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ABSTRACT 

An approach to the problem of a shock propagating 

through a var iab le  a tmosphere  is presented. A previously 

presented theory  h a s  been improved a n d a  computer  program 

has  been wr i t ten  using the r e s u l t s  of the improved theory.  

This  paper  presents  the improved resu l t s  and gives a detailed 

descr ipt ion of the computer program. 

F o r  a n  a tmosphere  which var ies  a r b i t r a r i l y  in  the 

ver t ica l  direct ion and for  a super  sonic a i r c r a f t  with a r b i t r a r y  

lift and volume distribution the computer p rogram will give 

the shock o v e r p r e s s u r e  and intersect ion points a t  the ground. 

In addition, effects  due to a i r c r a f t  acce le ra t ion ,  flight path 

angle and curva ture  and acoust ical  cutoff a r e  computed and 

presented  by the p rogram.  
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SECTION I 

INTRO DU C TION 

This  r epor t  will give a descr ipt ion of a "Sonic Boom Computer * 
Program".  
program is based,  is presented in  Section IV and Ref. 1. 

emphas is  h e r e  is for  the operation of the SBGP, discussion of the theo- 

re t ica l  r e s u l t s  will be kept to a minimum. 

The theoret ical  development, upon which the computer 

Since the 

The SBCP u s e s  the following input data: 

1 )  Atmospheric  p r e s s u r e ,  temperature  and winds between the air- 

craf t  and the ground, and shock-ground reflection fac tor .  

2 )  Ai rcraf t  p a r a m e t e r s  such as  Mach number ,  alt i tude,  acce le ra t ion  

r a t e ,  volume and l i f t  f ac to r s ,  a i r c r a f t  length and weight. 

3 )  The ana lys i s  is based on r a y  tube concepts,  that  is, a sma l l  s e g -  

ment  of shock is  considered to be propagating down a r a y  tube and i t s  

strength and location a r e  determined along the ray path until it s t r i k e s  the 

ground. These  a r e  

specified by giving those angles ,  measu red  around the flight direct ion,  for  

which computations are des i red .  (That  i s ,  the angles  @ i n  F ig .  1, Section 

Therefore ,  another input is the initial r a y  direct ions.  

11). 

The computer output gives: 

1 )  A list ing of per t inent  input data.  

2 )  The location and s t rength of the shock corresponding to a se lec ted  

input angle at intermediate  computed points between the a i r c r a f t  and the 

ground. 

3 )  The location and strength of the shock a t  the shock-ground in t e r -  

section. 

The program was wri t ten in  F o r t r a n  I1 and has  been operated on 

IBM 709, 7090 and 7094 computers .  

* In the remainder  of t h i s  r e p o r t  the "Sonic Boom Computer P rogram"  will 
be denoted by SBCP.  



Details for operating the p rogram a r e  given in  Section 11. The 

equations which a re  actually solved a r e  presented  in  Section 111. 

addition the F o r t r a n  symbols  and the i r  corresponding physical var iab les  

and a brief descriptions of the subrout ines  a r e  given in  this sect ion.  

improvements  to the theory a r e  given in Section IV. 

input and output for  two sample  problems a r e  given. 

F o r t r a n  p rogram deck is given in  Appendix 111. 

is extended to include a i r c r a f t  diving o r  climbing and curved flight path 

effects.  

In 

Some 

In Appendix I1 the 

A l ist ing of the 

In Appendix IV the theory  

Resul ts  of some sample computations a r e  given in  Appendix V .  
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SECTION I1 

PROGRAM OPERATION DETAILS 

11.1 INPUT FORMAT 

In o r d e r  to operate  the p rogram the data c a r d s  mus t  be a r r a n g e d  

in  the following manner:  

Control c a r d :  The first c a r d  is a control card,  it t e l l s  the following: 

1)  The number of a l t i tudes a t  which atmospheric  data will be p re -  

sc r ibed ,  th i s  number can  be 2 to 100. 

( a i r c ra f t  and ground) a r e  r equ i r ed  to run  any problem and a maximum of 

100 al t i tudes can  be handled. 

last digit is in  column 10. 

That i s  a minimum of 2 a l t i tudes 

This  number should be en tered  so that  the 

2) The number of angles ,  measured  about the a i r c r a f t  a x i s ,  f o r  

which output data  is des i r ed  ( see  "angle cards" ,  p.4). A minimum of 1 and 

a maximum of 21 different angles  can be prescr ibed ,  therefore  this  num- 

b e r  can be 1 to 21. It should be entered so that the l a s t  digit  is in column 20. 

3 )  A problem identification number .  This  can be any in teger  f r o m  

0 to 99999. It should be en te red  so that  the las t  digit is i n  column 30. 

4 )  The input angles  mentioned in  ( 2 )  above can be en te red  in  any 

o r d e r .  

to  the direction d i rec t ly  below the a i r c r a f t .  

c a r d  t e l l s  which of the input angles  cor responds  to th i s  direct ion.  

can therefore  be a number between 1 and 21. 

the last digit is in  column 40. 

However i t  is n e c e s s a r y  to know which of these angles  cor responds  

The next e n t r y  on the control  

Th i s  

It should be en te red  so that  

5 )  Part of the output is a l is t ing of the shock s t rength and location 

f o r  one of the input angles  at computed points between the aircraft and the 

ground. That is, a t ime h i s to ry  of the shock propagation is  given. The 

next en t ry  t e l l s  which one of the input angles  th i s  information should c o r r e s -  

pond to. 

en te red  so that  the last digit is in  column 50. 

This  can  therefore  be a number between 1 and 21. It should be 

3 



6 )  The l a s t  en t ry  on the control  c a r d  t e l l s  the computer  whether 

o r  not another problem (different  a tmosphe re ,  different a i r c r a f t ,  e t c .  ) 
follows the completion of the problem cu r ren t ly  being en te red .  A nega-  

tive number in  columns 51 to 60  will s top the computer  a t  the end of the 

cu r ren t  computation; no en t ry  o r  a positive en t ry  will have the computer  

r e a d  in a new se t  of data  a f t e r  completion of the c u r r e n t  problem. 

All the numbers  en te red  on the control  c a r d  a r e  f ixed point i n t e g e r s  

That  is, no dec imal  point 

appear  in the columns indicated.  

between columns 5 1  and 6 0 ,  

Atmosphere C a r d s :  

pheric  data.  

data is prescr ibed .  

number en te red  on the control  card.) 

should be used  and the first five e n t r i e s  should 

The l a s t  e n t r y  (if a n y )  can go anywhere 

After the control  c a r d  the next  c a r d s  c a r r y  a tmos -  

There  will be one c a r d  for  each  alt i tude a t  which a tmosphe r i c  

(The number of a tmosphe re  c a r d s  is  equal to  the first 

These  c a r d s  a r e  en te red  so that  the highest  alt i tude is f i r s t ,  then 

descending in  alt i tude,  and the lowest  alt i tude (ground)  l a s t .  

h a s  the s a m e  fo rma t  and t e l l s  the alt i tude and  the p r e s s u r e ,  t e m p e r a t u r e ,  

headwind and  sidewind corresponding to that  a l t i tude.  

have their  decimal  point and can  appear  anywhere within the co lumns  

indicated below. 

Each  c a r d  

All numbeks m u s t  

Columns Data 

altitude + 1000. in feet  

p i  e Y s LI r e 

t e m pe r a t  u r e deg. F 
h e ad w i nd f t .  J s e c .  

s i  de wind f t .  J s e c .  

pounds f sq. ft 

1 - 1 0  

1 1 - 2 0  

2 1  - 3 0  

3 1  - 4 0  

4 1  - 50 

The winds should be r e fe renced  to the a i r c r a f t  d i rec t ion .  A head-  

A sidewind in  the d i rec t ion  of wind is  positive and a tailwind i s  negative.  

the s ta rboard  wing is posi t ive,  i n  the direct ion of the por t  wing is  negative.  

Angle ca rds  : 

t e rmines  shock p rope r t i e s  a l l  along th i s  r a y  until i t  m e e t s  the ground.  The 

ini t ia l  r a y  d i rec t ions  a r e  de te rmined  by the "angle input", these  a r e  angles  

measu red  about the a i r c r a f t  r a y  ( o r  shock)  cone a x i s .  

The computation s t a r t s  with a n  init ial  r a y  d i rec t ion  and  de-  

The angle 4 = 0 
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corresponds  to  d i rec t ly  below the a i r c r a f t ,  In F i g  11.1 the a i r c r a f t  is 

moving in  the direct ion of the negative x axis and i s  coming out of the 

paper  toward the r e a d e r .  

4 =  0 

+ = 0 corresponds  to  directly 
below the a i rc raf t  

F igu re  11. 1 

As many as 21 different angles  4 can be specified, they can be entered 

in  any o r d e r  and a r e  measu red  in deg rees .  

decimal  point and a r e  en tered  7 numbers  per c a r d  as follows: 

The numbers  mus t  have their  

Columns Data 

1 - 10 

1 1  - 2 0  

61 - 7 0  

1 - 10 next c a r d  

f i r s t  angle in deg rees  

second I' ( i f  n e c e s s a r y )  

I 1  1 1  I 1  seventh 

eighth ' I  I' , e tc .  II I I  

The angle (with decimal  point) can appear  anywhere within the indicated 

columns. The number of successive columns of ten needed €or enter ing 

all the angles  is equal to  the second number en tered  on the control ca rd .  

One of the angles  en tered  mus t  be zero ( 4  = 0.0).  The number 

corresponding to the position of the angle 4 = 0.0 in  the above a r r a y  is the 

fourth en t ry  on the control ca rd .  

a h is tory  of the shock p rope r t i e s  between the a i r c r a f t  and  the ground 

pr inted out,  the number corresponding to the position of this angle in  the 

above a r r a y  is  the fifth en t ry  on the control ca rd .  

One of the angles  can  be se lec ted  to have 

5 



Airc ra f t  data cards :  

the a i r c ra f t ,  flight conditions,  and shock-ground reflection f ac to r  a r e  speci-  

fied. 

the numbers  must  be en tered  with the i r  dec imal  point and can  appea r  

anywhere within the field of ten columns.  

The l a s t  input c a r d s  give thir teen p ieces  of da ta  by which 

For  each  of these numbers  the re  a r e  ten columns on the input c a r d ,  

The o r d e r  of en t ry  is as follows: 

Columns 

11-20 11 I1 

21-30 '1 11 

31-40 '1 I t  

41-50 1' I1 

51-60 " 11 

61-70 '1 II 

11-20 11 11 

21-30 1' I 1  

31-40 1' 11 

41-50 1' 11 

51-60 '1 I1 

1-10 first  c a r d  

1-10 second c a r d  

Data 
--c. 

2 
a i r c r a f t  acce le ra t ion ,  f t / s ec .  
aircraft length,  f t .  
shock-ground reflection constant 
a i r c r a f t  Mach number  
a i r c r a f t  a l t i tude,  f t .  
a i r c r a f t  volume fac to r  
a i r c r a f t  lift fac tor  
a i r c r a f t  weight, lb.  
a i r c r a f t  f ineness  ra t io  (length/max. d i ame te r )  
effective wing chord for  lift distribution, f t .  
flight pi3th curva ture  x 106, l / f t .  
c l imb ( o r  dive) angle ,  deg. 
time inc remen t ,  sec. 

