out-of-plane. The analys is  of the 
propagation of the sonic boom i s  based on l i n e a r  geometric acous- 
t i c  theory, employing an age variable zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto define e s s e n t i a l  non- 
l i n e a r  e f f e c t s  on the  shape of the  pressure s ignature .  E f f e c t s  
of atmospheric turbulence are not  included i n  t h i s  analysis ,  nor 
a re  the spec ia l  nonlinear e f f e c t s  near ray  focusing ( caus t i c s )  
where i n  the present  theory the pressure becomes i n f i n i t e .  The 
analys is  provides equations f o r  the sonic boom which have been 
incorporated i n  a versat i le  computer program w r i t t e n  i n  ASA FOR- 
TRClN I V  ( r e f .  1). 

This ana lys i s  and computer program provide means f o r  calcu- 
l a t i n g  the  sonic boom signatures  f o r  more general  var iab les  than 
w i t h  previous programs, without asymptotic or uniform atmosphere 
assumptions, and f o r  a r b i t r a r y  maneuvers. A s  examples of previous 
work, reference 2 has presented methods f o r  ca l cu la t ing  the ground 
loca t ions  of sonic  booms for a spec i f ied  atmosphere from maneuver- 
i ng  a i r c r a f t ,  but does not  give the sonic boom signatures .  Refer- 
ence 3 has presented a d i g i t a l  program f o r  obtaining sonic boom 
shock-overpressures and r e s t r i c t e d  to maneuvers i n  a v e r t i c a l  
plane.  Overpressure r e s u l t s  from t h i s  and other  previous analyses 
have beeri conf l ic t ing ,  even f o r  l e v e l  uniform f l i g h t  w i t h  and 
without winds, leading to confusion and l ack  of confidence i n  
pred ic t ions  of sonic boom overpressures.  The present  study, 
therefore ,  was undertaken t o  establ ish a sound basis f o r  sonic 
boom predic t ions  using the developments of reference 1, and to 
provide a broad scope of r e s u l t s  f o r  understanding various e f f e c t s  
on overpressures and signature shapes (wave forms).  

T h i s  study provides ca lcu la t ions  and i n t e r p r e t a t i o n s  f o r  
sonic boom propagation through various s t r a t i f i e d  atmospheres and 
winds from maneuvering aircraft .  The atmospheres include the 
1962 U.S. standard,  three var ia t ions  of temperature, and three 
wind p r o f i l e s .  The maneuvers include l e v e l  f l i g h t  a t  various 
a l t i t u d e s  and Mach numbers, acce le ra t ing  f l i g h t ,  pullups,  push- 
overs, and c i r c u l a r  t u rns .  Two a i r c r a f t  were used i n  t h i s  study. 
The f igh te r  aircraft c l a s s  w a s  represented by the F-104 and the 
supersonic t ranspor t  class (SST) w a s  represented by t h e  SCAT 15-F, 
a hypothet ical  a i rcraf t  defined and used i n  a n a l y t i c a l  studies at 
NASA, 1,zngley Research Center. 

T h i s  r epor t  descr ibes  the computational study and i t s  re- 
s u l t s  i n  d e t a i l .  Modifications t o  the computer program a re  
mentioned which enabled rapid computer processes using the IBM 
1130, Model 2B computer. The input  data are presented, including 
aircraft  c h a r a c t e r i s t i c s ,  atmosphere and wind data, maneuver 
correct ions,  and the se lec ted  a l t i t u d e  and Mach number var ia t ions .  
Resul ts  are then presented i n  tabular  and graphical  form f o r  both 
a i r c r a f t .  Comparisons are made w i t h  previously ava i lab le  data, 
i n  p a r t i c u l a r  t ha t  of reference 4. Important changes i n  over- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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pressure and pressure signature shapes caused by atmospheric re- 
f r a c t i o n  leading  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto ray  focusing and maneuvers are described. 

SYMBOLS 

speed of sound, (yeRT) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1/2 a 

ray-tube area cut by hor izonta l  plane A 

‘D drag coe f f i c i en t  

‘L l i f t  coe f f i c i en t  

‘T - ‘D 

D 

ne t  a x i a l  force  coe f f i c i en t  

drag 

grav i t a t iona l  acce lera t ion  

h a l t i t u d e  of a i r c r a f t  above sea l e v e l  

a l t i t u d e  of ground above sea l e v e l  

HAS high a l t i t u d e  shear, wind p r o f i l e  

HAT1 

KA 

high a l t i t u d e  temperature inversion 

atmospheric cor rec t ion  f a c t o r  app l i ed  to 
UNW r e s u l t s  

r e f l e c t i o n  f a c t o r  

l i f t  ; 
f o r  F-function, dis tance along a i r c r a f t  ax is ;  
for signature ,  l ength  parameter 

L 

La zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L1 

a i r c r a f t  reference length  

s ignature  length between leading and 
t r a i l i n g  shocks 

LAS low a l t i t u d e  shear, wind p r o f i l e  

l o w  a l t i tude temperature inversion 

Mach number of a i r c r a f t ,  V/a 

LATI 

M 

medium a l t i tude  shear, wind p r o f i l e  MAS 
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normal and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaxial load f a c t o r s  

P 

AP 

P re f  

ps td  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S 

‘ref 

SLR 

SNFT 

t 

a 
t 

T 

UNW 

V 

W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X 

C 

Y 

ye zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n 

pressure 

pressure increment; maximum overpressure 

pressure  a t  reference Mach number, SNW 

pressure a t  M = 1.25, SNW 

distance 

reference wing area for force  coe f f i c i en t s  

summer lapse rate, temperature p r o f i l e  

1962 U.S. standard atmosphere; no wind 

time along ray  

time along a i r c r a f t  t r a j e c t o r y  

absolute temperature ; thrust 

uniform atmosphere, no wind 

a i r c r a f t  veloci ty  r e l a t i v e  t o  atmosphere, M a  

weight of a i r c r a f t  

f ixed  coordinate system, eas t ,  north,  and 
ab o ve ground , r e  spec t i v e  1 y 

l a t e r a l  dis tance t o  cutoff  (horizontal  r a y )  

a i r c r a f t  climb angle 

r a t i o  of spec i f i c  hea ts  

per turba t ion  from undisturbed value 

wind heading angle (whence wind blows) 

Mach angle, sin-’ (1 /M)  

age 

azimuth angle of wave normal f r o m  v e r t i c a l  
plane zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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a i r c r a f t  bank angle 
'a 

'r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 

azimuth angle of wave normal r e l a t i v e  t o  
aircraft  

heading angle of a i r c r a f t  

GEPJERAL DESCRIPTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND PROGRAM INPUTS 

The main object ive of the  curren t  study was t o  ob ta in  an 
understanding of sonic boom overpressures and pressure signa- 
t u r e s  r e s u l t i n g  from representa t ive  l ight-weight and heavy- 
weight a i r c r a f t  types w i t h  a var i e ty  of maneuvers, wind p r o f i l e s  
and atmospheres. The plan  f o r  achieving tkris goal  included es-  
t ab l i sh ing  a schedule of var ia t ions  of parameters summarized i n  
t ab le  I. The set and run numbers given on t h i s  table were used 
t o  i d e n t i f y  the spec i f i c  va r i a t ions  shown i n  other  columns of 
t h i s  table and the corresponding computational r e s u l t s .  The 
symbols and abbreviations used i n  t h i s  table are  defined i n  the  
following paragraphs and i n  the l i s t  of SYMBOLS, 

w i t h  the following cha rac t e r i s t i c s :  
Two aircraf t  used i n  t h i s  study were the  F-104 and SCAT 15-F 

F-104 SCAT 1 5 - ~  

Weight W 

Length LA 

Wing area Sref 

Wing loading W/Sref (g;s2 

15 600 4-50 ooo 
7.06 204 

50 
15.3 

173 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 
16.1 

90 
439 

250 
76.2 

5000 

46 5 

90 
439 

Each a i r c r a f t  has the same wing loading and, therefore ,  the same 
l i f t  coe f f i c i en t  f o r  the same f l i g h t  condition. T h i s  common- 
a l i t y  may be helpfu l  when comparing s ignatures  of the two air-  
craft  at  the same f l ight  condition, as any differences must then 
be a t t r i b u t e d  t o  other parameters. 

The F-functions ( r e f .  5) f o r  these a i r c r a f t ,  which repre- 
sent  the pressure signature near (several  spans zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfrom) the air-  

5 



craft are requirzd inputs  t o  the sonic boom computer program. 
form f o r  the F-functions, ca l cu la t ed  at  NASA, Langley Research 
Center, w a s  given as 

The 

F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Ff (FA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3- FB) 

where FA = FAl 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf3 = J M 2  - 1 

Ff = M2/;/?8 

Reference 6 descr ibes  a numerical procedure f o r  ca l cu la t ing  the  
F-functions. The cont r ibu t ions  from the a i r c r a f t  volume dis -  
t r i b u t i o n  and from the l i f t  d i s t r ibu t ion ,  and F , res- 

Tables of FAl 
pect ively,  were given a t  spec i f ied  a i r c r a f t  a t i o n s  . 
vary l i n e a r l y  e spec i f ied  s t a t i o n s .  

were input  t o  the program and taken t o  

The input  parameters  FA^ and F B ~  are i m p l i c i t  funct ions 
of Mach number. They were only available, however, f o r  M = 1.4 
(both a i r c r a f t )  and M = 2.7 (SCAT l5-F),  and only f o r  the a z i -  
muth d i r e c t l y  under the  a i r c r a f t  (@r = 0, f i g .  1). For the  pre- 
sen t  study, then, these parameters w e r e  varied w i t h  Mach number 
only when the SCAT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15-F F-function derived a t  M = 1.4 w a s  re- 
placed by the one derived a t  M = 2.7 . The l i f t  t e r m  F , how- 
ever,  i s  e x p l i c i t l y  dependent on Mach number through the Hactors 

@ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=/cl and CL - - 

the  F-function does vary w i t h  Mach number. A l s o ,  the t e r m  F 

i s  proport ional  t o  the  l i f t  coe f f i c i en t  ( load f a c t o r ) ,  so t h a  the  
F-function changes when the maneuver load f a c t o r  nL i s  changed, 
and a l s o  v a r i e s  with a i r c r a f t  a l t i t u d e  and weight. The F-functions 
f o r  M = 1.4 w e r e  used f o r  a l l  ca lcu la t ions  i n  t h i s  study, ex- 
cept  f o r  SCAT 15-F runs at  M = 3 f o r  which the  M = 2.7 da ta  
were a l s o  used. The consequences of the  change i n  F-function f o r  
SCAT 15-F so lu t ions  a t  M = 3 are shown l a t e r  t o  be s m a l l ,  lend- 
ing  substance t o  the b e l i e f  that i n  general   FA^ and FBI a re  
weakly dependent on Mach number so t h a t  they may be used over a 
su i t ab le  range of Mach numbers. Also, it i s  f e l t  that  they vary 

2 w/s . For the present  study, then, 

(aW2 
f 
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Figure 1. View looking forward along f l i g h t  a x i s  showing 
acce lera t ion  components, bank angle ,  and azimuth angle.  

slowly w i t h  @y near ar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 , so again may be used throughout 
a range of azimuth angles without ser ious discrepancy. I n  t h i s  
study the F-functions, computed and input  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor @y = 0 only, were 
therefore  used a t  a l l  azimuth angles, but recognizing t h a t  there 
may be i n  r e a l i t y  s ign i f i can t  changes, p a r t i c u l a r l y  a t  the l a r g e r  
angles (above 30 deg, say ) .  

and h = 40 000 f t  (12.2 k m ) .  A l i n e a r  va r i a t ion  i s  assumed be- 
tween data po in t s .  They are given a t  increments of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.025 La 
and 0.020 La f o r  the F-104 and SCAT l5-F, respect ively,  from the 
s t a t i o n  at  t he  nose of the a i r c r a f t  t o ' a  s t a t i o n  i n  the wake, 
These curves, shown f o r  L/La up t o  2, were extended f a r t h e r  a f t  
t o  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 La i n  the  input t ab le  f o r  the sonic boom pro- 
gram. The extended p a r t  of the F-function w a s  taken t o  be essen- 
t i a l l y  zero.  This added length,  although represent ing near-zero 
values, w a s  needed. for some ca lcu la t ions  t o  determine the  loca- 
t i o n  of the t r a i l i n g  shock i n  the pressure s ignature .  