The last th ree  en t r ies  above involve aircraft dive and c l imb calcula- 

t ions,  they a r e  defined in  Appendix IV. Details of the integration of body 

shape and lift distribution source  t e r m s  a r e  not c a r r i e d  out in  the SBCP. 

asymptotic "a i r c ra f t  shape t e r m "  is used  (See Section 111.1, Eq, 111.13). This  

term is given below: 

An 

- , .  Shock ove rp res su re  at the ground -- 
114 

a i r c r a f t  1 L) a tmospher ic  and } {shape t e r m s  

r J G .  CLFP . W T  a i rc ra f t  - - J V F  . L '  75)2 t c o s  + . 
shape t e r m s  F R  M2 . P h .  ( W c ) . '  

P = a tmospher ic  ground p r e s s u r e  W T  = a i r c r a f t  weight 

length 
g 

Ph 

RC = ref lect ion constant 

M = Mach No. 

V F  = volume factor  

LF = lift fac tor  

- I 1  L - 
F R  = ( I  f ineness  r a t io  

WC 

= p r e s s u r e  at a i r c r a f t  al t i tude 

= Tving chord f o r  l i f t  d is t r ibut ion 

6 



The output fo rma t  will be self explanatory, however to  i temize:  

11.3 PROGRAM LIMITATIONS 

of alt i tude s teps  taken to c a r r y  out the integrations t i m e s  the number uf 

input angles .  

the smal les t  alt i tude spacing. 

The magnitude of the integration s tep  s ize  is one qua r t e r  of 

F o r  a n  a i rc raf t  a t  60, 000 ft .  and  alt i tude 

7 



data spacing 1000 ft.  ( s t ep  s i ze  250  f t . )  there  will be about 2 4 0  in tegra-  

tion s teps;  computation t imes  on IBM 709, 7090 and  7094 a r e  approxi -  

mately 10, 2 and 1.5 seconds respect ively for  each input angle .  

4) Basic  subroutines not general ly  found on bas ic  F o r t r a n  I1 

l i b r a r y  tapes include ASIN and TAN. 

5) If ray-ground data a r e  d e s i r e d  fo r  a level-flight c a s e ,  they will 

be computed and printed i f  a ve ry  small value of PSI, such as - .0000001 deg,  

is used  with CRV = 0.0 and a finite value of TAU. 

8 



SECTION I11 

PROGRAM DETAILS 

111.1 EQUATIONS 

The bas ic  theory is given i n  Ref.  1 and Section I V ,  however 

the equations actually evaluated on the computer a r e  presented  in this 

sect ion.  

development they had to be modified slightly f o r  evaluation on a digital  

computer  . 

Although the equations were  taken d i rec t ly  f r o m  the theoret ical  

All computations s t a r t  a t  the a i r c ra f t  a l t i tude and work down- 

ward along a r a y  to the ground. 

origin a t  the ground d i rec t ly  below the a i r c ra f t ,  hence the computations 

The coordinate s y s t e m  used h a s  i ts  

s t a r t  a t  z = h and end a t  z = zground. 

Shock Location: 

Equations for the shock location, Eq. (3.10) of Ref. 1 a re  integra-  

ted  direct ly  

c 

= s  h 

I vs i. uo 

n v s  

z r  1 

dZ 

(111.1) 

9 



After the ray-ground intersection, as determined f r o m  above 

equations, is  computed the coordinates a r e  r e f e r r e d  to  a fixed coordin- 

a t e  eystem by the procedure desc r ibed  under the heading "shock-ground 

intersection" l a t e r  in th i s  section. 

Ray Tube Area  
I 

Since we a r e  integrating f r o m  altitude z = h downward Eq. (IV.12) 
I 

becomes, a f te r  setting Vsdt = d s  

z 
s e c  v 

h A = ( h - z ) s e c v  A = (1 c 
I dVs 

h L I J  
I (111.2) 

where 
z 

(111.3) 

and (ds/dz) is given in Eq. (3.10) of R e f .  1. 

P r e s s u r e  Jump 

There a r e  two integrals  involved in the p r e s s u r e  jump  expres -  

sion, Eq. (IV.3). The f i r s t ,  I ( s ) ,  which is defined before Eq. (2.10) of 

Ref. 1, can be wri t ten 

J 
(111.4) 

This is simply an  integration of a tmospher ic  var iables  between a i r c r a f t  

al t i tude and alt i tude z .  Therefore  the quantity, I ,  can be considered as 

another  a tmospheric  var iable  which can be der ived f r o m  input data.  

10 



In o r d e r  to  evaluate Eq. (111.4), the density,  p o ,  was expres sed  in 

t e r m s  of p r e s s u r e  and sound speed 

dp - dP da  - -  - - 2 -  
P P a 

The second in tegra l  in the p r e s s u r e  j u m p  express ion  

s 

0 

is evaluated in the f o r m  

J = f - -  dz d s  dz B ' 

h 

(111.5) 

The quantity B ,  defined in R e f .  1. i s  

2 po '/2 $2 B = ( a o + w o )  I (--) 
a0 

where A is defined in Eq. (111.2). Because the r a y  tube a r e a ,  A ,  vanishes  

a t  z = h ,  the integrand of Eq. (111.5) becomes infinite a t  that  point. 

s ingular i ty  is integrable ,  however a l i t t le  c a r e  is r equ i r ed  to  do i t  on 

a computer .  F i r s t  the integrand in Eq. (111.5) is wri t ten 

This  

and then the integral  is wri t ten 

11 



(111.6) 

By using Eq. (111.2), Eq. ( 3 . 1 0 )  of R e f .  1 ,  and the definition of B 

(recalling I (z ) = 1)  h 

1 / 2  Sec v 

ah ph 
Q ( z h ) = - [  3 "1 (111.7) 

= Zh' The integrand in Eq. (111.6) now vanishes  a t  the init ial  point z 

Aircraf t  Lift and Volume 

The main in te res t  in this study is to  de te rmine  a tmospher ic  and 

accelerat ion effects on shock propagation. 

c ra f t  lift and volume calculations a r e  omitted.  

asymptotic in the sense  that i t  is applicable only a t  sufficient dis tance 

f r o m  the a i r c r a f t ,  a t e r m  which gives essent ia l ly  only the far field 

effects of lift and volume i s  included. 

Therefore  details  of the air - 
Since the theory  is 

The boom due to volume, for  a uniform a tmosphere ,  ( s e e  e .  g . ,  

Eq. 44 of R e f .  2 ,  is 

n 
(111.8) 

2 
If a r e a  S is normalized with respec t  to (L/FR.) 

length and FR.  = fineness ra t io  = (length/max d iame te r ) ,  and d is tance ,  

q, measured along a i r c r a f t  ax is  i s  normal ized  with respec t  to  L ,  
Eq. (111.8) can be writ ten 

where L = a i r c r a f t  

(Mz- 1) 'I8 ?I4 ( V F )  

-3- F R  
AP - 
P 

- -  

12 



The volume fac tor  V F  va r i e s ,  approximately, f r o m  . 5 5  to .80, depending 

on the a i r c r a f t  considered.  

For a uniform a tmosphere  Eq.  IV.  3 r educes  to (af ter  letting 

K = Kv) 

Equating the above two equations leads  to 

3/4 
L ( V F )  
FR 

M3'4 IrT K =  
/4 V 

( M 2 -  1 ) l  

F o r  lifting effects ( see ,  e .g .  Eq. (49) of R e f . 3 ,  the 

boom o v e r p r e s s u r e  is 

3/a - -  A P  - Y ( M 2 -  1) 

2 
P 

d-zG$ 
314 h 

where 

and 
P ,  

(111.10) 

(111. I 1 ) 



The quantity S'  is essent ia l ly  loading along a spanwise s t r ip ,  and  the inte-  

gration in  Eq. (111.1 1 ) i s  a summatj.on of the "loading sources" .  

integrals  i n  Eq. (111.1 1 
If the 

a r e  made d imens ionless  as  follows 

wr 
( W S ) ( W C )  

Ap = 

, c  = (WC):, ( W C ) E  ; Eq.  (111.11) can be wri t ten 

(111.12) 

The l i f t  f ac to r  L F  v a r i e s ,  approximately,  f r o m  .5 to .6. 
Equating Eq.  (111.9), with KL instead of K , to Eq. (111.12) l e a d s  to  

V 

In o r d e r  to combine the lift and  volume effects ,  i t  should be noted 

that the in tegra ls  of F and  G ,  in  Eqs .  111.8 and  11, should be added and 
not K and Kv. This  can  be accompl ished  by lett ing L 

(111.13) 

The SBCP de termines  the p r e s s u r e  r a t io  a c r o s s  the shock by using 

Eq. I V . 3 ,  with K defined above.  

the shock is multiplied by a ref lect ion constant ,  R C ,  which equals  1.8 - 2.0,  

approximately,  

At the ground the p r e s s u r e  r a t io  a c r o s s  

14 



Shock-Ground Inter sect ion 

As indicated in  R e f .  1 :  the or igin of the r a y  coordinate sys t em 

m u s t  move with the wind a t  a i r c r a f t  altitude. The ray-ground in te rsec t ion  

, y ) are  re la ted  to  fixed ( a i r c r a f t  wind) a x e s  through Eqs. ( 3 . 1 3 )  and 
(xg g 
( 3 . 1 4 )  of R e f .  1 :  

t 
g 

'h 

vh 

= t ime for  r a y  to r each  ground 

= headwind a t  a i r c r a f t  al t i tude 

= sidewind a t  a i r c r a f t  al t i tude 

The a i r c r a f t  ground speed ,  V is  given by 
g '  

(TIT. 14)  

The ve r t ex  of the shock is given by L e  coord ina tes  of r a y  + = 0 ,  

d i rec t ly  below the a i r c r a f t ,  and o ther  points on the shock are  de termined  

by projecting back the remaining ray-ground in te r  sect ion points.  

the fixed coordinate s y s t e m ,  to  which a l l  this is r e f e r r e d ,  i s  a l igned with 

the a i r c r a f t  air velocity vector  and not the ground speed vec tor  the p ro -  

jection is c a r r i e d  out as  follows: 

Since 



The shock maintains i t s  shape (changes in Mach number due to acce l -  

e ra t ion  a r e  neglected) as i t  moves  in  the V 
shock (Xs, Y ) a r e  re la ted  to ray points by projecting back the dis tance D 

as indicated in  Eq. ( 3 . 1 5 )  in R e f .  1 .  

d i rect ion.  The re fo re  points on the 
g 

8 

The relat ions a r e  

= X ~ D C O S Q  
x8 €! 