Figure 2 shows the two F-functions f o r  f l i g h t  at M = 1.25 

7 



0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The a i r c r a f t  maneuvers designated i n  t a b l e  I f o r  t h i s  study 
included hor izonta l  steady and acce lera t ing  f l i g h t ,  pullups,  
pushovers and c i r c u l a r  t u rns .  Figures 3, 4, and 5 define nomen- 
c l a t u r e  pe r t inen t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto the a i r c r a f t  maneuvers, ray  paths ,  and az i -  
muth angles (from r e f .  1). F l i g h t  path and heading angle varia- 
t i o n s  used i n  the  computations are shown for reference i n  f i g u r e s  
6 and 7. 

Atmospheric c h a r a c t e r i s t i c s  selected f o r  t h i s  study are  
shown i n  f igure  8 i n  terms of the temperature var ia t ions  with al-  
t i t u d e .  Pressure va r i a t ions  for an equilibrium atmosphere were 
computed and used w i t h  each of these temperature p r o f i l e s .  The 
high a l t i t u d e  temperature inversion (HATI) i s  c h a r a c t e r i s t i c  of 
a f r o n t a l  inversion ( A t m  D - 3  of r e f .  4 ) .  
e ra tu re  inversion (LATI) i s  c h a r a c t e r i s t i c  of smog ( A t m  B-4 of 
r e f .  4 ) .  The summer lapse r a t e  (SLR) atmosphere i s  c h a r a c t e r i s t i c  
of a hot  ground temperature ( A t m  A-3 of r e f .  4). The 1962 U.S. 
standard (SNW, standard no wind) i s  from reference 7. Uniform 
atmospheres were a l s o  used he re in  f o r  some ca lcu la t ions  f o r  com- 
parisons,  s ince other  r epor t s  have made wide use of the s impl i f i -  
ca t ions  t o  propagation ca lcu la t ions  thereby introduced. The uni- 
form atmospheres (UNW, uniform no wind) are  defined to have con- 
s t a n t  temperature and densi ty  everywhere as determined using the  
1962 U . S .  standard atmosphere a t  the  a l t i t u d e  of the  a i r c r a f t .  

The low a l t i t u d e  temp- 

Wind p r o f i l e s  selected f o r  t h i s  study are  presented i n  f i g -  
ure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9. The high a l t i t u d e  shear (HAS) p r o f i l e  i s  the wind p r o f i l e  
which i s  exceeded l e s s  than 1% of the t i m e  i n  the northeastern 
United S ta t e s .  It represents  a high-speed jet-stream a t  an al-  
t i t u d e  of 35 000 f t  (10.7 k m ) .  The medium a l t i t u d e  shear (MAS) 
p r o f i l e  represents  a je t -s t ream a t  20 000 ft (6 .1 km) w i t h  con- 
s t a n t  wind speeds above 22 000 f t  

U . S .  standard atmosphere (SW) temperature and’density.  

and below zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17 000 f t  
(5.2 k m ) .  The low a l t i t u d e  shear represents  a j e t -  
stream a t  3000 f t  (0.9 km).  These w i t h  the  1962 

The abbreviations introduced here for the  atmospheric condi- 
t i o n s  are  used i n  the remainder of the  repor t  f o r  s impl ic i ty .  I n  
summary, they are i den t i f i ed  i n  f igu res  8 and 9 using the follow- 
ing  nomenclature: 

UrJW : Uniform atmosphere, no wind 

SNW : 1962 U.S. standard atmosphere, no wind 

LAS : Low a l t i t u d e  shear,  wind p r o f i l e  

MAS : Medium a l t i t u d e  shear, wind p r o f i l e  

HAS : High a l t i t u d e  shear, wind p r o f i l e  

LATI : Low a l t i t u d e  temperature inversion 
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V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMa 

a)  Horizontal  acce le ra t ion  

i n l t i a l  v 

L 

i n i t i a l  V 

f i n a l  V, nL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L - 

i n i t i a l  V 

f i n a l  V, nL = 

b )  Dive - pullup c )  C l i m b  - pushover zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Forward Looking V i e w  

L 

Banked 
a i r c r a f  

Plan view 
f i n a l  V 

V 

d )  Circular  tu rn  

Figure 4. Sketch of veloci ty ,  force and acce lera t ion  vectors 
f o r  maneuvers 
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F i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx (east)  X' (heading) 

.gure 5. Acceleration diagram for maneuvering a i r c r a f t .  
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I "  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y -0.25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

degrees 0 
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Figure 6. Fl igh t  path angle va r i a t ions  for pullup and 
pushover maneuvers 
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jR = -48.3 degrees 
-- -5 

5 degrees .. 

Figure 7. Heading angle va r i a t ions  for t u rn  maneuvers 
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HAT1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: High a l t i t u d e  temperature inversion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SLR : Summer lapse rate, temperature p r o f i l e  

Another input  f o r  the present  ca lc -Uat ions  w a s  an a r b i t r a r y  
choice of ground r e f l e c t i o n  f a c t o r  KR = 1.9 , Theore t ica l ly  
the KR value should be 2 for a sensor a t  the ground where the 
incident  s igna l  (shock-waves) i s  r e f l ec t ed .  The reduced value 
of 1.9 used here  may be considered a temporary compromise w i t h  
considerat ions of poss ib le  surface condi t ions on the a l lev5at ion  
of the  peak pressures  of sonic boom shock waves, Some datawere 
computed a t  a l t i t u d e s  other  than sea l eve l ,  and f o r  these data 
the r e f l e c t i o n  f a c t o r  KR = 1.9 w a s  maintained. It should be 
noted, however, that  the  pressures  should be ca lcu la ted  with 
KR = 1 i f  data a re  des i red  w i t h  no ground r e f l e c t i o n ,  T h i s  a l s o  
appl ies  i T  the shock waves happen t o  be normal t o  the ground (Toe., 
i f  ray  paths are  hor izonta l  at the  ground). 

COMPUTER PROGRAM MODIFICATIONS 

The development of the sonic boom analys is  and computer pro- 
gram i s  reported i n  reference 1. The computer program w a s  modi- 
f i e d  f o r  the current  study t o  expedite the ca lcu la t ions  on an 
IBM-1130, Model 2B computer as follows: 

1. The ca lcu la t ion  time using the IBM-1130 w a s  reduced by 
a f a c t o r  of l/3 by incorporat ing various changes t o  the  computa- 
t i o n a l  f l o w  diagram log ic .  For example, d i s k  f i l e s  were c rea ted  
f o r  s tor ing  input  data such as atmosphere spec i f ica t ions ,  wind 
p r o f i l e s ,  F-functions and maneuvers, These data zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAme read i n t o  the 
computer only once, and t h e r e a f t e r  are ca l l ed  by f i l e  name, thus 
saving r e p e t i t i v e  read-in requirements. A l s o ,  s impl i f ica t ions  
were made t o  i n t eg ra t ion  subroutines and requirements were el imi-  
nated f o r  c a l l i n g  in t e rpo la t ion  rout ines  r e p e t i t i v e l y .  

2. A subroutine w a s  added t o  obta in  the shock loca t ions  
automatical ly ,  T h i s  includes a new algorithm which examines an 
i n t e g r a l  of the  pressure func t ion  ($-curve of r e f .  1) and deter-  
mines where shocks a re  located.  The computer program then  in-  
ves t iga tes  the  appropriate  branches of the  d i s to r t ed  pressure s ig-  
na l  t o  f i n d  the values of pressures  a t  each shock locat ion.  These 
pressure values and the  corresponding pressure jumps are included 
i n  the output l i s t i n g .  

3. A capab i l i t y  w a s  added t o  obtain automatic p l o t t i n g  of 
the  pressure s ignatures  a t  the  same time they a re  l i s t e d  by the  
p r i n t e r .  P l o t t i n g  sca les  a re  adjusted automatically t o  keep the 
curve within a specif ied s i ze  (thereby providing a standardized 
format) , 
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4. T h i s  sonic boom computer program i s  too  l a rge  t o  be f o r -  
mulated f o r  an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIBM-1130, Model 2B without s p l i t t i n g  i t  i n t o  log i -  
c a l  computational units connected by programmed l i n k s .  Five l i n k s  
a re  used i n  the  present  IBM-1130 program connecting input ,  man- 
euver, ray  tracing-area-age, shock locat ion,  p r in t -p lo t ,  and 
ground i n t e r s e c t i o n  modules. The computer flow w a s  revised from 
that  of the  o r i g i n a l  program ( r e f .  1) so tha t  each l i n k  computes 
and s t o r e s  a l l  d a t a  f o r  a given run before proceeding t o  the  next 
l i n k .  Thus, f o r  example, the  complete maneuver i s  ca lcu la ted  and 
s tored  at  the  beginning of the  program. This process of l i nk ing  
avoids time-consuming t r a n s f e r s  back and f o r t h  between l i n k s  and 
saves about 1/4 of the machine time t h a t  m i g h t  otherwise be r e -  
quired.  It a l s o  enables the  computer t o  c a l l  a second s e t  of air-  
c r a f t  c h a r a c t e r i s t i c s  and determine i t s  pressure s ignature  and 
shock loca t ions  without redoing input ,  maneuver and ray-area-age 
ca l cu la t ions .  

The ove ra l l  machine time using t h i s  computer program on an 
IBM-1130, Model 2B t i e d  i n  w i t h  a d i g i t a l  incremental p l o t t e r  
var ies  between 1 and 3 minutes per  s ignature .  T h i s  time depends 
on the  maneuver time duration, the  number of r a y s  c a l l e d  f o r ,  and 
the complexity of the  F-function. 

RESULTS 

T h i s  sec t ion  presents  data derived f o r  the  various maneuver 
and atmospheric conditions se lec ted  f o r  t h i s  study. Each sub- 
sec t ion  presents  t a b l e s  and graphs for a p a r t i c u l a r  type of man- 
euver, s t a r t i n g  w i t h  l e v e l  uniform f l i g h t  and progressing through 
l e v e l  acce le ra t ing  f l i g h t ,  pullups,  pushovers, tu rns  and por- 
pois ing maneuvers. Overpressures and complete s ignatures  are  
shown pe r t a in ing  to each of these f l i g h t  conditions,  together 
w i t h  c e r t a i n  s ign i f i can t  comparisons t o  previous calculated r e -  
s u l t s ,  to f l i gh t  t e s t  measurements, and to reference conditions.  