= Y - D s i n 0  
8 g 

Y 

'h 
V X  

tan CY = 

(111.15) 
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111.2 PR.OGRAM SYMBOLS (FORTRAN) 

The al t i tudes a r e  numbered: highest a l t i tude,  K = 1; lowest 

a l t i tude,  K = K E N D = f i r s t  number  on control ca rd .  

va r i ab le s  a r e  

The a tmosphe r i c  

= init ially,  t empera ture  , r ead in  for computation of sound speed 
z ( 1 , K )  { - - w,, Eq. (3.2) in  Ref. 1 

Z ( 2 ,  K) = p r e s s u r e ,  po 

Z ( 3 ,  K)  = sound speed ,  a, 

Z (4, K) = re lat ive wind along x a x i s ,  u, 

Z (5,  K)  = re lat ive wind along y axis, vo 

Z (6, K)  = I, Eq. (111.4) 

Z (7 ,  K) = alt i tude 

Z ( 8 ,  K) = a i r c r a f t  headwind 

Z (9, K) = aircraft sidewind 

S (J) ,  J = 1 to  9 = values  of the above Z var iab les  obtained by interpolating 

between two input altitude B 

The angles  a r e  numbered in  the o rde r  that  they were  en te red  

onto the input angle c a r d s .  N = 1, corresponds  t o  the f i r s t  angle ,  . . . , 
N = N E N D ( s e c o n d  en t ry  on control  c a r d ) ,  cor responds  to the l a s t  

angle.  

PHI (N) 

DATA(N,J, M P )  

DATA(N,l,  M P )  = p r e s s u r e  jump  a c r o s s  shock 

DATA(N,2, M P )  = 
DATA (N,3,  M P )  = 

DATA (N,4, M P )  = 

W ( l ) ,  X ( 1 ) .  Y ( 1 ) ,  AY(1) = p a r a m e t e r s  for evaluating Eq. (111.5) 

W (2) ,X(2) ,  Y (2), AY(2) = p a r a m e t e r s  f o r  evaluating Eq. (111.1) f i r s t  eqn. 

W (3) , 'X(3) ,  Y(3), AY(3) = p a r a m e t e r s  f o r  evaluating Eq. (111.1) second eqn 

W ( 4 ) , X ( 4 ) ,  Y(4), AY(4) = p a r a m e t e r s  f o r  evaluating Eq.  (111.1) th i rd  eqn. 

W (5).  X(5) ,  Y(5), AY(5) = p a r a m e t e r s  f o r  evaluating a i r c r a f t  a c c e l e r a -  
tion t e r m  in Eq. (111.2) 

W ( 6 ) .  X ( 6 ) ,  Y(6),  AY(6) = p a r a m e t e r s  f o r  evaluating the l a s t  i n t eg ra l  
in Eq. (111.2) 

In the SBCP the angles  a r e  denoted 

N = 1 to  N E N D  

a r e  output da ta  corresponding to angle N 

X shock coordinate 

Y shock coordinate 

shock propagation t ime between aircraft and ground 



ACC 

A F  

ALT 

APR 

A VS 

B 

BONG 

BSA 

BSC 

BSV 

C 

c 1  

c2 

D L  

E L  

ELH 

E M  

E N  

FL 

G 

H 

HH 

NN 
N V  

P R  

alt i tude of point on r a y  path 

X coordinate of point on r a y  path 

Y coordinate of point on r a y  path 

shock p r e s s u r e  r a t io  of point on r a y  path 

shock p r e s s u r e  jump of point on r a y  path 

a tmospher ic  p r e s s u r e  of point on r a y  path 

a i r  c raft  a c  ce le  r a t  ion 

r ay  tube a r e a  Eq. (111.2) 

a i r c r a f t  altitude 

previous p r e s s u r e  ra t io  

shock velocity 

a p a r a m e t e r  

a i r c r a f t  length 

a i r c r a f t  lift t e r m  

a i r c r a f t  shape t e r m  Eq. (111.13) without Mach number  
t e r m  

a i r c r a f t  volume t e r m  

Snel l ' s  constant = - I va I C O S  e 
acce lera t ion  and curva ture  contribution, Eq. ( A I V .  1 3 )  

BSC (4M3/ (M2 - 1))' 25 

integration s t e p  s i ze  

r a y  x direct ion cosine 

x direct ion cosine of r a y ,  init ially 

a i r c r a f t  Mach number  

r ay  y direct ion cosine 

lift factor  

Ph)  -1'4 = Eq. (IV.5) 

the negative of the y direct ion cosine of the r a y ,  init ially 

1/H 
number  corresponding to angle f o r  output da ta  

number corresponding to angle 4 = 0 

p r e s s u r e  r a t io  

Q(J ) ,  J = l ,  5 = p a r a m e t e r s  

18 ' 



RC 
R. 1 - - Q(za) in Eq. (111.7) 

R2 - - - (ds/dz) 

STH - - sin 8 

T - - a i r c r a f t  Einenes s ra t io  

TEST - - a p a r a m e t e r  

U 
V F  - 

V P  - - derivative of shock velocity 

vs - - shock velocity 

W L  - - a i r c r a f t  wing chord 

W T  

- - shock- g round ref le ction cons tan t 

wind speed ,  uo 

volume fac tor  

- - 
- 

- - a i r c r a f t  wieght 

111.3 SUBROUTINES 

In th i s  subsection the var ious p a r t s  of the S B C P  will be discussed.  

The program consis ts  of a main par t  with eight subrout ines .  

SUBROU'I'INE ALTA 

The f i r s t  subroutine encountered i s  called ALTA. There  is a r e -  

s t r ic t ion  on the input da ta ,  that  i s  the a i r c ra f t  al t i tude m u s t  be g rea t e r  

than the ground and l e s s  than o r  equal to the highest  a tmosphe r i c  data 

point. 

al t i tude f i r s t ,  they a r e  numbered in  sequential o r d e r .  In subroutine 

ALrA the location of the a i r c r a f t  al t i tude relative to the input alt i tude 

sequence is determined.  

alt i tude in the sequence and all a tmospher ic  data sequences  a r e  re -num-  

bered  s tar t ing a t  the a i r c r a f t  al t i tude and going down to the ground. 

As the a tmospher ic  data is r ead  i n  by the computer ]  highest  

The a i r c r a f t  altitude is then made the f i r s t  

SUBROUTINE ONE - 
In this subroutine initial conditions fo r  all integrations a r e  dc- 

te rmined .  Also,  wind components re la t ive to the r a y  coordinate s y s t e m  

(see  Ref. 1 )  a r e  computed. 

Eq. (111.4) is  determined. 

In addition] the variable I ( 2 )  given in 



SUBROUTINE M I D  

All integrations a r e  c a r r i e d  out by using the t rapezoidal  method.  

Some integration points fall a t  a l t i tudes between the input a l t i tudes.  

subroutine M I D  a l inear  interpol.ation is c a r r i e d  out to de te rmine  a t m o s -  

pheric data at  the points between the tabulated al t i tudes.  

In 

SUBROUTINE LINT 

In this and the following two subrout ines  the integrations which a r e  

required for location of the shock and  determinat ion of the p r e s s u r e  jump  

a c r o s s  the shock a r e  c a r r i e d  out. 

a i r c ra f t  only the shock location is de te rmined;  some of the integrat ions in- 

volved in the p r e s s u r e  jump  express ion  a r e  c a r r i e d  out,  however no shock 

ove rp res su res  a r e  computed. 

puted the t rue  shock velocity is not known; therefore ,  in this  init ial  region 

i t  i s  assumed that the shock propagates  a t  acoust ic  speed.  

For the f i rs t  100 body lengths f r o m  the 

Since the shock o v e r p r e s s u r e  is not com-  

The integrations over  the f i r s t  100 body lengths a r e  c a r r i e d  out in  

In LINT the integrals  a r e  evaluated by m e a n s  subroutines LINT and FIN. 

of the trapezoidal method, with a s t e p  s ize  equal to  the spacing of input 

a tmospheric  data.  

above the alt i tude 100 body lengths f r o m  the a i r c r a f t .  

This  is c a r r i e d  out to the input alt i tude which is jus t  

If the a i r c r a f t  al t i tude is the only input data point above that  alt i tude 

which is 100 body lengths below the a i r c r a f t ,  subroutine LINT is bypassed.  

F o r  this ca se  the integration over  the f i r s t  100  body lengths is c a r r i e d  out 

in  subroutine FIN. 

SUBROUTINE FIN 

In this  subroutine the shock location and  o v e r p r e s s u r e  in tegra ls  a r e  

evaluated between the alt i tude 100 body lengths f rom the a i r c r a f t  and  the 

input altitude immediately above i t .  Upon completion of t h i s  integrat ion 

shock ove rp res su re  and velocity a r e  computed for  the f i r s t  t ime .  

At the end of this subroutine the s tep  s ize  for the remain ing  in tegra-  

t ions,  which continue until the ground is reached ,  is computed. 

s ize  is  s e t  a t  one qua r t e r  of the sma l l e s t  input alt i tude spacing. 

T h i s  s tep  



SUBROUTINE INTEG 

The shock location and ove rp res su re  in tegra ls  a r e  determined in  

th i s  subroutine using ac tua l  shock velocit ies.  

i t e ra t ion  p r o c e s s  h a s  been introduced, this  is  because the o v e r p r e s s u r e  

in tegra ls  is of the f o r m .  

In o r d e r  to do this  a n  

Z-AZ 
Az 

2 f ( z ,  p )  d z  t - (f ( z ,  p (2 ) )  t f (2-Az, p (2-Az))) 
h 

Since the p r e s s u r e  a t  the point to be computed is on both the r ight  

and  left  hand s ides  of the above equation a n  i terat ion p rocess  is r equ i r ed  

to determine it. When two success ive  p r e s s u r e s ,  a t  a given point, a g r e e  

to  within one percent  th i s  value is a s s u m e d  to be the c o r r e c t  value. 

It can be shown (Ref. 4) that a more  accura te  express ion  for  the 

r a y  tube a r e a  than that given in Eq. 111.2 involves in tegra ls  along the 

shock front.  

flow p rope r t i e s  in each r a y  tube to be independent of p rope r t i e s  in adjacent  

r a y  tubes.  

a r e  not possible .  

buildup of r a y  tube a r e a  in  opposition to a dec rease  in  r a y  tube a r e a  such as  

would occur  fo r  a n  acce lera t ing  a i r c r a f t .  However these in tegra ls  a r e  only 

important  when the shock front  curva ture  is  l a r g e ,  which occur s  n e a r  the 

At th i s  point these  in tegra ls  i n c r e a s e  in  

value until they cancel  the a i r c r a f t  accelerat ion t e r m  in the r a y  tube a r e a  

express ion ,  Eq. 11.2. 

the a i r c r a f t  acce le ra t ion  t e r m  equal to zero  a t ,  o r  near  the cusp  point. 

A limitation of the present  r ay  tube approach is that i t  a s s u m e s  

Therefore  in tegra ls  along the shock f ront ,  through r a y  tubes ,  

The effect of these  (omitted) in tegra ls  is to cause a 

cusp point" on the shock front.  t I  

This behavior is taken c a r e  of i n  the S B C P  by sett ing 

MAIN PROGRAM 

In th i s  par t  of the SBCP input, output and ce r t a in  decis ion making 

The mos t  important of the decis ions made is operat ions a r e  c a r r i e d  out. 

that assoc ia ted  with the i te ra t ion  to determine the shock o v e r p r e s s u r e ,  

descr ibed  under SUBROUTINE INTEG above. Th i s  i t e ra t ion  is c a r r i e d  out 
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12 t imes.  If ,  a f t e r  th i s ,  the p r e s s u r e s  s t i l l  do not a g r e e  to within one 

percent the integration s t e p  s ize  i s  cut in half  and the procedure is  s t a r t e d  

over  again. This  is  continued, if n e c e s s a r y ,  until the integrat ion s t e p  s i ze  

is 5 feet o r  l e s s .  

thing wrong, e i ther  with the theory,  the da ta ,  o r  the computer .  