A summary t abu la t ion  of r e s u l t s  f o r  a l l  runs i s  presented i n  
t a b l e  I1 for the  use of the  reader who may w i s h  to make f u r t h e r  
analyses of r e s u l t s .  T h i s  t a b l e  shows overpressures, signature 
lengths ,  and ray  ground i n t e r s e c t i o n  data f o r  se lec ted  maneuver 
times t a  and azimuth angles zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@ . Table I provides the  run num- 
ber for a specif ied ca l cu la t ion  condition; w i t h  t h i s  run number, 
t a b l e  I1 provides the  r e s u l t i n g  overpressure and ray-path a a t a .  
Figures 6 and 7 may be required t o  obtain maneuver condition in-  
formation using the  a i r c r a f t  maneuver time ta given i n  t ab le  
11, The r e s u l t s  a re  shown i n  other char t  and graph formats  t o  
be presented i n  the following discussion of r e s u l t s ,  so t ha t  the  
general  reader need not i n t e r p r e t  t ab l e  11. 



Level Uniform F l i g h t  

Pressure s igna tures  and overpressures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.- Pressure s igna tures  
f o r  the  F-104 and SCAT 15-F are shown i n  f i g u r e  10 f o r  an air- 
c r a f t  at M = 1.25 , 
no-wind zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(SW) atmosphere. These s ignatures  are computed at sea 
l e v e l  on the ground t r a c k  of the  a i r c r a f t  (@ = 0) .  
f l i g h t  and atmosphere condi t ions se lec ted  here are of t en  used as 
reference values i n  t h i s  repor t ,  and therefore  these  s igna tures  
( f ig .  10)  are termed nominal. The ordinate  Ap is  the  pressure 
va r i a t ion  from i t s  ambient value, whereas the absc issa  may be 
considered a dis tance phase which i s  proport ional  t o  a t i m e  phase 
( r e f .  1, e g -  (41)), so that  the  s ignature  a l s o  represents  pressure 
f luc tua t ions  w i t h  time such as would be measured by a s t a t i o n a r y  
microphone w i t h  a nonturbulent atmosphere. The zero value of 
L/La corresponds t o  the  phase which or ig ina ted  at the nose of 
the  a i r c r a f t  (or  i t s  equivalent body of r evo lu t ion ) .  The signa- 
t u r e  length,  defined as L1 , i s  the distance between the  leading 
and t r a i l i n g  shocks. The s t a t i o n  L or  length  L1 i s  obtained 
from L/La and Iil/La by multiplying by the  a i r c r a f t  l ength  L a  . 
The SCAT 15-F i s  f i v e  (5) times as long as the  F-104. I t s  nomi- 
n a l  s ignature  length  L 1  
f o r  the F-104. The d i f f e r e n t  c h a r a c t e r i s t i c s  of the signatures  
f o r  the  two a i r c r a f t  r e s u l t  f rom t h e i r  considerable difference i n  
configurat ion which i s  input through t h e i r  F-functions ( f i g .  2 ) .  
They have not become f u l l y  developed N-waves f o r  t h i s  re fer ,  =nee 
condition. 

h = 40 000 f t  (12.2 km) and f o r  a standard 

The p a r t i c u l a r  

i s  therefore  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA306 f t ,  compared t o  133 f t  

The sonic boom overpressure i s  taken as the  maximum value of 
pressure on the compression side of the s ignature .  Thus, i n  f i g -  
ure 10 the  overpressure f o r  the F-104 i s  equal t o  the  jump of the  
leading shock, whereas t ha t  f o r  the  SCAT 15-F i s  the  peak value 
a t  the  t h i r d  shock. The overpressures are  given i n  table I11 at 
various Mach numbers f o r  l e v e l  uniform f l i g h t  at 40 000 f t  (12 .2  
km) a l t i t u d e .  These values a r e  used as reference values i n  sub- 
sequent data presenta t ions .  

Pressure s igna tures  f o r  severa l  Mach numbers a re  shown i n  
f i g u r e s  11 and 1 2  f o r  l e v e l  f l i g h t  at 40 000 f t  (12.2 km) a l t i -  
tude.  Signatures are  shown f o r  each a i r c r a f t  using both the 
uniform atmosphere (UNW) and a r e a l  atmosphere (SLR). (The s ig -  
natures  f o r  the  standard atmosphere (SNW) would be e s s e n t i a l l y  
the same as f o r  the SLR atmosphere). The r e s u l t s  using UNW a re  
considerably lower than f o r  SNW, and should be mult ip l ied  by an 
atmospheric cor rec t ion  f a c t o r  KA t o  obtain r e a l i s t i c  pressure 
values. I n  the  presenta t ion  of these and subsequent pressure 
s ignatures ,  the sca l e s  were determined by the  format f o r  the  
d i g i t a l  incremental p l o t t e r ,  and therefore  a re  not always consis- 
t e n t ;  they a re  properly iden t i f i ed ,  however. 
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L/ L, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF-104 

L/L, 

b) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASCAT 15-F 

Figure 10. Nominal pressure s ignatures  f o r  F-104 and SCAT 15-F; 
M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.25, h = 40 000 f t  (12.2 km), SNW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
jsdCdv zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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SLR, Summer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlapse rate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 .  
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Figure 11. Concluded 

21 



UNW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASLR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a) M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.3 

b) M = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.0 
- 

100 

L/La L/L,. 

C )  M = 3.0 

Figure 12, Mach number e f f e c t s  on signature a t  sea l eve l ;  SCAT l5-F, 
h . =  40 000 f t  (12.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm) 
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The Mach number dependence of overpressure i s  p l o t t e d  i n  f i g -  
ures  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13 and 14 f o r  various atmosphere and wind conditions;  here the  
overpressure i s  shown r e l a t i v e  t o  i t s  nominal value at M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.25 , 
SNW ( t a b l e  111). 
s t a t e d  otherwise. The HAS headwind i s  shown here t o  y i e l d  very 
l a r g e  overpressures near M = 1.3 as a r e s u l t  of ray focusing 
caused by the  l a rge  wind decrement between the a i r c r a f t  a l t i t u d e  
and the  ground. The ray-tube a rea  ca l cu la t ions  show that  t h i s  
focusing occurs j u s t  above ground l e v e l  f o r  M = 1.3  , 
f t  (12.2 km). The overpressure deviat ions i n  other  atmospheres 
(compared t o  SNW) are small, except, of course, f o r  the uniform 
atmosphere (UNW). 

The wind data normally r e f e r  t o  a headwind, un less  

h = 40 000 

Using f a c t o r s  which were derived ( r e f .  4) t o  co r rec t  UNW 
so lu t ions  t o  SNW values, the  curve labeled UNW x KA i n  f igu re  13 
r e s u l t s .  It i s  a good match t o  t he  cor rec t  SNW values for t h i s  set 
of input data. 

KA 

I n  f i g u r e  14 a re  ind ica ted  the  data ca lcu la ted  at  Mach 3 
(dashed curve f a i r e d  i n t o  the o r i g i n a l  curve at Mach 2)  using bo th  
the  M = 1,4 and the  M = 2.7 F-functions of the  SCAT 15-F. The 
M = 2.7 F-function y i e l d s  only s l i g h t l y  l a r g e r  overpressures. 
Also, the signatures  appear q u i t e  similar. Thus, t he re  i s  some 
confidence that  an F-function computed a t  a p a r t i c u l a r  Mach number 
i n  t h i s  range can be accepted as a good approximation a t  other  
Mach numbers i n  th i s  range. 

Further  comparisons of the  influence of atmospheric conditions 
- a re  ind ica ted  i n  the  bar cha r t s  of f igu re  15. A s  mentioned before, 

the  HAS headwind i s  c r i t i c a l  for t h i s  f l i g h t  condition. The value 
of the data point  shown a t  an overpressure r a t i o  of 2.0 i s  not es- 
pec ia l ly  unique; it i s  a value f o r  a f l i gh t  condition ( M , h )  where 
the  headwind r e s u l t s  i n  a grazing f l i g h t  p a t h  a t  a caus t i c  near the 
ground.1 The overpressure i s  sens i t i ve  t o  f l i g h t  condition here, 
so t ha t  s m a l l  changes i n  M or h cause l a rge  changes i n  the  over- 
pressure r e s u l t s .  The type of wind p r o f i l e  used i n  t h i s  study, 
where wind speed i s  lower at  ground l e v e l  than at a i r c r a f t  a l t i tude ,  
causes larger overpressures i n  a headwind than w i t h  no wind (when 
the Mach number i s  small). Tailwinds, on the  other  hand, r e s u l t  
i n  lower overpressures. The M = 2 data shown here are r e l a t i v e  
t o  the  M = 1-25 , SNW condition t o  poin t  out the  Mach number 
e f f e c t .  Further  e f f e c t s  of wind speed and d i r ec t ion  are discussed 
l a t e r .  

'At grazing the  wave f r o n t  i s  perpendicular t o  the ground so 
that  no r e f l e c t i o n  occurs and Kr should be taken as uni ty .  For 
present ca lcu la t ions ,  Kr = 1.9 . 
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Figure 13. Mach number effects on overpressure 
ratios; F-104 
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Signature d i s t o r t i o n  during propagation.- Near t h e  a i r c r a f t  
the  acoust ic  signal has e s s e n t i a l l y  the form of the  F-function. 
the acoust ic  signal propagates away from the a i r c r a f t  (along a ray  
pa th  ( f i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ) ) ,  it  i s  d i s t o r t e d  because of a weak nonlinear e f f e c t  
caused by d i f fe rences  i n  propagation speed. These d i f fe rences  are 
dependent on the  l o c a l  signal s t rength  (pressure l e v e l  above o r  be- 
low ambient) 
cumulative effect  which r e s u l t s  i n  formation and merging of shock 
waves. The amount of d i s t o r t i o n  i s  governed by an age var iab le  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz 
defined i n  reference 1 (eq.  46). The age var iable  i s  an integral  
which i s ,  i n  pa r t ,  proport ional  t o  the  dis tance t raversed and in-  
versely proport ional  t o  the  half -power of atmospheric densi ty  times 
the ray-tube area; tha t  i s ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

As 

which i s  a funct ion of phase. The d i s t o r t i o n  i s  a 

Thus the age of the signal increases  w i t h  distance,  but at a slower 
r a t e  if the rays a re  propagating downward i n t o  a region of l a r g e r  
densi ty .  If ray  focusing i s  approached ( A  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 0) ,  the  age var iable  
tends t o  increase;  i n  other  words, the pressure signature tends t o  
be more d i s to r t ed .  An analogous statement i s  t ha t  the phase s h i f t  
of the s igna l  becomes grea te r  as the age increases .  The d i s t o r t i o n  
of the s ignature  (phase s h i f t )  a l s o  tends t o  increase with Mach 
number (ref.  1, eqa. 

The r e s u l t s  of ca lcu la t ions  of the pressure signature as it 
propagates downward from the a i r c r a f t  are shown i n  figures 16 and 
17 f o r  f l i g h t  a t  40 000 f t  (12.2 km) and i n  f igu re  18 f o r  f l i g h t  
a t  25 000 f t  (7.6 km). The a l t i tudes  (hg) for displaying the  sig-  
natures  were se lec ted  t o  i l l u s t r a t e  the rap id  formation and mer - 
the signature only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500 f t  (150 m) below the  a i r c r a f t  has developed 
s i x  shock waves. During the  next 500 f t  (150 m) ( f ig .  18b) two 
p a i r s  of shocks have merged, leaving four  shocks. The two t r a i l i n g  
shocks here l a t e r  merge, s o  that  the signature a t  ground l e v e l  
( f i g .  1 8 ~ )  contains th ree  shocks. So that  comparisons wLth ground 
s ignatures  are consis tent ,  the m i d f i e l d  so lu t ions  are shown here 
w i t h  KR = 1.9 . 

@5), (461, and (49)). 

i ng  of shock waves near the  a i r c r a f t .  For example, i n  f igu re  1 8 a 

The major e f f e c t s  of aging ( d i s t o r t i o n )  occur within zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5000 f t  
The rap id  increase i n  the age var iable  near t he  f l i g h t  (1.5 km).  

a l t i t u d e  i s  shown i n  f igu re  19 along w i t h  the  ray-tube area f o r  
a i r c r a f t  a l t i t u d e s  of 40 000 and 80 000 f t  (12.2 and 24.4 km). 
Resul ts  f o r  uniform atmospheres (UNW) a re  shown f o r  comparison 
w i t h  those f o r  the standard atmosphere (SNW). 
mosphere, the ray-tube a rea  increases  l i n e a r l y  as the ray-path al-  
t i t u d e  decreases t o  sea l e v e l  (z = 0 ) .  
i n c r e a s e s  with (,& -&). I n  the  standard atmosphere the area 
deviates  from l i n e a r i t y  w i t h  z because of the densi ty  increasing 

I n  the uniform at-  

The age variable  continually 



a)  hg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA000 f t  (11.6 km) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b) hg = 30 000 f t  (9.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm) 
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Figure 16. Signature during descent from aircraft  at  
40 ooo ft (12.2 km) ; F-~o&,  M = 1.25 
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at  lower a l t i t u d e s ,  The age var iable  increases  but tends towards 
an asymptotic limit, For propagation from high a l t i t u d e s  ( f i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
lgb) the  age var iable  approximately one scale-height2 below the 
a i r c r a f t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( z  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 50 000 f t )  (15.2 km) i s  c lose  t o  the asymptotic 
value of t he  age var iable  (- z = 0) f o r  the  standard atmosphere. 
T h i s  i s  an i l l u s t r a t i o n  t h a t  t h e  asymptotic age i n  a real atmos- 
phere has a f in i t e  l i m i t  (ref. 1). The signature  d i s to r t ion ,  then, 
need not develop t o  the ex ten t  of the  c l a s s i c  N-wave, I n  the  uni- 
form atmosphere, on the  other  hand, the  age var iable  i s  not l imi t ed ,  
and the  asymptotic so lu t ion  always y i e lds  an N-wave. 

The overpressure r a t i o s  f o r  both a i r c r a f t  a r e  presented i n  
f igu res  20a and 21a as a func t ion  of the a l t i t u d e  of the  s ignature  
f o r  nominal f l igh t  condi t ions (M = 1.25, h = 40 000 f t  (12.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm)). 
A s  mentioned before, the rays focus before reaching the ground f o r  
the  high a l t i t u d e  wind shear (I-LCIS) environment as a headwind. 
Thus, high overpressures a re  r ea l i zed  near the ground f o r  a i r c r a f t  
f l y i n g  near 40 000 f t  (122 km) a t  Mach numbers near 1.3 f o r  t h i s  
wind. 

The var ia t ions  of s ignature  length  r a t i o  L1 f o r  the  above 
f l igh t  condi t ions a re  shown i n  f igu re  22a. The ray-path t r a v e l  
time t from the  a i r c r a f t  t o  the  s t a t e d  a l t i t u d e  hg i s  given 
i n  f igure  23a, and the  ground dis tance y t raversed  i n  t h i s  time 
by the ray path i s  given i n  f igu re  24a. 
en t  of the  a i r c r a f t  type.  

The ray  path i s  independ- 

Effec ts  of Airc ra f t  Al t i tude , -  Overpressure, s ignature  length  
and ray-path r e s u l t s  are shown i n  f igu res  2Ob through 24b as func- 
t i o n s  of a i r c r a f t  a l t i t u d e .  These data are  f o r  M = 1.25 except 
where noted otherwise. 

I n  f igu res  20b and 21b, s o l i d  curves present  the va r i a t ion  
of the  overpressure r a t i o  f o r  th ree  atmospheres, UNW, SNW, and 
HAS. D a t a  poin ts  a r e  shown f o r  SLR. I n  addi t ion,  a dashed curve 
shows the overpressure r a t i o  obtained by multiplying the UNW 
values by the  altitude-dependent atmospheric cor rec t ion  f a c t o r  

KA 
agrees well  with the SNW curve, ind ica t ing  that  these KA f a c t o r s  
applied t o  Ut%? r e s u l t s  y i e ld  good approximations t o  the  r e a l i s t i c  
atmosphere (SNW) r e s u l t s  f o r  t h i s  F-104 f l i g h t  condition. I n  f i g -  
ure 21b, the  corresponding comparison f o r  the SCAT 15-F i s  not as 
good, the ac tua l  overpressures (SNW) being as much as 10% lower 
than the approximation (mvW times KA>.  

The changing curvatures  i n  these curves, including the  d i p  

of reference 4 (UNW times KA).  I n  f igure  20b, t h i s  curve 

2 )  Density scale  height i s  the a l t i t u d e  increment i n  which 
the densi ty  changes by a f a c t o r  
21 000 f t  (6.4 km) i n  the standard atmosphere. 

e = 2.718.. . .; it i s  about 

32 



I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

103 f t  

.8' 

I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 2 4 6 8 10 12 14 

I hg. I 

AP 
rips t d 

. 4  - 

I 

h, lo3 f t  
0 20 40 6G 80 100 

0 4 8 12 16 20 24 28 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b) Altitude of a i r c r a f t  h, km 

Figure 20. Effects zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof altitudes of signature and 
aircraft on overpressure ratios; F-104 
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Figure 21. Effec t s  of a l t i t u d e s  of s i  nature and a i r c r a f t  on 
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Figure 22. Effec t s  of a l t i t u d e s  of signature  and a i r c r a f t  on 
signature  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlength zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 23. Effec t s  of altit-udes of s ignature  and a i r c r a f t  on 
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i n  the SCAT 15-F curves at  65 000 f t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(19.8 km), a r i s e  from the 
manner of development and merging of the shock waves i n  the com- 
p l e t e  s ignature .  These would not  become evident  i f  only the 
st rength of the  leading shock (an N-wave approximation) had been 
calculated.  These r e s u l t s  show t h a t  one should ca l cu la t e  over- 
pressures  without the uniform atmosphere or  N-wave assumptions f o r  
spec i f ic  a i r c r a f t  f l igh t  considerat ions,  

For the high a l t i t u d e  wind shear zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(HAS), l a rge  overpressures 
occur f o r  a i r c r a f t  a l t i t u d e s  between 30 000 and 50 000 f t  (9.2 
and 15.2 k m ) .  I n  t h i s  a l t i t u d e  range the a i r c r a f t  are f ly ing  i n t o  
a high speed wind and the rays converge s i g n i f i c a n t l y  as they prop- 
agate towards the ground where the wind speed is  much smaller. 
The two branches of the HAS curves occur because of the e f f e c t  of 
the  j e t  stream on the  ray paths.  For the a i r c r a f t  a l t i t u d e s  j u s t  
above the jet stream, the ray paths become hor izonta l  before 
reaching the ground. 

i s  shown t o  be larger zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
for UNW than f o r  the r e a l i s t i c  atmospheres SNW and o the r s )  through- 
out the range of a i r c r a f t  a l t i t u d e s .  This difference i s  l a rge r  f o r  
the higher a l t i t u d e s  as can be expected because of the l a r g e r  d i f -  
ference i n  age between UNW and SNW atmospheres, a s  shown i n  f igu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
19. 

"t I n  f igu re  22b, the signature  length 

The pressure s ignatures  a t  sea l e v e l  f o r  several  a i r c r a f t  
a l t i t u d e s  a r e  presented i n  f igu res  25 and 26. The older  age of 
the high a l t i t u d e  s ignatures  i s  evident by t h e i r  longer length 
and smaller s t rength,  together  with the merging of the  shock waves. 

Ef fec ts  of Mach number.- Variat ions of pressure s ignature  and 
overpressure ra t ios  with  Mach number have already been introduced 
i n  f igu res  11, 12, 13, and 14, and i n  table 111. The signatures  
of f igu res  11 and 12 i l l u s t r a t e  the  grea te r  d i s t o r t i o n  exhibited 
by those of the l a rge r  Mach numbers. T h i s  i s  a r e s u l t  of the  
phase s h i f t  increasing with Mach number, mentioned previously.  
Summary curves showing the Mach number e f f e c t s  on s ignature  length, 
ray t r a v e l  time, and ray-path ground dis tance a r e  given i n  f igures  
27, 28, and 29, respect ively.  A s  indicated i n  f igure  27, and 
supported by fu r the r  data i n  tab le  11, signature  lengths  obtained 
using UNW are  s ign i f i can t ly  longer than s ignature  lengths  calcu- 
la ted  using a r e a l i s t i c  atmosphere (e.g., SLR o r  SNW) over the 
e n t i r e  range of Mach numbers (and al t ieudes,  see above). T h i s  d i f -  
ference i s  l a rge r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAat the higher Mach numbers because tk signa- 
t u re  aging ( d i s t o r t i o n )  increases  with Mach number. 

Some e f f e c t s  of varying the tempera- 
tu re  n i n  f igure  15. Additional data  a r e  

igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 f o r  various Mach numbers. 
rence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 a re  compared with 
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present data. I n  f igu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30, overpressure boundaries taken from 
reference 4 are a l s o  
the  closed symbols ar 
SCAT 15-F show e s s e n t i a l  
data of reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 are 
HAT1 where they are 2 
excel lent ,  p a r t i c u l a r  
the pressure r a t i o s  f 
off  Mach number of 1. 

Wind ef fec ts . -  Some e f f e c t s  of winds 
the previous discussions.  A summary of overpressure r a t i o s  f o r  
t h e  several  wind environments i s  shown i n  table V and i n  f igu re  
31. The overpressure r a t i o s  f o r  both aircraf t  a r e  e s s e n t i a l l y  
the same. Data from reference 4 again are sh n f o r  comparison. 
The wind p r o f i l e s  i n  reference 4 are essen t i a  
those used here, except f o r  va r i a t ions  i n  the M A S  and LAS pro- 
f i l e s .  The overpressure r e s u l t s  of reference 4 are within 2% of 
the  present r e s u l t s ,  except f o r  the HAS near cutoff  (M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.3). 
Here the present r e s u l t s  show about twice the  overpressure of 
reference 4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIt should be noted, however, t ha t  the  f l i g h t  a l t i -  
tudes of the  referenced data are  not  stated, and these r e s u l t s  
may apply a t  an a i r c r a f t  a l t i t u d e  o ther  than 40 000 f t  (12.2 k m ) .  