When th is  occur s  the computation s tops  as the re  is s o m e -  

Acoustical cutoff i s  a s s u m e d  to occur  when the shock front  is within 

approximately 2 .5  deg rees  of being no rma l  to  the horizontal  direct ion.  

th i s  occurs  within 100 body lengths of the a i r c r a f t ,  the alt i tude and the r a y  

direction being considered is pr inted out. 

lengths f rom the a i r c r a f t  shock o v e r p r e s s u r e  data is a l s o  pr inted out. 

If 

If cutoff o c c u r s  below 100 body 

The l a s t  thing the p rogram does  is to  compute the ground-shock data.  

After th i s  is printed out the p rogram e i ther  s tops  o r  r e a d s  in  new data i f  

t he re  i s  any ( las t  en t ry  on control c a r d ) .  

SUBROUTINE CORR 

Here the location of the second flight path point used f o r  climbing 

o r  diving curved maneuvers  is de te rmined .  

this point is n e c e s s a r y  fo r  locating the ground-shock in te rsec t ion ,  

As descr ibed  in Appendix I V ,  

SUBROUTINE SORT 

In this subroutine,  used only fo r  diving and climbing flight pa ths ,  

the ground-shock intersect ion is  determined.  Also,  the r e su l t s  of the 

computation a r e  pr inted out. The detai ls  a r e  given in Appendix I V .  

FUNCTION SUBROUTINES 

ASIN E X P  

SIN E X P ( 3  

cos MIN 1 

SQR T SIGN 

TAN 
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SECTION I V  

IMPROVEMENTS TO THE THEORY 

The genera l  theory  is given in  Ref. 1, however ,  s ince the 

publication of that  theory  several  improvements have been made .  

improvements  are given in this section. 

These  

I V . l  THE PRESSURE J U M P  EXPRESSION 
There  is a ce r t a in  amount of a r b i t r a r i n e s s  in the dimensional  

scaling of the p r e s s u r e  jump express ion ,  Eq. (2 .  16) of Ref .  1. A 
m o r e  detailed discussion wi l l  be given here .  

Equation (2. 13) of Ref. 1 can be writ ten 

L 

{So$$ 0 

( IV.  1) 

That is L = Lo when s = so. The na tura l  initial condition, L = 0 at 

s = 0, is automatically taken care of by t h e  above solution. 

differential  equation fo r  L is s ingular  a t  the init ial  point,  hence the 

initial point cannot be used  to  pr e sc r ibe  initial conditions. ) 

(The 

Substituting the above resu l t  into the top l ine of Eq. ( 2 . 1 4 ) ,  

Ref. 1 

To de termine  Lo we a s s u m e  a uniform atmosphere and equate Eq. (IV.2)  

to  Eq. ( 2 .  15). Ref. 1 
I 

K 

I 
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Therefore  

where '/2 

It should be noted that G(so)  depends on the quantity so  which 

ha8 not yet been determined.  By letting 
8 

we have 

average over  distance uo 

By letting uo approach z e r o ,  o r  the a i r c ra f t  al t i tude,  wo = 0 ,  I = 1, we 

obtain 

It has  been found that using the value of G given in Eq. ( IV.5)  leads to  

good agreement with field t e s t  data .  Therefore ,  Eq. ( IV .  3)  has been 

used in the SBCP with G(so)  defined in Eq. (IV.5). 
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By using the approach descr ibed  in this sect ion,  one need not 

s t a r t  off with dimensionless var iab les ,  as  descr ibed  below Eq. (2.1), 

Ref. 1. 

IV.2 RAY TUBE AREA 
The derivation of a n  express ion  fo r  the r a y  tube a r e a ,  given in  Part 

4 of Ref. 1, has  been improved. 

and a be t te r  approximation i s  given below 

It was found that Eq. (4.4) was too crude 

\vh /I 
-X  
-"O 

J= 
The change in dis tance between r ays ,  Ad, due to a change in s lope,  

Av, in  a distance A s  along the r a y  is 

A d  = A v A s  

Integrating th i s  along the r a y  

S 

d = % t  1 A v d s  
0 

where % =  IValAt  cos 0 cos  vh 

(IV.6) 

(IV.7) 

The quantity Av will be considered to be made  up of two p a r t s  

A V  = A ~ v  t A2 v (IV.8) 

The first par t ,  Al V,  is the initial difference between the slope of the two 

r a y s  caused by a i r c r a f t  accelerat ion.  The second par t ,  A2 v, is a change 
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in  slope due to the in te r re la t ion  between the shock s t rength and  r a y  tube 

a r e a .  

Using Eq. ( 3 . 9 )  of Ref. 1 ,  a t  the a i r c r a f t  al t i tude,  assuming 

ah 
v a c o s  e ' s in  v = 

and hence 

( IV.9)  

Variations along the r a y  a r e  given by A, v ,  t h i s  is determined  from 

VS 
v a c o s  0 t uo s i n  v = 

and leads to  

Au 
9 

A V  
A2 v = tan v [ - sin v +-] 

S 

As in Ref. 1,  Part 4, we l e t  

( IV.  10) 

A -  z d  (IV. 11) 

Combining Eqs. (IV.6 - 1 l ) ,  we obtain a f t e r  some a lgebra ic  simplification 

of the accelerat ion t e r m  - - - s i n v +  
du I:.} va t s e c  v h { tansu [ ':; 

a i  M (Mz - 1) Va COS 8 

(IV. 12 )  

Actually, a different  approach based  on the theory  given in  Ref .  4 
will give a m o r e  c o r r e c t  resu l t .  

that approach it is fe l t  that  i t s  inclusion is not just i f ied a t  this t ime.  An 

at tempt  is now being made to s implify this theory  in  o r d e r  to incorporate  

i t  into the present  r a y  tube approach.  

However because of the complexity of 
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APPENDIX I1 
TWO SAMPLE PROBLEMS 

In this section the input and output for  two sample  problems 

The f i r s t  p roblem,  caBe 1001, involves a low Mach will  be given. 

number  (M = 1.1) a i r c r a f t  flying at 40,000 f t .  and acce lera t ing  a t  

4 ft . /sec2; the a tmosphere  is an  ICAO 1959 s tandard a tmosphe re .  

The second problem,  case  0000, has  a Mach 2 a i r c r a f t  flying a t  

60,000 f t .  in a constant a tmosphere .  

a r e  indicated as follows: 

The input c a r d s  fo r  both problems 

A: control  ca rd  

B :  a tmosphere  ca rds  

C :  angle ca rd  

D: a i r c r a f t  data c a r d s  

Because of a tmosphe r i c  refract ion due to  changes in t empera tu re  

with alt i tude,  the shock does not get to  the ground in c a s e  1001. 

a r e ,  however,  quite a few interest ing resu l t s .  

a peak ove rp res su re  a t  16650 fee t  fo r  the zero  angle r ay .  

enon Occurs a t  s i m i l a r  alt i tudes for the other angle r a y s .  

There  

The acce lera t ion  causes  

This  phenom- 
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ALTl  WOE HE ADW 1 ND SIOEYI NO 
I F T I  I F P S I  ( F P S I  

PRESSURE SOUND SPEEO TEMPCRATURE 
IPSF)  I F P S I  I D E G  F) 
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118.930 
151.030 
191  800 
243.610 
309.450 
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629.660 
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-69.610 
-69.610 
-69.610 
-69.61 0 
-69.610 
-69.61 0 
-69.610 
-65.520 
-47 e 7 4 0  
- 2 9 0 9 6 0  
-12.170 

5 .630  
23.440 
4 1 0 2 6 0  
5 5 e 4 3 0  
S9.090 

10000b 
65000. 

S5000. 

4S000. 
40000. 
35000. 
30000. 
29000. 
2 0000 . 
19000. 
10000. 
50001 
1000 . 

0. 

60000 b 

~ o o o o b  

CUTOFF ALTITUDE# ANGCE.-45mOO 

PRESSURE RATIO PRESSURE JUMP 
l P S F I  

1.963 

PRESSURE 
I P S F I  

191.605 

PRESSURE 
IPSF)  

957.070 

PRESSURE 
I P S t I  

1188.913 

PRESSURE 
I PSF ) 

637.493 
645.327 
643e160  
660.994 
668.827 
676.661 
684.494 
692.328 
700.161 
707.995 
7 1 5 ~ 8 2 8  
723.662 
731.495 
739.329 
747.162 
754.996 
762.829 
770.663 
770.496 
786.330 
795.677 
805.024 
814.371 
823.718 
833.065 
842.412 

2 
I C T )  

X 
I F T I  

26100. -66218. 21457. Om0026 115 

CUTOFF  ALTITUDE^ ANGLE.-YOeOO 

2 
IFT)  

PRESSURE FAT 10 PRESSURE JUMP 
I P S t I  

4.603 20433. -80315. 18402 0.0018093 

CUTOFF ALTlTUOEb ANGLE.-15.00 

2 .  
I F T I  

X 
( F T )  

Y 
I F T I  

PRESSURE R A T  10 PRESSURE JUMP 
I P S F I  

0.472 15133. -98920. 11132. 

HISTORY OF SHOCK STRENGTH VARlATlONo ANGLE. 0.  

0.000 397 3 

2 
I F T I  

X 
( F T I  

-23916. 
-24582 
-2525 3 
-25929. 
-2661 1 e 
-27299. 
-77993. 
-28693 .  
-29400. 
-30114. 
-30 834 
- 3 1  562.  
-32296. 
-33039. 
- 3 3 1 A R e  
-34546.  
-3531 7 e 

-36 A 70 
- 3 6 0 ~ 7 .  

- 3 ~ 4 6 3 .  
-37661. 

- 3 9 2 7 3 .  
-40093. 
-40923 .  
-41764. 
-42615. 

PRESSURE R A T 1 0  PRESSURE JUMP 
I P S F I  

1.814 
1.820 
1.817 
1.810 
1.802 
1.793 
1.784 
1.776 
1 768 
1.762 
1.756 
1 . 7 5 0  
1.766 
1.742 
1.739 
1.737 
1 e 736 
1.735 
1.736 
1.737 
l e 7 6 1  
1 746 
1.752 
I 759 
1 e 761) 
1.777 

29750. 
29500. 
29250. 
290001  
28750. 
28500. 
28250. 
28000. 
27750. 
21500.  
21250. 
27000. 
26150. 
26500. 
26750. 
26000. 
25750. 
25400. 
252500  
25000.  
24150. 
24500. 
24250.  
24000. 
23750. 
2 3 5 0 0 .  