The medium a l t i t u d e  wind-shear p r o f i l e  ( M A S )  was used t o  in-  
ves t iga t e  i n  d e t a i l  the  e f f e c t s  of wind d i r e c t i o n  on pressure 
s ignatures .  The SCAT 15-F was used, f l y ing  a t  M = 1.5 a t  an  
a l t i t u d e  of 40 000 f t  (12.2 km). Data were obtained f o r  wind 
d i r ec t ions  of 0, 45, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90, 135 and 180 degrees. By varying the  
i n i t i a l  value of the  ray azimuth angle between -t. 30 degrees, lat-  
e r a l  e f f e c t s  on both sides of the ground t r ack  zere a l s o  deter- 
mined. The overpresxures are given i n  table  V I  and f igu re  32. 
The headwind overpressure i s  largest ,  except near  windward cut-  
off  . For @ = 0 , i t  i s  5% more than the  tai lwind overpressure.  
For q = 45 and 90 degrees cutoff  occurs f o r  @ = - 30 degrees 
(windward rays);  here t he  overpressure i s  10 to 15% l e s s  than 
near the  ground t r ack  (@ = 0)  . 

Ray-path and signature parameters are shown i n  f igu re  33 as 
funct ions of wind heading angle q f o r  @ = 0 . The over- 
pressure r a t i o  va r i e s  from 1.07 f o r  a headwind to 0.98 f o r  a 
ta i lwind.  The ray-path t r a v e l  t i m e  t changes y 6 seconds and 
the ray-path ground dis tance y changes by 900 t (0.27 h). 
The signature length L1 i s  e s s e n t i a l l y  unchanged f o r  t h i s  wind 
and f l i g h t  condition. Representative s ignatures  are shown i n  
f igu re  34. 

the  ance from the  ground t rack,  
as i l l u s t r a t e d  by the  empirical  curve of f igu re  35 (from ref.  4) .  
Present data condi d 2.0 are 

y the  same as 

.- I n  a standard atmosphere, 

45 



4p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A p s t d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

1 

1 

1 

1 

'I- I A  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 MAS 

A HAS 

.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA:-t .o 

Data and boundaries 
from reference 4 

_I- 

Mach number 
2.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.0 

0.9 L I 
a )  Headwind 

1.1 

1.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
np 3.0 
A p s t d  Mach number 

0.9 

0.8 
b) Tailwind 

1.1 

1.0 

0.9 

0.8 

np 2.0 3.0 
APstd Mach number 

e )  Sidewind 

Figure 31. Wind e f f e c t s  on overpressure 

46 



‘“T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
\\135 i \ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Windward rays t Leeward rays zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-20 -10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 10 20 30 

Figure 32. Wind d i r ec t ion  e f f e c t s  on overpressure;  SCAT 15-F i n  MAS 
wind p r o f i l e  

47 



. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
rl rl rl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

h 
I 

I 
\ 

-P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
i-i 

33 

M 

.\ 

IR 
0 
a, 
rn 

I3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
i 
I 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 
rl 

0 
0 
cu 

a3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 
GI 

.\a 
F C  

d 
a, 

3- .\=I- 0 \D 
o 

r l  0 
cu cu hr; 

cu 

rn 
P 
0 
0 
k 
k 
a, 

d 
P 
0 
a, 
k 
d 
a 
d 
C 
d 
B 

M 
M 

a, 
k 

T I  
!& 

2 

48 



90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
30 

0 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-30 

-60 

90 

60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
30 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-30 

-60 

- 

- 

- 

- 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

% o  
Ql zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PI 
<I 

CI 

-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 

- 
‘t: 

- 3  
PI 

CI 

- 

c 

2 

1 

0 

-1 

Y 1 2 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 
L / L ~  

Figure 34. Wind d i r ec t ion  e f f e c t s  on pressure s igna ture ;  
SCAT 15-F, MAS wind p r o f i l e  

49 



Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
I 

0 F-104 
SCAT 15-F 

Open : M = 1.25 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

cut  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoff 
M = 2  

Closed: M = 2 
I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 1 2 3 
x/h 

35. Latera l  dis tance e f f e c t s  on overpressure 
h = 40 000 f't (12.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm), SNW 

ra t io;  



a l s o  shown here.  The l a t e r a l  dis tance parameter x/h varies w i t h  
azimuth angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@ as shown i n  figure 36 f o r  two f l i g h t  conditions.  
The cutoff values xc/h and (Pc are  defined zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto be the values for 
which the  ray  parameterized by @ = becomes hor izonta l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( e  = 0) 
a t  the  ground ( re f .  1). The cutoff  azimuth angle is, of 
course, the  same f o r  a l l  a i r c r a f t ,  s ince the  ray pa th  i s  taken to 
be independent of the  F-function. 

Depending on f l i gh t  and atmospheric conditions,  cutoff may 
occur near a region of ray  focusing, i n  which case l a r g e r  over- 
pressures  w i l l  occur the re .  The lower two curves of figure 37 f o r  
l e v e l  uniform f l i g h t  show the normal f a l l o f f  of the  overpressure 
w i t h  azimuth angle f o r  the SNW atmosphere and the increasing pres- 
sure near cutoff f o r  t h e  SLR atmosphere. The four  upper curves 
apply f o r  maneuvering a i r c r a f t  to be discussed l a te r ;  they are 
shown here f o r  comparison and t o  emphasize that  t he re  are circum- 
s tances  f o r  which much l a r g e r  overpressures can be obtained la te r -  
a l l y  off the ground t r a c k  than immediately below the a i r c r a f t  on 
the ground t rack .  The ray pa ths  off  the ground t r a c k  are longer,  
s o  t ha t  the tendency to focus the rays has a longer t i m e  t o  deve- 
lop p r i o r  t o  i n t e r s e c t i n g  the ground. 

Changes i n  s ignature  between the  ground t r a c k  and the l a t e r a l  
cutoff a r e  shown i n  f igu res  38 and 39 f o r  the F-104 and SCAT 15-F, 
respect ively.  These curves are f o r  uniform f l i gh t  i n  the standard 
atmosphere (SNW) w i t h  h = 40 000 f t  (12.2 km).  It i s  noteworthy 
t ha t  the  s ignatures  are general ly  shor te r  near cutoff than on the  
f l i g h t  t r a c k  (e.g., f i g .  (38b)), sometimes r e s u l t i n g  pr imari ly  from 
the t r a i l i n g  shock moving to t h e  l e f t  i n  phase L/La (e.g., f i g .  
(39b)). T h e  data of t a b l e  I1 ( se t  number 7) show, on the other  hand, 
that  the signatures  are longer near cutoff f o r  t he  uniform atmos- 
phere (UNW) ca lcu la t ions .  

Level Accelerating F l igh t  

Parametric r e s u l t s  .- Discussions of c h a r a c t e r i s t i c s  of sonic 
boom propagation f o r  a i r c r a f t  i n  maneuvering f l i g h t ,  together  w i t h  
f l i g h t  t e s t  data, have been presented i n  references 4, 8, 9 and 10. 
A s  shown there, an important aspect of acce lera t ing  f l i g h t ,  p a r t i -  
cu l a r ly  near Mach 1, i s  the tendency f o r  ray focusing. I n  l e v e l  
supersonic f l igh t ,  rays leaving the a i r c r a f t  a t  some reference 
time and azimuth angle have a l a r g e r  i n i t i a l  i nc l ina t ion  angle 
(downward r e l a t i v e  to horizontal)  than the corresponding rays 
which were i n i t i a t e d  e a r l i e r  a t  lower speeds, and therefore  neigh- 
boring rays may i n t e r s e c t .  At s m a l l  supersonic speeds and normal 
f l i g h t  a l t i t u d e s ,  t h i s  r ay  focusing leads to h5gher overpressures,  
commonly termed superbooms. 

Another important aspect of maneuvering f l i g h t  i s  the 
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occurrence of multibooms(e.ggefs. 2,8,lO)wherein a t  c e r t a i n  ground 
loca t ions  two or more sonic booms may occur successively.  Although 
not  s tudied here, the present  digi ta l  program ( r e f .  1) can be used 
t o  y ie ld  such ground loca t ions  and the pressure  s ignatures  f o r  each 
sonic boom the re  (unless  a focus or  caus t ic  has occurred).  
course, the pressure s ignatures  which occur as parts of the multi-  
boom s e t  a r e  exac t ly  the same ( fo r  a spec i f ied  f l ight  and atmos- 
pher ic  condi t ion)  as those that  occur s ing ly  and that  are t o  be 
presented i n  the following sect ions of the  r epor t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOf 

Overpressures ca lcu la ted  f o r  uniformly acce lera t ing  flight are  
presented i n  f igu re  40 f o r  a x i a l  load f a c t o r s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.15 and 0.30. 
D a t a  f o r  nonaccelerating f l i gh t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3 = 0) a re  a l s o  shown f o r  com- 
par ison.  The e f f e c t s  of accelerat ion,  as expected, a r e  l a rge  at 
the smaller Mach numbers where r a y  focusing i s  predominant. For 
an a i r c r a f t  f l y i n g  at 40 000 f t  (12.2 km) above sea l e v e l  w i t h  
nT = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.3 , the  ray  paths j u s t  reach a focus a t  the  ground (h = 0) 
when the a i r c r a f t  has a Mach number of 1.3. 
speeds, the rays do not  focus before reaching ground leve l ,  where- 
as a t  slower speeds they do, The value of t h i s  c r i t i c a l  Mach num- 
ber var ies  w i t h  load fac tor ,  a l t i t u d e  and atmospheric conditions,  
as the  data i n  figure 40 ind ica te .  

Some pressure s ignatures  a re  shown i n  f igu res  41 and 42 f o r  
a var ie ty  of acce lera t ing  f l ight  condi t ions.  I n  comparison w i t h  
the  nominal s ignatures  of f igu re  10, these s ignatures  w i t h  0.15 
and 0.30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg ' s  acce lera t ion  have, i n  general, the  same c h a r a c t e r i s t i c  
shapes. 

A t  f a s t e r  a i r c r g f t  

Fl igh t  test  comparison.- Measurements of the  sonic boom sig- 
nature  of an F-104 i n  acce lera t ing  flight were made a t  Edwards AFB 
i n  1964 ( r e f .  8).  The a i r c r a f t  accelerated from M = 0.9 t o  1.5 
at approximately 0.08 g ' s  i n  l e v e l  f l ight  at  an a l t i t u d e  of 37 200 
f t  (11.339 km). Resul ts  of the overpressures measured a t  the 
ground ( a l t i t u d e  2200 f t  (670 km))  during these t e s t s  a re  shown i n  
f igure  43, together  w i t h  ca lcu la ted  r e s u l t s  obtained i n  the  present  
study. The ca lcu la ted  r e s u l t s  were obtained using the F-function 
f o r  the  F-104. An a i r c r a f t  weight equal t o  the fl ight weight of 
16 700 l b s  (7580 kg) w a s  used (W/S = 96.5 psf (470 ke;/m2)) along 
w i t h  the  atmospheric temperature and wind p r o f i l e s  measured during 
the morning of the  f l i gh t ,  
ca lcu la t ed - re su l t s  (using a r e f l e c t i o n  f a c t o r  of 1.9) f o r  the tai l-  
wind condieion of the test, and a l so  f o r  a no-wind condi t ion.  

superbooms) a re  ca lcu la ted  f o r  loca t ions  about 
the . reference s t a t i o n ,  These occur during the 
i r c r a f t  i n  the Mach number range 1.20 t o  1.22. 

spcie.ds, the calculated ray-tube a rea  becomes 

the  ground focus condi t ion apparently i n t e r -  
2 m i l e s  (3  km) i n  f r o n t  of the ac tua l  ray- 

paths, since a l a rge  overpressure w a s  measured at a ground s t a t i o n  

The s o l i d  curves of f igure  43 are  the 

efo@ the s igna l  reaches the ground. The ca l -  
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Typical s lgna tures  
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8 miles (13 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm) from the  or ig in .  For t h i s  condi t ion t h e  rays are 
nearly horizontal ,  glancing the  ground, and therefore  t h e i r  loca- 
t i o n  i s  very sens i t i ve  t o  atmospheric e f f e c t s .  A two m i l e  disper- 
s ion  between experiment and ca l cu la t ion  i s  not  f e l t  t o  be excessive 
here .  