O.bO20460 
000020 199 

0 0 0 0 2 7 3 8 3  
Oe0026037 
0 .  0026494 
0.0026064 
Om002 565 1 
0.0025257 
0.0024R81 
0.0024525 
Or0024 18 7 
0.002 3866 
Om0021564 
0.0023778 
0.0023008 
0 .  002  2 T55 
000022517 
Om0022295 
0.002 2088 
0.0071RRZ 
0 .0021f92  
@00021517  
000021959 
0.002 121 7 
000021092 

0e0027A16 



23250. 
2300Oe 
227501 
22500. 
22250.  
22000. 
217501 
21500. 
21250. 
2lOOO. 
20750. 
20500. 
20250. 
20000. 
19750. 
19500. 
19250. 
19000 
187501 
18500. 
18250. 
18000. 
17750. 
17700. 
176501 
17600. 
11550. 
17500. 
17450. 
17400.  
17350. 
17300. 
17250. 
17.700. 
17150. 
1'1100. 
17050. 
17000. 
16950. 
16900. 
168501 
16800. 
16750. 
16700. 
16650. 
16600. 
16550r 
15500. 
16250. 
16000. 
15750. 
15500. 
15250. 
15000L 
14750. 
15500. 
14250. 
14000 . 
137501 
135001 
13250. 

CUTOFF A L T  1 W O E  @ 

2 
I F T I  

13242. 

CUTOFF ALTl lUOF* 

2 
f F T )  

15133. 

-43477. 
-44351 
-95236.  
-46134. 
-47045. 
-47970. 
-48908. 
-49861. 
-50829. 
-51814. 
- 5  781 5 .  
- S 3 8 3 4 .  
-54872 
-55929. 
-57007. 
-58107. 
-59230. 
-60378. 
-61553. 
-62756. 
-63 989 e .  
-65251. 
-66561 
-66829. 
-61100. 
-67375. 
-61652 .  
-67931. 
-68212. 
-68495. 
-68780. 
-69068. 
-693570 
-69650. 
-69944. 
-70241 . 
-70541 a 
-70844. 
-71150. 
-71b59. 
-7  1772 
-72088. 

-72731. 
-7 3060 
- 7 3 3 8 4 .  
-73700. 
-74013. 
-75590. 
-77201. 

-8062 3. 
-02452. 
"84383. 
-86435. 
-88635. 
-91019. 
-93642. 
-96596. 

-100051. 
-1044160 

-72407. 

-7~879. 

ANGLE= 0 s  

X 
f F T )  

-104572. 

ANGLE. 15100 

X 
f FT 1 

-98921, 

-0  . 
-0 . 
-0  . 
-0. 
-0  . 
-0 . 
-0 . 
-0 I 

-0  . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 .  
-0. 
-0 .  
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 s 
-0 . 
-0 . 
-0 . 
-0 . 
-0 I 

-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
-0  . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
- 0 .  
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
LO . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 
-0 . 

-0 b 

Y 
f F T I  

-0  . 
Y 

f F T )  

-1 1733. 

0.0020984 
0 e 002 0894 
000020823 
0.0020770 
0.0020739 
0 a0020729 
0 002 0 7 4  2 
0 I 002 078 1 
0.0020819 
0 0020947 
0.002 1080 
0.002 125 2 
0.0021471 
Or002 1742 
0*0922064 
0.0022467 
0.0923083 
0.0023695 
0.0024559 
Or0025621 
Oa0026971 
0.0028764 
0*0031440 
0.003 1561 
Or0030880 
0 0 003 0795 
0 e003 1048 
0 a 003 1 5 07 
0.0032105 
0 e0032966 
0 e0033649 
000031656 
000035475 
Oe0036691 
0 1  003787 1 
0.0039142 
0.0040545 
0 e0042 101 
0 e0043828 
0 .0045746  
0.0047874 
0.0050230 
Oe0052827 
0 . 0 0 5 5 6 6 8  
0.0058748 
0 a0004907 
0.0004897 
0 * 0 0 0 4 8 9 4  
0.0004832 
0.0004763 
0 0004697 
0 a 0004697 
0 00045 26 
0*0004454 
0 a 0004360 
0 0004275 
0 60004  169 
Oe0004074 
0.000401 2 
0 0003903 
0 a00038 19 

1.787 
1.799 
1.813 
1.827 
1 r844 
1.862 
1.883 
1.906 
1.992 
1.960 
1.993 
2.029 
2.070 
2.116 
2.172 
2.236 
2.323 
2.406 
2.526 
2.664 
2.834 
3.034 
3. 373 
3.393 
3.327 
3.325 
3.359 
3.416 
3.487 
3.988 
3.670 
3.788 
3.885 
4.026 
4.164 
4.313 
4.476 
4.657 
4.858 
5.081 
5.328 
5.601 
5.902 
6.232 
6.590 
0 . 5 5 2  
Or551 
Or551 
0.551 
01548 
0.544 
0.540 
0.536 
02531 
0.527 
0.522 
0.514 
0.510 
0.506 
0.497 
0.491 

851.759 
861.106 
870.453 
879.800 

898.494 
907.841 

926.535 

945.229 
954.376 
9638923 
973.270 
984 3 4  6 
995.423 
1006.499 
1017.576 
1028.652 
1039. 729 
1050.805 
1061.882 
1072r958 
1075.174 
1077.389 
1079.604 
108 1 . a20  
1084.0 35 
1086.250 
1088.466 
1090.681 
1092.896 
1095.11 1 
1097.327 
1099.542 
1101.7S7 
1103 a 973 
1106.188 
1108 a403 
1110.619 
1 1  12.834 
1 1  150 049 
1117.264 
11 19.480 
1121 e695 
1123.910 
1126.126 
1128 B 341 
1139.417 
11501494 
1 1  61 570 
1172.647 
1183.723 
11945800 
1207r840 
1220.880 
1233.920 
1246. 960 
1260.000 
12730040 
1286.080 

anso 147 

917.1118 

935.882 

PRESSURE PRESSURE JUMP PRESSURE R A T 1 0  
(PSF)  I P S F I  

0 a 000 3 773 01485 1206.487 

PRESSURE R A T  10 PRESSURE JUMP PRESSURE 
fPSF)  l P S F I  

0 009 3 972 0.472 1188.913 
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CUTOFF  ALTITUDE^ ANGLE. 30000 

2 
f F T I  

X 
I F T I  

20433. -80314. 

CUTOFC  ALTITUDE^ ANGLE. 45.00 

t I 
frtl f F T I  

261080 -662150 

Y 
f F T I  

-1 8402 

Y 
fFTl  

-21456. 

SDNtC 8bow~ CASE 1001t Hm 1.lOOt ALTITIJDE= 400000 

SHOCK-GROUND DATA 

ANGL€ PRESSURE JUW 
f D t O I  fPSFI  

-45.00 0. 
-Y0.00 0. 
-15.00 0 .  

0.  0. 
15e00 0 .  
YO.00 0. 
45.00 0.  

X 
fFT 

PRESSURE R A T I O  PRESSURE JUW PRE 5 SURE 
fPSFI fPSFI 

0 ~ 0 0 4 0 0 8 3  4.602 957.070 

PRESSURE RATIO PRESSURE JUMP PRESSURE 
fPSf I IPSFI 

0*0026088 1.961 131.605 

Y 
IFT I 

0 .  0 .  
o e  o e  
0. 0 .  
0. 0 .  
0 .  0. 
0. 0 .  
0. 0 .  

TIME 
f SEC I 

-1 b o o  
-1.00 
-1.00 
-1.00 
-1.00 
-1.60 
-1.00 

33 



ALTITUDE HFADW I ND S l D F W l  NO 
f F 1 l  f F P S I  f F P S l  

60000r 
0000.  

0 .  

-0 .  
- 0 .  
-0 . - 0 .  

- 0 .  
-0 . 

H I S T O R V  OF SHOCK STRENGTH V A R l A T I O N i  ANGLE.-30aOO 

1 
I F T I  

49340. 
47340. 
45340. 
433400 
41340. 
39340. 
31340. 
35340. 
33340, 
31340.  
293401 
27340.  
25340. 
23340. 
213400 
19340. 
17340. 
19340. 
13340. 
11340. 

9340 
7340. 
S 3 4 0 .  
3340. 
1340 a 

0 .  

X 
t F l  I, 

-71080 
-8444 
-9780. 

-1  1 1  16 
-12451. 
-13786. 
-15121. 
-16456. - 17790 . 
-19125. 
-20460. 
-217940 
-23129. 
-24463. 
-2S798. 
-27112. 
-28466. 
-29800. 
-31 135. 
-32969 
-33003 .  
-39137. 
-36471 
-371305. 
-39139. 
-40033.  

Y 
f F T )  

6156.  
7313.  
04700  
9626. 

10703. 
11939. 
130950  
14251. 
15407. 
16563. 
17119.  
10874. 
20030. 
21186. 
22341 a 
23491  
24652 a 

26963. 
20119. 
29274. 
30430. 
31585.  
327401 
33896. 
34670.  

25t308 . 

SHOCK-GROUND n A l C  

ANGCE PRESSURE JUMP X 
f D€G I l P 5 F l  I F 1  I 

-30.00 0 .810  -1R569. 
0 .  0.901 - 3 4 6 6 3 .  

19.00 0 .876  -30994.  
30.00 0.010 - 1 ~ s t ~ 9 ,  

PRESSURE S01JND SPEED TEMPERATURE 
f PSF 1 

657.600 
657.600 
-657.600 

PRFSSURE R A T I O  

0.0024984 
0 .0022029 
000019716  
0.001 7 0 9 3  
0.001 6420  
0.0015202 
0 .  0 0 1  4 176 
0 0 0 1  336  7 
0 .  0 0 1  2609 
0.0011938 
OaOO11342 
0.001081 1 
Oa0010335 
0 .  0009909 
Or0009514 
0 e 0009  15 7 
0.00088 3 0  
Oa0008529 
0.0000 2 5 2  
0 0007994 
0 0001 75 4 
0 000 7569 
0.0007 33 1 
0 0007 164 
0 * 0 0 0 6 9 5 1  
0 900 6 R  4 4 

Y 
I F T I  

34670. 
0. 

-1608R.  
- 3'8 6 h '3 . 

f F P S )  ( D E G  F )  

998.446 -44 .400 
990.466 -44 .400 
9 9 0  a 4 4 6  -44 .400 

PRESSURE JUMP PRESSURE 
I PSF I fPSF1 

1.643 
1.449 
1.297 
1.177 
l .08C 
1 a 000 
0.932 
OaR79 
0.829 
0.785 
0.746 
0.711 
0 .680 
0.651 
0.626 
0.602 
0.581 
0.561 
0.543 
0.976 
0.510 
0.498 
6 0 4 8 2  
0.471 
0.457 
0.450 

T I M E  
I S F C I  

B O .  1 2  
69 .37  
71 s R 2  
00.12 

6S7.600 
6 5 7 . 6 0 0  
657r600 
657.600 
6 5 7 0 6 0 0  
6 5 7 . 6 0 0  
657.600 
657.600 
651.600 
657 6 0 0  
697.600 
657.600 
657 o 600 
657.600 
657.600 
6 5 1  600 
657.600 
657.600 
657.600 
651 6 0 0  
691.600 
657.600 
6 5 1 . 6 0 0  
651.600 
6 5 7 0 6 0 0  
651 .600  
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APPENDiX 1 1 1  

FORTRAN L IST I NG 

* L I S T 8  * LABEL * SYMBOL TABLE 
SUBROUT 1 NE ALTA 
D I M E N S I O N  Z ~ 9 r 1 0 0 l r S ~ 9 l * W ~ 9 1 * X ~ 9 l ~ Y ~ 9 ~ ~ P J ( 7 ) r Q ~ Y ? e A Y ~ 9 l ~ D A T A ~ 2 l * 5 *  

1 2)rPHI(21) 
COMMON Z I K E N D * C T H ~ S T H ~ C ~ U ~ S ~ G ~ K Q ~ D L , ” ~ ~ W I X I C ~ * Y ~ F ~ V S ~ V ~ * C ~ * A Y ~ P J  

l ~ ~ S V ~ B S A * P H I ~ D A T A ~ P R ~ l J ~ A V S ~ J N R ~ N E N ~ ~ A L T ~ E L ~ ~ ~ E ~ ~ ~ S C ~ E L H ~ K A S E ~ E M ~ E N  
1 ~ N ~ A C C r R C ~ B O N G r N V ~ N N ~ J O ~ ~ * W ~ ~ l ~ W L r V F r F L e A P R ~ ~ V P ~ l E S T ~ A F e H H  

DO 5 0  K I l r K E N D  
I F ( A L T - Z ( l r K 1  1 5 0 r 5 0 r 5 1  

50 CONTINUE 
5 1  KA=K 

R = I A L T - Z ( 7 r K A l l / ( Z ( 7 r K A - l l - Z ( 7 ~ K A ) )  
DO 5 2  J = l r 9  
Z ( J ~ ~ ) = Z ( J I K A I + R ~ ( Z ( J I K A - ~ ) - Z ( J I K A )  1 
DO 5 3  K=KA*KEND 
KK=K-KA+Z 

5 3  Z ( J * K K l = Z ( J e K )  
5 2  CON1 I N U E  

KEND=KEND-KA+Z 
G ~ I Z ~ 3 ~ 1 1 / Z ~ 2 * 1 ~ ~ ~ * a 2 5 / 2 ~ 3 * 1 1  
BSV=VF/T*BONG**a75  
B S A = F L w S O R T F ( W T / Z ( 2 r l ) / S Q R l F ( W ~ l )  

RETURN 
END 
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* L I S T 8  
* LABEL 
* SYMDOL TABLE 

SURROUTINE F I N  
DIMENSION Z ( 9 r l O U ) r  

1 7 1 r P H 1 ( 2 1 1  

39 



Y L I S T 8  
Y LADEL 
K SYMBOL TABLE 

SUHROUT I NE I N TEG 



P R I N T  2 1 8  
2 1 8  FORMAT (39HONO SHOCKS A I  GROUND DUE TO C L I M B  ANGLE) 

GO TO 38 
1 3  8 = I A L T - 1 0 0 ~ * ~ O N G ) / l C O o e  

I F ( R - Z ( 7 r K E N D I  ) 1 2 * 1 2 * 3 9  
1 2  P R I N T  2049 K A S E s E M t A t T  

P R I N T  2 1 3  
GO T O  3 8  

2 ( 7 , K ) = Z ( 7 t K ) * 1 0 0 0 .  
3 9  DO 1 1 2  K Z l r K F N D  

1 1 2  2 ( 3 r K ) = 4 9 e * S Q R T F ( Z ( l , K ) + 4 ~ 9 * 6 )  
2 P R I N T  2 0 5 r K A S E r E M r A L T , A C C , R C I V F t F L s W T ~ B O N G t T , W L  r P S I * T A U * C H V  

P R I N T  206 
P R I N T  207r(Z(7rK)rZ(8,K)r~(Y*K)rZ(2t~t*Z(3tK)~Z(lrK)~K=l*KEND) 
DVC= 0.0 
MP= 1 
IF ( A B S F ( P S I 1  + A B S F ( C H V ) )  4 0 t 4 0 r 4 1  

C A L L  CORR 
40 CALL A L T A  
1 DO 111 N = l r N E N D  

N=N 
DO 5 J = l r 5  

CALL @NE 

ACOU S T I C 

D L = 0 e  

I F ( KO-1)  3 8 9 1 8  

I F ( Q ( Z 1 - 1 . ) 2 5 r 2 3 t 2 5  

PRINT,  2 1 6 r Q ( 4 )  rPH1 ( N )  

4 1  DVC= 1 0 

5 D A f A ( N t J * M P I = O e  

S17)=Z(7tl)-100e*B0NG*COSF(PHI(N)/57~3~ 
C I N I T 1 AL I N T E GR A 1 I ON 

14 K Q = 1  

CALL  M I D  
19 

19 CALL  L I N T  

23 QIZ)=Oe 

25  I F ( Q ( l ) - L e ) l R t Z l s 1 8  

I F ( Q ( 2 ) - 1 * ) 2 2 r 2 4 9 2 2  
18 CALL F I N  
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! I F  ( D V C - 1 . 0 )  4 2 9 4 8 ~ 4 9  
4 8  DVC-2.0 

AL T = A L T  +ZD 
P S I = P S I - V T * C R V * S I G N F ( T A l J * P S l )  
MP=2 
GO T O  4 0  

49 C A L L  SORT 
GO T O  3 8  

4 2  V C = S Q H T F ( L ( 9 ~ 1 ) * * 2 + ( E M w L ( 3 , 1 ) - ~ ~ 8 ~ 1 ~ ) * ~ 2 )  
B = Z ( 9 * 1 ) / V G  
B B = ( E M * Z I  39 1 )-Z( 8 9 1 )  ) / V G  
DO 1 0 2  N z l r N E N D  

I F  ( D A T A ( N 9 4 r M P ) I  l U l * l U l * l ( J 3  
D A T A ( N  92 rMP 1 =Om 
D A T A ( N r 3 * M P ) = O .  
DATA ( N 9 1 r MP ) =0* 

1 0  1 

GO TO 10.2 
1 0 3  D S T = V G * ( D A T A ( N * 4 , M P ) - D A T A ( N V I 4 , M P I )  

DATA(N92*MP)=DATA(NtZrMP)+DST*BB 
D A T A ( N I ~ * M P ) = D A T A ( N I ~ , M P ) - D S T ~ B  

P R I N T  2 0 4 ,  K A S E ~ E M I A L T  
1 0 2  CONT I NU€ 

P R I N T  2 0 3  
P R I N T  208 

P R I N T  2 0 9 r ( P H I ( N ) r ( U A T A ( N , J , M P I , J = l r 4 ) * N = l r N E N D )  
3 8  I F ( J O B S ) 3 1 1 ~ 3 1 0 ~ 3 1 0  

3 1 1  C A L L  E X I T  
200 F O R M A T ( 6 1 1 0 )  

I 2 0 1  F O R M A T ( F ~ l O . U ~ 4 F l O . 3 )  
2 0 7  F O R M A T ( 7 F 1 0 . 2 )  
2 0 3  FORMAT(19HOSHOCK-GROUND DATA 1 
2 0 4  FORMAT( 1 8 H l S O N l C  BOOM9 CASE l5t5Hr M = F 6 * 3 * 1 2 H *  A L T I T U D E = F 7 . 0 )  

205 F O R M A T ( l B i i 1 5 O N I C  t)OOF”Ir C A 5 k  I5r5H1 M=F-6-3*12H* A L T I T U ~ ~ = F ~ . O I ~ H *  
1 A C C = F 7 . 3 * 5 H *  R C = F ~ . Z ~ ~ H I  V F = F 4 0 3 r 5 H 9  L F ‘ F 6 * 3 / 1 H  95H W r = F 9 . l * 9 H *  
1 L C N G T H = F 6 . l r 6 H r  F R = F $ . L * b H ,  W L = F 6 * 3 r 8 H *  ANGLE=F7*296H* TAU=F6.L*  
1 4HSEC.12Hr  C U H V A T U R E = k 7 * 3 / 1 H O )  

I 
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* 
* 
* 

2 

44 
45 

46 

5 

l A T H  D I D  NOT CONVEHGE./lHOI 
ZD=(XD*UETA+ALF)*XD 
Y D = - T S * L ( 9 r l )  
I F  ( Z D )  595944 
IF (PSI1 45,46945 
XD=-XD 
YD=-YD 
ZD=-ZD 
P S I  = PSI-VT*CRV*TS 
GO TO 5 
P S I =  TAU*VT*CRV 

PSI=PS1*57 .2957795  
RETURN 
END 

ZD=-ZD 

45 



11 
110 

1 2  

10 
13  
130  

14 

1 5  

16 
100 

17 

1 8  

2 1  
2 1 0  

2 2  

2 2 0  
7 0 0  
300 

COMMON C R V t P S I t T A U *  P S r l S t X D t Y O v L D  r V T r M F '  
NSUM=,?+NEND 
TAVGzO. 
DO 100 N Z l t N t N D  
J ( N )  = 2  
I F ( D A T A ( N t 4 t 2 ) ) l l t l l r l 2  
DO 110 L = 1 * 3  
DATA ( N t L  2 I=0 .  
J ( N I = 1  
GO TO 10 
DATA ( N  94  2 I =DATA ( N t 4 t 2  I - TS 
D A T A ( N * 3 * 2 ) = D A T A I N t 3 r Z l ~ Y D  
D A T A ( N t 2 * 2 1 = D A T A 1 N t 2 2 I + X I) 
IF ~ D h T A ~ N t 4 t 1 1 1 1 3 t 1 3 r 1 4  
DO 130 L e 1 9 3  
DATA ( N  9 L 9 1 11.0 
J ( N l = 1  
I ND= J ( N 1 
GO T O  ( 1 5 t l h l ~ l N D  
NSUMsNSUM-2 
GO TO 100 
TAVG=TAVG+DA T A  ( N 9 4 
CONT I NUE 
I F  (NSUMI 1 7 r 1 7 r l t l  
K =  1 
GO TO 300 
K=2 
TAVG=TAVG/FLOATF(NSUM) 
DO 2 0 0  N z l r N E N D  
I N D = J I  N)  
GO T O  1 2 1 t 2 2 l t I N D  
DO 2 1 0  L = l t 3  
SG( N t L  1=000 
GO TO 2 0 0  
~ = ( D A T A ( N I ~ , ~ ) - T A V G ~ / ( D A T A ( N , ~ , ~ ) - D A T A ( N ~ ~ ~ ~ ~ ) ~  
DO 220 L = l * 3  
SG( MIL )=DATA( NIL 
CONT I NlJE 
PRINT 1 lOOtKASE *EM 

1 I + D A T A  ( N  9 4  2 I 

1 )-D+ I D A T A (  N t L  1 ) -DATA(  N r l . .  t 2 )  ) 

1 1 0 0  FORMAT(18HlSONIC BOOM9 CASE I 5 r 5 t i t  M.F6.3/ 

5H ( DEG 1 * 1 O X  r 5H ( PSF 1 r 9X r 4 t i  ( F I 1 t 1 2 X 
1 lHUe9X r5HANCiLE 9 7 x 9  13HPRCSSUHE JUMPt h X t l H X  1 5 x 9  1HY r 1OX94HT I 
1ME / 1 H 
1 1BH RAY-GROUND DATA 1 

9 9 X  414 ( F T I 9 X  t 5 H  ( SE C I / 1 ti0 

ALT I=ALT-ZD 
PRINT 1 1 0 1 ~ A L T I t ( P H I ( N l ~ ( D A T A ( N ~ L r l ) r L = ~ r ~ t )  r N - l r N E N D )  
PRINT 1 l O l r A L T  r(PHI(Nlt(DAtA(NtL~2)rL=lr'tl t N = l * N E N D l  

PRINT J l 0 2  

GO TO 1 3 U 1 * 3 0 2 l t K  

l l u l  FORMAT C12HOALTITUDE F 7 . O / ~ F 1 5 . 2 r F 1 5 . 3 r 2 ~ 1 5 ~ 0 r F 1 ~ . 2 1 )  

1 1 0 2  FORMAT ( l H O / I Y H O S H O C K - G H O U N D  D A l A  /1HOI 

7 0 1  PRINT 11043 
I 1 0 7  FORMAT ( 1 H 0 7  1 HNO SHOCK-GROUND [ )A  1 4 .  I 

7 0  2 
RE rURN 
PR I NT 

RE TlJRN 
FND 

1 1 0 4  9 ( P ti I ( N I r ( SG ( N r L 1 r L=  1 9 3 1 9 T AVG 9 N= I r NEND 1 
1 1 0 4  FOCiMAT ~ F I S . 2 t F l 5 * 3 * r F l 5 * O ~ F 1 3 . 2 )  
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A P P E N D I X  I V  

CLIMBING, DIVING, AND FLIGHT PATH CURVATURE EFFECTS 

A I V . l  R A Y  ANGLE GEOMETRY 
In this  section we will descr ibe  a n  extension t o  the genera l  theory  

which is given in  Ref. 1. 

flight paths which a r e  curved,  climbing, or diving. 

a r e  r e s t r i c t ed  to a i r c r a f t  motions which a r e  in a ver t ical  plane. 

tr ibutions which a r i s e  f r o m  l a t e ra l  motions can be determined by going 

through geometr ica l  arguments  very  s imi la r  t o  those given below. 