The Mach number increases  from 1.23 f o r  the signature measured 
at  8 miles (13 km) from the reference s t a t i o n  t o  1.40 at 17.5 miles 
(28 km) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. The ca lcu la ted  overpressures f o r  these loca t ions  are about 
12% l a r g e r  than t he  measured values.  The dashed curve of f igu re  43 
i s  the ca lcu la ted  data sh i f t ed  t o  t h e  right 2 miles (3  km) and ad- 
justed v e r t i c a l l y  t o  match the data (corresponding t o  
reducing the r e f l e c t i o n  f a c t o r  from 1.9 t o  1 . 6 ) .  
the  f l i g h t  data w e l l ,  ind ica t ing  the v a l i d i t y  i n  general  of the  
ca lcu la ted  pressure va r i a t ion  along the ground. 

M = 1.40 
This curve f i t s  

I n  summary, f o r  t h i s  comparison f o r  accelerated f l igh t ,  the  
ca lcu la ted  loca t ion  of the  superboom i s  2 m i l e s  ( 3  km) short ,  where- 
as the pred ic ted  shape of the overpressure va r i a t ion  along the  
ground i s  exce l len t .  Further comparisons between ca lcu la ted  and 
measured data are needed t o  develop bases f o r  explaining and pre- 
d i c t ing  deviat ions from ca lcu la ted  data. 

Pullup Maneuver 

Defini t ions and input  data f o r  the pullup maneuvers were pre-  
sented i n  the  preceding sec t ion  e n t i t l e d  General Description and 
Program Inputs,  f i gu res  4 and 6. Charac ter i s t ics  of t he  pullup 
maneuver a re  that  the  load f a c t o r  exceeds un i ty  (nL > l), the  
f l i g h t  path angle ra te  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 i s  pos i t ive ,  and neighboring ray paths  
along the f l i g h t  path a re  divergent.  The ray-tube a rea  tends t o  
increase f a s t e r  than f o r  l e v e l  uniform f l i g h t ,  and therefore  the 
sonic boom overpressure tends t o  be a l l ev ia t ed .  The steepness of 
the f l i g h t  path,  measured by y , a l s o  a f f e c t s  the  overpressure, 
as an a i rp lane  i n  a dive, f o r  example, has the axes of i t s  Mach 
conoids t i l t e d  towards the  ground giving shor te r  ray pa ths  between 
the  a i r c r a f t  and ray-ground in t e r sec t ion .  

path angle y a t  two values of load f a c t o r  and a t  two Mach numbers. 
The reference overpressures Apreg are the overpressures f o r  uni-  
form l e v e l  f l i g h t  a t  the Mach num e r  considered ( table  111). 
M = 1.25 f o r  hor izonta l  f l igh t  ( y  = 0) ,  the overpressures w i t h  
pullup load f a c t o r s  of 1.5 and 3.0 are  only about 30% of the  refe- 
rence values (no pullup, nL = 1). A t  angles of -10 deg., the over- 
pressures  f o r  these pullup load f a c t o r s  are increased t o  about 95% 
of the  reference values.  A t  Mach 2, the overpressures f o r  y = 0 
are 27% larger than t he  reference values.  Here the SCAT 15-F 
curves are s l i g h t l y  d i f f e r e n t  than the  F-104 curves because of de-  
t a i l s  i n  their  signature  shapes. 

Figure 44a shows overpressure r a t i o  var ia t ions  w i t h  f l i g h t  

A t  
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Figures 44b a n d  44c show e f f e c t s  of atmosphere on the pullup 
overpressures f o r  dive angles near -4 deg., and f o r  
and 2.0, respec t ive ly .  Figure 45 shows similar data f o r  a d i v e  
angle of -10 deg. Again, these d a t a  are obtained f o r  the  a i r c r a f t  
a t  40 000 f t  (12.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm) a l t i t u d e  and for overpressures ca lcu la ted  
a t  sea l e v e l .  The headwind HAS here causes the pullup overpressures 
to decrease, whereas the inversion HAT1 causes them to increase 
s l i g h t l y  above nominal (SNW) values. 

and 47. When these data are  compared w i t h  the  nominal s ignatures  
( f i g .  lo), it appears t ha t  the e f f e c t  of the pos i t i ve  load f a c t o r  
on pressure signature at  the  ground i s  to move intermediate shocks 
to the  l e f t .  T h i s  tendency i s  f u r t h e r  shown i n  f igu re  48 f o r  
n L = 3 .  

M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.25 

Signatures f o r  a load f a c t o r  of 1 .5  are  shown i n  f igu res  46 

Pushover Maneuver 

I n  a pushover maneuver ( f i g s .  4 and 6 ) ,  the load f a c t o r  i s  
l e s s  than uni ty  (nL < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl), the  fl ight path angle r a t e  i s  nega- 
t i v e ,  and neighboring ray paths  along the  f l i g h t  pa th  a re  conver- 
gent .  The rays tend to focus, leading to l a rge  sonic boom over- 
pressures .  A s  w i t h  other  maneuvers, t h e  f l i g h t  path angle y a l s o  
has an e f f e c t  on overpressures i n  a pushover maneuver. 

Figure 49 presents  some general  r e s u l t s  of overpressures ob- 
ta ined f o r  the pushover maneuver a t  Mach 2.0, 40 000 f t  (12 .2  km) 
a l t i t u d e ,  and a load f ac to r  nL = -0.5 . This i s  a rather l a rge  
negative load f ac to r ,  and at  Mach 1 . 2 5  the  ray-tube a rea  focuses 
( A  = 0) before the rays i n t e r s e c t  the ground. Figure 49a shows 
var ia t ions  w i t h  climb angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy and azimuth angle @ f o r  both a i r -  
c r a f t  i n  the standard atmosphere. At @ = 30 deg , the  rays focus 
before i n t e r s e c t i n g  the ground, The reference Apref i s  again 
taken f r o m  t ab l e  111. For t h i s  l a rge  negative load f a c t o r  (nL 
= -0.5) the  overpressure r a t i o  i s  50% l a r g e r  when y = 1 0  deg than 
when 
l a rge r  off the f l i g h t  t rack,  as the rays then have a longer pa th  
length i n  which to progress towards focusing. The va r i a t ion  of 
overpressure w i t h  azimuth angle i s  shown i n  the  previous f igu re  37. 
The l a rge r  values of the  F-104 data i n  f igu re  49 are discussed 
l a t e r .  

y = 0 , on the f l i g h t  t r a c k  (@ = 0 ) .  The r a t i o  i s  even 

Figure 49b shows e f f e c t s  of the overpressure on the  ground 
t r ack  f o r  various atmospheres f o r  a selected climb angle y = 4.3 
deg. The var ia t ions w i t h  atmosphere are  s m a l l  except for the  head- 
wind HAS. T h i s  headwind causes the  rays to approach a focus near 
the ground and y i e lds  la rge  overpressures compared to the  r e s u l t s  
f o r  other  atmospheres. I n  f igu re  50 the  overpressure var ia t ions  
w i t h  load f ac to r  are presented. These data highl ight  the  sensi-  
t i v i t y  of the overpressure f o r  negative load f a c t o r s .  
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FSgure 49. Overpressures for pushover maneuver; M = 2, nL = -0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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r e l a t i v e  t o  M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h = 40 000 f t  (12.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm) 

'Pref zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-0.5 0 0.5 1.0 

Figure 50. Overpressures f o r  pushover maneuver, va r i a t ion  
w i t h  load f ac to r ;  M = 2 



Further e f f e c t s  of atmosphere on the overpressure emanating 

The F-104 over- 

from an a i r c r a f t  i n  a pushover maneuver are given i n  f igu re  51 f o r  
a climb angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 10 deg . D a t a  f o r  an addi t iona l  a i r c r a f t  alti- 
tude of 25 000 f t  (7.6 km) are a l s o  shown here.  
pressure r a t i o s  are larger than the corresponding SCAT 15-F r a t i o s  
because the negative load  f a c t o r  a f f e c t s  the s ignature  shape near 
the leading shock i n  a d i f f e r e n t  manner f o r  each aircraft. T h i s  
i s  dependent on t h e i r  F-function var ia t ions  w i t h  l i f t  coeff i c i e n t  
and s ignature  aging. The overpressures r a t i o s  f o r  h = 25 000 f t  
(7.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm) compared t o  h = 4-0 000 f t  (12.2 km) are  subs t an t i a l ly  
less i n  the HAS, as expected, because the a i r c r a f t  i s  below the  
high-speed jet-stream. On the  other  hand, the invers ion  HAT1 has 
a l a r g e r  overpressure r a t i o  f o r  the lower fl ight a l t i t u d e .  

The magnitudes of the  overpressure r a t i o s  are subs t an t i a l ly  
l a r g e r  f o r  the F-104 than f o r  the SCAT l5-F, as shown i n  f igu res  
49, 50 and 51. The reason f o r  this  i s  demonsltrated i n  f igu re  52 
which compares the signatures  f o r  each a i r c r a f t  i n  the  pushover 
(+ = -1.4 deg/sec, nL = -0.5) w i t h  their respect ive s ignatures  i n  
l e v e l  f l i gh t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5  = 0, n The l e v e l  fl ight values of over- 

For the F-104, the l ead ing  shock i s  much s t ronger  i n  the  pushover 
than i n  l e v e l  f l i g h t ,  whereas f o r  the SCAT 15-F the l ead ing  shocks 
a re  near ly  the  same s t rength ,  For both a i r c r a f t ,  however, the 
shapes of the  s ignatures  a re  a f fec ted  g rea t ly  by the pvshover. 
T h i s  f igure  i s  an exh ib i t  of the  sens i t i ve  e f f e c t  of y terms i n  
the equation f o r  the ray-tube a rea  ( r e f .  1, eq. (26)) and i t s  
inf luence on the  age var iable  and phase d i s t o r t i o n  ( r e f .  1, eqs.  

The marked e f f e c t  of + on the s ignatures  i s  shown f u r t h e r  
i n  f igu res  53 t o  56. Figures 53 and 54 show that the signatures  
a re  s i m i l a r  at  climb angles of approximately 10  degrees and zero 
f o r  the same value of y , but there  a re  la rge  changes i n  the 
s ignatures  f o r  9 = -1.4 degrees/second compared t o  % = 0 . The 
e f f e c t s  of changing are  shown i n  f igu re  55 where increases  
from -1.4 degrees/second t o  zero cause intermediate shocks t o  pro- 
gress  f r o m  the  v i c i n i t y  of the t r a i l i n g  shock t o  the  v i c i n i t y  of 
the  leading shock. These s ignature  var ia t ions  f o r  fu r the r  i n  
creases  i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi /  are  presented i n  f igure  56 where data are  shown a t  
various values of corresponding t o  load  f a c t o r s  between 
nL = 0.5 and nL = 1 . 

ra t ios  (o r  amplif icat ion f a c t o r s )  are  not always independent of 
a i r c r a f t  type.  
a pushover, f o r  example, may not apply f o r  a heavy-weight t rans-  
p o r t .  