This extension will pe rmi t  inclusion of 

The r e su l t s ,  however,  

The con- 

To include diving and climbing effects in the general  theory we 

f i r s t  introduce a new coordinate sys tem (x:x, y*, z * ) .  

Z *  R O Y  
Cone , 

\ 
va I 

I 
J ,X 

X *  
m 1 

Y* -7&+ :! / 

+ = O  

Figure AIV. 1 

x* is tangent to the flight path and the velocity is in the negative x* di rec-  

tion, y* is perpendicular  to x* and is horizontal, z* is perpendicular  t o  y* 

and :c* and points upward. 

right-handed sys t em,  and the a i r c r a f t  is  moving in the x*, z* plane. 

angle c) will be used  to  identify any r ay  in the init ial  r ay  cone ( s e e  Fig.AI.V. .l) 

This angle has  the s a m e  meaning as that defined in Fig. 11.1, page 5 and 

Fig.  1, Ref.  1. Any unit vector  in the initial r a y  cone (which is normal  

to  the init ial  shock cone) has  components relative to  x*, y*, z* , given in 

The coordinates (x*, y*, z*) a r e  t o  f o r m  a 

The 
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t e r m s  of Mach angle a n d  rotation anglc  Q: 
- - - sin p 

- - cos p s i n  + 
- - cos p c o s  Q 

x N 

N 

N 

- 
YXC 

- 
iT. ’3 

> ( A  IV.. 1) 

For climbing a i r c r a f t  the angle $ , between x’:~ and (horizontal) 

X i s  positive; for diving a i rc raf t  $ is negative. That is ,  + is mcasured 

f r o m  the x’:c to the X a x e s ,  positive in the counterclockwise direct ion.  

The components of unit vector  N ,  given in (AIV.l) ,  re la t ive to  X I  Y ,  Z 

coordinates a r e  

( A  IV.2) 

- 
N X  - 
N y  - - cos p sin Q 

- s in  p cos $ - cos p cos Q s in  + 
- 

s i n  p sin $ - cos p cos Q cos $ - 
N Z  - 

W e  now want to  canstri ict  the “ r a y  coordinate system1! x ,  y ,  z .  

Recalling ( see  discussion below Eq. ( A . l l )  of R e f .  1 )  that the angle 

8 is determined b y  requiring the r a y  to  be initially in the x ,  y ,  z plane; 

we l e t  1 ,  m,  n be the x , y , z  direction cosines of the unit vector  N .  

V 

Rotating about the I, = z axis: 

1 = N c o s  8 t N s i n 8  

m = - N  s in  8 t N  cos 8 

X Y 

X Y 
n = N Z  

(A IV.3)  
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I 

x direction cosine of the r ay  is 
L 

In o r d e r  to have m = 0: 
- 

cos p s i n  + N 
t a n e  = Y = sin p cos I$ t cos p cos + s in  9 Nx 

- N  - N  
(A IV.4) 

Combining the resu l t s  of Eqs. (AIV.3) and (AIV.4), the initial 

~~ ~ 

2 2 
lh = - cos p ,/[tan p cos t cos + s in  9 1 + s i n  + 

(A I V  .5) 

Eqs. (AIV.4) and (AIV.5) reduce t o  Eqs. (3 .3 )  and (3.4) of Ref. 1 

when the cl imb o r  dive angle + equals zero .  

Ref. 1 can be applied using the m o r e  general  definitions given in  (AIV.4) 

and (AIV.5). 

Also,  all the resu l t s  of 

The resu l t s  presented in  this section make it possible to  de te rmine  

the r a y  locations and shock s t rengths  for  a i r c ra f t  on s t ra ight  climbing o r  

diving flight paths .  However the technique used f o r  determining the 

shock-ground intersection curve  ( s e e  page 15) is inapplicable to the 

diving-climbing a i r c ra f t  problem. 

the flight path,  the rays  leaving the a i r c ra f t  will have a different ground 

intersect ion curve.  

is continuously changing. 

each s e t  of ray-ground intersect ions is the same and to know any one implies  

knowledge of all, therefore  a shock-ground curve can be constructed 

although the r ays  that meet  i t  have lef t  the a i r c ra f t  a t  different  t i m e s .  

the third section of this appendix we will des,cribe a method for  determining 

an  approximate shock- g round inte r s e c t  ion. 

This is because for  each instant along 

The main reason  f o r  this i s  that the a i r c r a f t  al t i tude 

The technique developed on page 15 a s s u m e s  that 

In 
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It is no t  too cl iffirlilt t o  incliitlc airc- r a f t  f 1  i g h t  path c u  r v a t r i r c  in 

tl1(: analysis.  

ray  tubc a r c a  uscd in shock s t r e n g t h  c ornputntions. 

concave downward, two succcss ive  r ays  will he d i rec ted  toward each 

other in a manner  vcry  similar to that of an accelerat ing a i r c r a f t .  

some  point below the a i r c r a f t  thc r ays  will converge leading, local ly ,  

t o  a high shock ove rp res su re .  

the next section. 

This i s  o f  (.oiisirl(~rn.l>lc irriportancf. f o r  tIctc.rtnining t h c  

If thc flight path is 

At 

The theory f o r  t h i s  will be der ived in 

A IV.2 FLIGHT PATH C U R  VA'I'U.RE 

In Section IV.2, page 2 5 ,  per turbat ions to  the ray inclination 

angle ,  v ,  were  found. 

f i r s t ,  A *  v ,  i s  the initial d i f fe rence  in the slopes of two success ive  r ays  

due  to  a i rc raf t  accelerat ion.  

path there  would be an  additional contribution to  the differcnce A l w  . 
will derive this second contribution in this section. 

These perturbations a r i s e  f rom two effects;  the 

If the a i r c ra f t  w e r e  flying on a curved flight 

W e  

X 

At the init ial  point, A,  the flight path is a t  an angle (I with respec t  

to  the horizontal; a t  point B (assumed to be a n  infinitesimal dis tance f,-om 

A) the ang le  has  changed to + f A \I,. 

sctup at R ,  the components of a unit vec tor ,  idcntified by the angle 

in the ray cone  has  components ( see  Eq. (AIV.1). 

Relative to  a coordinate s y s t e m  

, 

- 
N- = - C O S  t ~ .  COS 7 
Z 

1 
J 

(A IV .6 )  



The b a r  notation is  used  to indicate variables a t  point B. 

re la te  the components of E in (AIV.6) to the x>:c,yc, z+ sys tem we m i i s t  

rotate  a n  amount A +  about the y axis. 

A $  ; i .e. ,  s in  A + ,  cos A +  = 1 

In o r d e r  to 

Keeping t e r m s  of f i r s t  o r d e r  in 

1 - - - - s in  p - cos p cos $ A +  
X* 

N 
- 
N = - cos p s i n $  

Y* - = s in  p A +  - cos p cos ;6 
NZ* 

(AIV.7) 

W e  now mus t  identify the angle 5 with the angle (9 used in  the 

previous section. At point A,  we passed  a plane through the x* ax is  

making an angle (9 with the ver t ica l  (see Fig. AIV.l) .  

passed  a plane through the 2 axis making an angle 5 with the vcr t ical .  

In o r d e r  that  the two r a y s ,  corresponding to (9 a t  A and T a t  B,  lie in 

the s a m e  plane,  defined by (9, we must  have 

At point B we 

. (AIV.8) 
cos p s i n 3  N - - Y* 

NZ* 
= t an  + = 

cos  fL cos $ - s in  p A +  

Letting 5 = (9 t A $  we obtain f r o m  (AIV.8) 

A (9 = - s in  + tan A + (A IV. 9 )  

W e  can  now de termine  the change in init ial  r a y  direct ion due to  

changes in both a i r c r a f t  Mach number and flight path slope. 

reca l l  the identity 

F i r s t  we 

s i n  v = - I 

therefore  

h "h A I  v = - sec v 

1 

(AIV.lO) 



B y  u s i n g  (A I V . 5 )  we c a n  d e t e r m i n e  'I 

(A IV.11) 1 
- 1  -- 

w h e r e  s i n  p = 1 /M,  -- dp - - - ( M k r M ? - l )  , A M  = 2) 
h d M  

A f t e r  c a r r y i n g  out t he  d i f f e r e n t i a t i o n s  i n  ( A I V , l l ) ,  u s i n g  (A IV .9 ) ,  

a n d  subs t i t u t ing  the  r e s u l t  in AIV. lO)  we o b t a i n ,  f ina l ly :  

( A  IV.12) 

It is e a s i l y  shown t h a t  f o r  a s t r a i g h t  a n d  l e v e l  f l i g h t ,  II, = A +  = 0 ,  Eq. ( A I V . 1 2 )  

r e d u c e s  to  Eq. (IV.9) on p a g e  26 .  Of t h e  t e r m s  m u l t i p l y i n g  A + ,  t h e  o n e  

cos 9 c o s  II, d n '  is l a r g e s t .  

a n d  a nega t ive  c u r v a t u r e ,  

e r a t i o n .  

a pos i t i ve  a c c e l e r a t i o n  a n d  c u r v a t u r e  wi l l  o f f s e t  e a c h  o t h e r .  S i m i l a r l y  

f o r  a d e c e l e r a t i n g ,  diving ( l and ing)  f l igh t  p a t h  t h e  n e g a t i v e  a c c e l e r a t i o n  

a n d  c u r v a t u r e  o f f se t  e a c h  o t h e r .  