= 1 .0 ) .  
pressure a re  used as t k e reference values i n  f i g u r e s  49, 50 and 51. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(46)  and (49)). 

An important general  conclusion i s  that  the  overpressure 

A r a t i o  obtained f o r  a light-weight f i g h t e r  i n  
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Turn Maneuvers 

Sonic boom propagation w a s  ca lcu la ted  f o r  constant a l t i t u d e ,  
c i r c u l a r  tu rns  at  load f a c t o r s  
of 1.5 and 2.0. 
enclature;  i n  p a r t i c u l a r ,  @a i s  the  bank angle and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ i s  the 
heading ( r e l a t i v e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto north)  of the a i r c r a f t . )  
are achieved i n  equilibrium f l i g h t  with a i r c r a f t  bank angles @a 
of -48.19 and -70.53 degrees, respec t ive ly .  The a i r c r a f t  a l t i t u d e  
i s  40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA000 f t  (12.2 k m ) .  
ure 57 f o r  the F-104 and SCAT 15-F a i r c r a f t  f o r  rays  parameterized 
by + = 90 degrees and @ = 0 . For these values,  the wind LAS i s  
a headwind which increases  the overpressures approximately 8% 
(above SNW) a t  M = 1.25  , but has e s s e n t i a l l y  no e f f e c t  at Mach 
2.0. The inversion HAT1 causes s m a l l  changes i n  overpressure 
amounting to an increase of 2% f o r  M = 2.0 and nL = 1 . 5  . 

presented i n  f igu re  58. Posi t ive  values of @ parameterize rays 
which leave the a i r c r a f t  i n  a d i r ec t ion  towards the ins ide  of the  
tu rn  c i r c l e ;  these a re  termed inner  rays .  Rays propagating out- 
ward (@ negative) a re  termed outer  rays .  For M = 1.25 , the  inner  
rays  give la rge  values of the overpressure r a t i o s ,  r i s i n g  from 1 . 2  
at  @ = 0 to about 7 a t  @ = 1 0  degrees. Far ther  i n  (@ > 10 de- 
grees) ,  the inner  rays  focus before reaching the  ground. Figure 
59, to be discussed i n  d e t a i l  l a t e r ,  shows the l o c i  of the ray- 
ground in t e r sec t ions  f o r  @ = 0 and 1 0  degrees. These form 
approximate boundaries of a "superboom r ing"  where la rge  over- 
pressures  occur; ray focusing e x i s t s  ins ide  t h i s  r ing .  The radius  
of the superboom r ing ,  f o r  t h i s  maneuver only, i s  about twice the 
radius  of a i r c r a f t  t u r n  c i r c l e  (ground t r a c k ) .  This superboom r i n g  
does not develop a t  Mach 2.0, as shown by the moderate overpress- 
ures  i n  f igu re  58a, because the load f a c t o r  nL = 1.5 i s  not l a rge  
enough to cause ray focusing even a t  l a rge  @Is . A s  mentioned 
e a r l i e r ,  the  ray-path and focusing c h a r a c t e r i s t i c s  are independent 
of a i r c r a f t  type and therefore  these f ea tu res  apply here t o  both 
the F-104 and SCAT 15-F. 

nL of 1 . 5  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.0 and Mach numbers 
(Figures 1, 4 and 5 again are r e fe r r ed  to for nom- 

The two load f a c t o r s  

Overpressure r a t i o s  are summarized i n  f i g -  

Variations of overpressures w i t h  changes i n  azimuth angle are 

Figure 58b shows how the overpressure va r i e s  i n  an LAS eas t -  
wind s i t u a t i o n .  The a i r c r a f t  heading of + = 90 degrees corres-  
ponds to a headwind, and as + reduces to zero the  wind becomes 
a sidewind from starboard.  For t h i s  maneuver and wind, a l l  of the  
inner  rays  which were ca lcu la ted  a t  @ = 15  degrees focused be- 
fo re  reaching the  ground. T h i s  f igu re  therefore  shows data only 
f o r  negative @ f s  . The rays parameterized by @ = -30 degrees 
become hor izonta l  before reaching the ground f o r  t h i s  LAS wind 
environment when + > 0 . 

A de ta i l ed  summary of t h i s  t u rn  maneuver ( M  = 1.25, nL = 1.5) 
i s  given i n  f i g u r e  59. F i r s t ,  the  a i r c r a f t  loca t ions  are shown on 
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AP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
@std 

1.4 

1.2 

1.0 

M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.25 

M = 2.0 

} zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 F-104 
A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASCAT 15-F nL = 1.5 

0 F-104 

A SCAT 15-F 

= 1.25 

= 3.0 

Figure 5’7. Overpressure ratios f o r  tu rn  maneuver; 
$ = O , t  = o  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-20 -10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Outer rays zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$ 7  deg 

a )  No wind 

I I I 
10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 30 

1.5 

1.0 

e 
0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

-20 

Inner rays 

Side wind (data given 
f o r  windward rays)  Headwind 

I I I I I 
I 20 40 60 80 100 

@, deg 

b )  Wind LAS, M = 1.25 

Figure 58. Overpressures f o r  t u r n  maneuvers a t  
various azimuth angles 
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Ray ground intersection 

Shock ground intersection 

uperboom ring zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 32 40 

Figure 59. Overpressures and ground intersections for turn maneuver; 
= 1.5, M = 1.25, SNW and LAS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

nL 
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C '  1.1 2.4 (115 
0.7 

e '  0.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(i;/ LAS d '  

It i s  coincidental  tha t  a t  point  c (SNW, @ = 0) ,  the overpressure 
f o r  the F-104 i s  1.0  (psf u n i t s ) .  
apply at corresponding ray-ground in t e r sec t ions  throughout the  
maneuver, as i t  i s  a steady turn.  

i n t e rpo la t ion  subroutine i n  the  d i g i t a l  program, T h i s  provided 
a s e t  of values of overpressure,  t i m e ,  and ray  loca t ion  common t o  
two ray-ground in t e r sec t ion  curves f o r  p l o t t i n g  the shock-ground 
in t e r sec t ions  (dashed curves) .  These l a t t e r  are the l o c i  of the  
shock wave on the ground at  given times. T h i s  shock loca t ion  
curve has a cusp a t  ray-ground in t e r sec t ion  where @ = 0 , 
One end of t h i s  curv erminates within the superboom r i n g  when 
ray focusing occurs; e other  end, shown here,  i s  terminated at 
approximately the  loca t ion  where the rays a re  horizontal ,  beyond 

These overpressures ( fo r  S W >  

For  t h i s  p lo t ,  advantage w a s  taken of the ground in t e r sec t ion  

imi t ed  f o r  bo e inner  an 
(beyond ray hor izonta l )  Overpressures 
-ground in t e r sec t ion  l i n e s  f o r  t h i s  f l i g h t  

condition are as follows; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Overpressure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- psf (N/m 2 ) 
Locat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF-104 SCAT 1 5 - ~  

a 1.3 (62) 3.0 (143) 

( 1 .3  

1 . 2  (58) 2.8 (134) 

1.1 (53) 2.5 (1191 

(43) 2 . 1  (100) 0.9 

These r e s u l t s  i l l u s t r a t e  important e f f e c t s  of f l i g h t  condi- 
t i o n s  on ground overpressures i n  t u r n  maneuvers. 
can e x i s t  f o r  combinations of a l t i t u d e ,  Mach number and load 
f a c t o r  which cause ray  focusing. 
were t o  be prescribed, a i r c r a f t  maneuver cons t r a in t s  on rate-of-  
t u r n  (or bank angle)  as functions of Mach number and a l t i t u d e  
should be determined. 

A superboom r i n g  

If a given overpressure l i m i t  

Porp oi s i ng  Maneuver 

cycled the elevon w i t h  a period of 1 sec.  t o  ob "F a i n  The load f a c t o r  
e f f e c t s  O r  changing the  v e r t i c a l  load f a c t o r  

increments of * zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5. T h i s  yie lds  a porpoising maneuver wherein 
the  a i r c r a f t  undergoes s m a l l  cyc l ic  changes i n  f l i g h t  path angle, 
a l t i t u d e ,  angle-of-attack and a t t i t u d e .  For the  a i r c r a f t  f l y i n g  

a t  M = 1.5 at  h = 37 200 f t  (11.2 km above E d w a r d s  AFB ( w i t h  
A h  
measured, surpr i s ing ly .  Reference 12,  f o r  example, i nd ica t e s  t ha t  
s ign i f i can t  changes i n  overpressure may r e s u l t  from such a maneuver; 
as shown there  f o r  M = 1.1 , h = 15  000 f t  (4.5 km) and A h  zz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 100 f t  ( 3 0  m ) .  
and pushover a l s o  imply t h a t  strong e f f e c t s  may be expected. 

The present  study included ca lcu la t ions  of a porpoising 
maneuver, similar t o  the  f l i g h t  test condition, sketched i n  f igure  
61. For these ca lcu la t ions  the  load f a c t o r  w a s  taken as constant 
over each half-cycle of the  maneuver, and the  f l i g h t  pa th  angle 
and rates were ca lcu la ted  f o r  a f l i g h t  path cons is t ing  of c i r c u l a r  
a r c s  

Resul ts  from the porpoising maneuver ca lcu la t ions  are shown 

i n  t ab le  VI1 f o r  maneuver poin ts  selected to show e f f e c t s  of 
changing f l i gh t  pa th  angle y and i t s  ra te  , Data are pre-  
sented f o r  both a uniform atmosphere (m) and the 1962 U . S .  

Reference 11 r epor t s  a f l igh t  experiment designed t o  show 

20 f t  (6 m ) ) ,  no important e f f ec  t s on overpressure were 

The preceding r e s u l t s  i n  t h i s  repor t  f o r  pullup 



t,, sec zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 0 initial V, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY = 0 Y = 0.14 deg 1-,0 
p = -0.63 deg/sec p = o /  /- t 

= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5 

= -0.14 deg 0.. 50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY = O  + =  0 = 0.63 deg/sec 

Figure 61. Porpoising maneuver zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
standard atmosphere (SNW) w i t h  an a i r c r a f t  a l t i t u d e  of 40 000 f t  
(12.2 k m ) ,  Further  data, corresponding t o  the fl ight experiment, 
a r e  shown f o r  an a i r c r a f t  a l t i t u d e  of 37 200 f t  (11.2 km) over 
Edwards AFB. The uniform atmosphere data are shown mul t ip l ied  by 
the atmospheric cor rec t ion  f a c t o r  KA ( r e f .  2) and by new f a c t o r s  
KA' and KA" required t o  ad jus t  Ap (UNW) t o  Ap (SNW) a t  the  
f i rs t  maneuver poin t .  

These tabular  data poin t  out that  the  UNW r e s u l t s  cannot be 
modified by a simple cor rec t ion  f a c t o r  t o  get  SNW r e s u l t s  f o r  
maneuvering f l i g h t .  These a re  again, as described previously i n  
the sec t ion  Pushover Maneuver, e s s e n t i a l  differences i n  the s ig -  
na tures  which r e s u l t s  from the va r i a t ion  of ray-tube a rea  caused 
by the r a t e  t e r m s  i n  the a rea  equation, and from the aging of the 
s igna l .  

Table V I 1  shows that Ap at maneuver poin t  3.1 i s  l a r g e r  
than at 4.1 i n  the uniform atmosphere, but smaller i n  the standard 
atmosphere. Evidently the  aging i n  the  two atmospheres i s  s i g n i f i -  
can t ly  d i f f e ren t .  T h i s  i s  shown c l e a r l y  i n  f igu re  62 where the  
s ignatures  are shown f o r  these maneuver poin ts  and atmospheres, 

have a s t rong e f f e c t  on the-over-  
pressure.  Changing from -0.634 t o  + 0.634 deg/sec reduced 
Ap by 44%. On the other  hand, changing y from -0.1425 t o  
+ 0.1425 deg had e s s e n t i a l l y  no e f f e c t .  
be noted, changes w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi) because it depends, i n  pa r t ,  on the  

A l s o ,  var ia t ions  i n  

The F-function, it may 
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Standard atmosphere Uniform atmosphere zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

a)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy = 0, = -0.63 deg/sec e )  Y = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, = -0.63 deg/sec 

1 

-1 
b) y = -0.14 deg, -;I = 0 f )  y = -0.14 deg, -i/ = 0 

c\l 25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CI 

8 

c )  - y = 0, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi, = 0.63 deg/sec 

aa 18 
-25, -. 

- 1 0 1 2 3 4  

g )  y = 0, = 0.63 deg/sec 
.4 

-.4 
-1 0 1 2  3 4 

L / L ~  

d )  y = 0.14 deg, 

Figure 62. Signatures 

L/La 

= o  h) y = 0.14 deg, 9 = 0 

f o r  porpoising f l i g h t  a t  nL = t- 0.5 
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l i f t  coe f f i c i en t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACL which va r i e s  w i t h  load f a c t o r  nz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. The 
pressure va r i a t ion  w i t h  
be expected simply because of the var i a t ion  of F with CL . 

These ca lcu la t ion  results ind ica te  s t rong  e f f e c t s  of the 
flight path  angle rate on overpressures at the ground. It would 
appear necessary t o  perform further fl ight experiments t o  generate 
such overpressures experimentally and t o  uncover atmospheric and 
fl ight condi t ion e f f e c t s  and reasons for  differences between 
measurements and computations. 

% , however, i s  much larger than would 

CONCLUDING REMARKS 

The analys is  and computer program of reference 1 has provided 
a means f o r  ca l cu la t ing  sonic boom pressure s ignatures  f o r  arbi- 
t r a r y  f l i gh t  condi t ions and for  atmospheric condi t ions w i t h  hor i -  
zontal  s t r a t i f i c a t i o n .  These techniques have been used t o  obta in  
r e s u l t s ,  presented herein,  f o r  a wide va r i e ty  of a i r c r a f t  maneuvers 
and atmospheres. The present  r e s u l t s  covered a broad scope of 
var ia t ion  of parameters t o  point  out s ign i f i can t  e f f e c t s  and para- 
meter s e n s i t i v i t i e s ,  and t o  provide a general  source of data f o r  
sonic boom evaluat ions.  
an SST-type (SCAT 15-F) w e r e  used as a basis f o r  these calcula-  
t i ons .  Complete F-functions were used as input  f o r  determining 
their  overa l l  pressure s ignatures  as d i s t o r t e d  by nonlinear pro- 
pagation e f f e c t s .  These s ignatures  included a l l  of t h e i r  shock 
waves . 

Both a f ighter- type a i r c r a f t  (F-104) and 

Parametric data have been presented which show the sonic boom 
overpressure, the  length  of the  s ignature ,  the ray- t rave l  time and 
the ray-ground dis tance f o r  various atmospheres, winds, a i r c r a f t  
Mach numbers and a l t i t u d e s .  Features of the d i g i t a l  program were 
demonstrated showing where ray-ground in t e r sec t ions  and shock- 
ground in t e r sec t ions  occur f o r  t u rn  maneuvers, along w i t h  other  
geometric and sonic boom c h a r a c t e r i s t i c s .  

Comparisons of overpressures w i t h  previous ana ly t ic  r e s u l t s  
have been made. These a re  r e s t r i c t e d  bas i ca l ly  t o  uniform f l i g h t  
inasmuch as previous analyses d id  not include c a p a b i l i t i e s  f o r  
ca lcu la t ing  overpressures f o r  general  a i r c r a f t  maneuvers 
did,  however, include var ia t ions  of atmospheric temperature pro- 
f i l e ,  wind speed and direct ion,  and a i r c r a f t  Mach number. The 
agreement w i t h  the  r e s u l t s  of reference 4 fo r  those uniform f l ight  
condi t ions which were examined i s  remarkably good, although 
differences were shown f o r  some condi t ions near ray  focusing. 

They 

Several  comparisons of overpressures w i t h  previous experi-  
mental r e s u l t s  f o r  acce lera t ing  and porpoising f l igh t  were also 
made. For t acce lera t ing  f l ight ,  good agreement w i t h  measured 
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overpressures w a s  shown, except a displacement of about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'2 miles i n  
ground loca t ion  remains unexplained. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFor the  porpoising f l i g h t ,  
s ign i f i can t  e f f e c t s  f the  f l i gh t  pa th  
shape and overpress e were ca lcu la ted  
the f l i g h t  measurements. 

A very important p a r t  of the t r e s u l t s  has be 
pressure s ignatures  and the i r  v a r i  w i t h  both atmos 
and f l i g h t  conditions.  Among the 
these r e s u l t s ,  the  following are p a r t i c u l a r l y  noteworthy: 

a)  The var i a t ion  of the s ignatures  with a i r c r a f t  a l t i t u d e  
and propagation dis tance were shown. A l a rge  p a r t  of the aging 
of the s igna l  occurs within the f i rs t  few thousand feet  of propa- 
gat ion dis tance.  The pressure signature represented by the  i n i t i a l  
F-function d i s t o r t s  very rap id ly  and, f o r  such complex F-functions 
as used here, mult iple  shock waves quickly appear. Some of these 
shocks merge as the  wave f r o n t  continues to t r a v e l  through the  
atmosphere, but the signature  a t  the ground need not be a f u l l y  
developed N-wave. I n  general ,  aging i n  a standard atmosphere ex- 
h i b i t s  an asymptotic l i m i t  whereas i n  a uniform atmosphere aging 
increases  i n d e f i n i t e l y .  

so t ha t  de ta i l ed  evaluat ion of sonic boom c h a r a c t e r i s t i c s  may re- 
quire  data t o  be generated f o r  each spec i f ied  a i r c r a f t .  Also,  
r e a l i s t i c  atmospheres (such as the 1962 U.S. standard) and complete 
s ignatures  should be used f o r  spec i f ic  sonic boom analys is .  

b )  Overpressure r a t i o s  are not independent of a i r c r a f t  type, 

e )  The lengths  of the s ignatures  calculated w i t h  r e a l i s t i c  
atmospheres, such as SNW, are shor te r  than the lengths  calculated 
w i t h  uniform atmospheres (UNW) . 

a l s o  analyzed. It w a s  shown t ha t  highest overpressures occur w i t h  
the  headwind f o r  ray  paths ,  both on and off the f l i g h t  t r ack .  

d )  Effects  of wind-speed p r o f i l e  and wind d i rec t ion  were 

e ) ,  Large overpressures may r e s u l t  from longi tudina l  acceler-  
a t ion ,  pushover and tu rn  maneuvers. 

With these generalized r e s u l t s  a t  hand, s tud ies  r e l a t ed  t o  
spec i f ic  a i r c r a f t  can be more adequately defined. These s tudies  
can, f o r  example, r e s u l t  i n  u u l  performance c r a c t e r i s t i c  s 
r e l a t e d  to sonic boom cons t ra  s, such as maneu r l imi t a t ions  
as funct ions of speed, a l t i t u  and wind conditions.  I n  addi t ion,  
f l i g h t  experiments can be defined to e s t a b l i s h  pressure measure- 
ments under superboom conditions,  using the present  computer pro- 

mine ray paths  and overpressure var ia t ions  along the 
ground . 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

Schedule of Solutions 
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rind direction 
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TABU3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Overpressures in Standard, N o  Wind Atmosphere 

tach No.. 

1-20 

1.25 

1.3 

1.5 
2.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.0 

3.0 

F-104 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

lb/ f t2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 N/m 2 

0.84 

0.82 

0.82 

0.86 

0.94 

1.06 
- 

40.1 

39-2 

39.2 
41 -1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4-4-9 
50-6 

- 

scm 1 

lb/f t2 

1.95 

1.96 

2.10 

2.46 

2.74 
2,921) 

i-F 

N/m2 

- 
93.1 

93-6 

100.3 

117.4 

130.9 
142.8 



ILATI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(B-4) 

HAT1 (D-3) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL 

TABU3 IV 

Temperature Effects  on Overpressure Ratio 

Mach No.  

1-20 

1.25 
1.3 
1-5 
2.0 

3.0 
3.0 

1.20 

1-25 

3.0 

1.20 

1.25 

3.0 

C a: 

F-104 

1.28 
1-09 
1-06 
1.01 

1.00 

0-99 

0.91 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 - 975 
1-02 

0.95 
1.02 

1-04 

:ulated 

SCAT 1 5 - ~  

1.08 

---- 

1.05 

1-01 

1.00 

0.99 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5p S W )  

From r e f .  2 - f i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

1.26 
1-09 
1-04 

1.01 

1.00 

0.99 

0.90 
0.96 
1.01 

0.915 
0.95 
1.03 

l)F-function for M = 2.7 
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Wind 
De sfgnation 

Headwind,IiM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NBS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
HAS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Tailwind,I;AS 

MA2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
?3A2 

Sidewind, HA2 

TABIZ V 

Wind Effects on Overpressure Ratio 

Mach No 

1.25 
1-25 
1.25 

1.3 
1.5 
2.0 

3.0 

1-25 
2.0 

1.25 
2.0 

1.20 

1.25 
2.0 

3.0 

1.20 

1.5 
3.0 

--- 
Calculated From ref. 2 -- f ig.  1 

F-104 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf SCAT 1 5 - ~  
I I 

1-06 

1.02 

Beyond 

2.27 

0.98 
0.96 
0.96 

0.94 
1.01 

0.98 
1-01 

0.91 
0.98 
1.04 

1.03 

0.97 
1.00 

1.00 

--e-- 

----- 1.03 
----- I 

cutoff and A = 0 

2-36 

0.98 
0.96 
0.96 

1.16 

0.985 
0.98 

1.015 

0.95 
1.00 

0.97 
1.00 
----- 
----- 
1 a 025 

1 - 035 

-0.95 
1.00 

1.025 
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' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(deg) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

10 

20 

30 
-10 

-20 

-27.8 

-30 

0 

2 

4 

6 

8 

-2 

-4 

-6 

-8 

TABIS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVI  

Wind Direction Effects on Overpressure 

q = o  

2.01 

45O zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1-99 
1.97 

1-90 

1.76 

1.96 
1.86 

1.70 

1 . 9902 

1-9904 

1.9886 

1-9847 

1 9789 
1.9880 

1.9837 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 9773 
1.9687 

90" 

1.95 

1.93 
1.86 

1.73 
1-92 
1.83 

1.64 

Note: Values i n  the table are overpressures 
4 and q . 

1350 

1-92 
1-90 

1.82 

1.67 
1.89 

1.81 

1.66 

180° 

1-91 

[ p s f )  for given 
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