T h e r e f o r e  the  coe f f i c i en t  of A $  is p o s i t i v e  

A +  < 0 ,  h a s  the same e f f e c t  as a p o s i t i v e  a c c e l -  

F o r  a n  a c c e l e r a t i n g ,  c l i m b i n g  ( t a k e  off)  f l i g h t  p a t h  t h e  e f f e c t s  of 

With hl v g i v e n  in (AIV.12)  t h e  r a y  tube  area t e r m  (see Eqs . ( IV .12)  
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and (111.2)) is 

(A IV .13)  

The t e r m  k is the r a t e  of change of flight path angle with respec t  

to dis tance along the flight path 

l ! ! !k  i . e . ,  k = - 
va dt 

This i s ,  by definition, the flight path curvature .  

The curva ture  can be related to a i r c ra f t  motions as follows: 

Consider a curved flight path,  

L = lift 

W = weight 

R = radius  of cu rva tu re  

F igure  AIV.2 
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with the (simplified) force d iagram as shown in F i g .  A I V .  3.  

the radial forces  a t  the instantaneous center  of curva ture  

Balancing 

1 -  ( L -  w c o s  q J ) g  therefore  k = - - 
R w va" 

When l i f t ,  L, is g r e a t e r  than W cos J, the a i r c r a f t  is increas ing  i t s  

flight path angle and the curvature  is positive; when L is s m a l l e r  than 

W cos qJ the curvature  is negativc.  

A I V . 3  SHOCK G R O U N D  INTERSECTION 

When an a i r c ra f t  is e i ther  climbing o r  diving the shock-ground 

intersection curve var ies  wi th  t ime.  The problem i s ,  t he re fo re ,  basical ly  

different f r o m  the one in which the a i r c ra f t  is flying horizontally.  

l a t te r  problem is t ru ly  a s teady s ta te  situation and the shock-ground 

intersection curve is invariant.  

This 

The shock-ground curve is the locus of dis turbances which reach  

the ground simultaneously.  

obtain the locus of dis turbances which leave the a i r c r a f t  a t  the s a m e  t ime.  

The re  a re  many ways to de te rmine  a shock curve  when r a y  curve data 

a r e  known; however the one chosen,  and descr ibed  below, s e e m s  to  be 

comparatively s imple and u s e s  a minimum of computer  t ime .  

By integrating the r a y  equations (111.1) we 

Two points on the flight path a r e  determined which a r e  sepa ra t ed ,  

in t ime ,  by an increment  7 . Then, the r ay  ground intersect ions a re  

computed f o r  each of these  points.  

determined for  seven angles  + about the flight path; t he re fo re  the com- 

puter determines seven ray-ground X ,  Y coordinates ,  seven r a y  t r ave l  

t i m e s ,  and seven p r e s s u r e  jumps  f o r  each of the two points on the flight 

To be specif ic ,  a s s u m e  data  a r e  

path. A mean r a y  t rave l  

f ou r t e en c omput ed t rave l  
t ime is then found by s imply  averaging the 

t imes ;  i . e . ,  

( A I V .  14) 
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where t o r  t 

path corresponding to angle c$ 

t e rmine  by l inear  interpolation (o r  extrapolation) the corresponding 

X, Y coordinates and the p r e s s u r e  jump A p  as  follows: 

i s  the ray  t rave l  t ime from point A o r  B on the flight 

Then, using this mean t ime,  we de-  
Ai Bi 

i '  

- 4- t.Ai - tmean ('Si - xAi)  (A IV.15) 
i mean - xAi tAi - tBi 

X 

with the identical formula being used with Y o r  Ap substi tuted f o r  X. 

The result ing coordinates a r e ,  approximately,  the ground in te r -  

section points of dis turbances (shock) arr iving a t  the ground s imultane-  

ously.  The p r e s s u r e  jumps a r e  the p re s su re  jumps a c r o s s  this shock. 

It is recognized that the above computation gives some  hypothet- 

i ca l  fIrnean11 shock and i ts  s t rength.  

in visualizing the ground-shock pat tern.  

the ray-ground data for  both flight path points as well as the der ived 

shock data ,  and the operator  can in te rpre t  all  the data as he so d e s i r e s .  

This is s imply intended as an  aid 

The computer will pr int  out 

A IV.4 PROGRAM DETAILS 

P r o g r a m  Inputs 

The l a s t  th ree  en t r ies  on the "aircraf t  data c a r d s "  (see page 6 )  

a r e  the flight path curva ture  ( l/ft),  the climb o r  dive angle (deg), and 

the t ime increment  T ( sec )  between the two flight path points.  

curvature  is usually a ve ry  sma l l  number it is to  be r ead  in as (curva-  

t u re )  x 10 . 
creas ing ,  and a negative curva ture  indicates a decreas ing  flight path 

angle. A climbing a i r c r a f t  will have a positive flight path angle,  and 

a diving a i r c r a f t  a negative angle,  

path points has  been left as a n  input for  the convenience of the opera tor .  

It has  been found that a five-second interval has  led to  sa t i s fac tory  

resu l t s .  

Since the 

6 A positive curvature  indicates the flight path angle is in- 

The  time increment  between flight 
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Program Calculations - 
If both the curva ture  and the c l imb (o r  dive) angle a r e  z e r o  the 

SBCP will operate  as descr ibed in the main body of this  repor t .  If 

e i ther  one o r  both a re  nonzero two additional subrout ines  a r e  used ,  

These  a r e  named CORR and SORT. These will. be descr ibed  below. 

SUBROUTINE CORR- 

path is determined, assuming that the f i r s t  point is a t  the or igin.  

motion in the ver t ica l  X,  2 plane the flight path can be approximately 

descr ibed as 

In this  subroutine the second point on the flight 

Since 

1 2 
2 = a x t p x  

312 
with CY = - tan + ,  p =1/2k ( l t d )  

+ = flight path angle ( see  

k = flight path curva ture  

F i g .  AIV. l )  

J 

c 

(A IV. 16) 

If the a i r c r a f t  flight path velocity (see F i g .  AIV.3) re la t ive to  a 

fixed coordinate sys t em were  denoted V we can wr i te  T' 

(A IV.17) 

Figure A IV. 3 

Integrating (AIV.17) over  the t ime increment  7 ,  assuming V is constant T 



solution of (AIV.18) for  A x  gives the x coordinate of the second point on 

the flight path,  this  is accomplished in subroutine CORR by a Newton- 

Raphson i terat ion.  In 

subroutine ALTA all a tmospher ic  data above the flight alt i tude a r e  d is -  

carded .  

used the higher one must  be computed first. 

c a r e  of all si tuations f o r  diving, climbing or level  flight. 

Equation (AIV.16) i s  then used  to  determine A z .  

This  means that  whenever two points on the flight path a r e  

Subroutine CORR takes 

S U B R O U T I N E  SORT - In this  subroutine the computed ray-ground da ta ,  

for the two flightpath points, a r e  r e f e r r e d  to  a common origin and t ime 

sca l e .  

then c a r r i e d  out,  and finally a l l  the data is printed.  

The l inear  interpolation descr ibed in  Eqs. (AIV.14  and 15) is 
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APPENDIX V 

EXPERIMENTAL RESULTS 

In this  section the resu l t s  of severa l  computations with the SBCP 

will be presented .  

was used.  

The n e c e s s a r y  a i r c ra f t  p a r a m e t e r s  were: 

F o r  all the c a s e s  described the s a m e  a i r c r a f t  model 

Different flight and atmospheric  conditions were  investigated.  

weight = 100,000 lbs. volume factor  = .64 

length = 100 ft .  l i f t  fac t  o r  = .6 

max dia.  = 12 f t .  

The basic  a tmosphere ,  unless  otherwise indicated, was taken f r o m  

ARDC 1959 Model Atmosphere.  

F i eu re  A V . l  

This f igure indicates the ground-shock intersect ion curve  fo r  an  

a i r c ra f t  flying above a j e t  stream.. 

the j e t  s t r e a m  s t a r t s  a t  50,000 f t . ,  builds up l inear ly  t o  200 ft/sec a t  

35,000 ft and then falls to z e r o  again a t  20 ,000  f t .  

Superimposed on the ARDC a tmosphere  

Five cases were  tes ted.  These were a i r c r a f t  velocity 0 " (pa ra l l e l ) ,  

45" ,  90" ( c r o s s  j e t ) ,  135 ", 18O0(anti-parallel) to the j e t  s t r e a m  direct ion.  

F o r  all c a s e s ,  effects on p r e s s u r e  jump ac ross  the shock were  negligible 

by t ime the shock reached the ground. 

s t r e a m  the shock s t rength (Ap/p) tends t o  increase  when in a region where 

the headwind (tailwind) is increasing (decreasing);  conversely shock s t rength 

tends to d e c r e a s e  when the headwind (tailwind) is decreas ing  ( increasing) .  

F o r  all c a s e s  the var ia t ion within the j e t  s t r e a m  was a t  mos t  10% f r o m  the 

uni form a tmosphere  case .  

While propagating through the  j e t  

The th ree  c a s e s  shown in F ig .  A V . l  a r e  uniform (no j e t  s t r e a m )  

a tmosphere  solid l ine;  45" j e t  s t r e a m ,  dash dot l ine;  90" ( c r o s s  wind) 

dashed l ine.  The groups of symbols  correspond,  reading f r o m  left  to 

r ight ,  to  Q, angles  45" ,  30",  15",  0" ,  -15",  -30"-45" .  To faci l i ta te  

identification the a l te rna te  angle symbols  (45 ", 15 ", - 15 ", -45 ") a r e  

f i l led in. It is interest ing to note that the -45" r a y  for the 45" d i rec t ion  
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j e t  s t r eam gets cut off and never  reaches  ground. 

wind case near ly  gets  cut off; i t  does get  to the ground but considerably 

fu r the r  out than the uniform a tmosphere  case .  

The -45"  r a y ,  c r o s s -  

F igure  AV.2 

F o r  this  ca se  a perturbation on the ARDC tempera tu re  prof i le  

was introduced, 

ca ses  a r e  shown in the right f igure .  

A sample perturbation is shown in the left  f igure.  Four  

1. s tandard a tmosphere  

2 .  t empera ture  inversion and r e tu rn  to s tandard ,  centered a t  

3 .  t empera ture  inversion and re turn  to s tandard ,  cen tered  a t  

4 .  

In case  (4) the tempera ture  fell  f r o m  standard a t  5,000 f t .  to  about 

10,000 f t .  

5 ,000 f t .  

t empera ture  inversion between 5,000 ft .  and ground. 

2 5 "  F a t  the ground, 

when the shock propagates into an  increasing (decreas ing) tempera ture  region. 

F o r  all cases  the p r e s s u r e  jump d e c r e a s e s  ( inc reases )  

It should be noted that f o r  a s tandard a tmosphere  the shock 

s t rength,  Ap, remains  nea r ly  constant f o r  a lmos t  all of i t s  t r ave l  n e a r  the 

ground. See ,  f o r  example,  ca se  (1). The reason  f o r  this  is that although 

the p r e s s u r e  ra t io  bp/p is decreasing with dis tance in accordance with 

Whitham's theory,  the ambient p r e s s u r e ,  p ,  is increasing as the ground is 

approached. 

nea r ly  unchanged. 

These two effects counterbalance each other  and Ap rema ins  

A fu r the r  comment can be made.  Almost all a tmospher ic  pe r tu r -  

bations which occur above about 15,000 ft .  al t i tude a r e  llforgotten'l by t ime  

the shock reaches the ground. 

n e a r  the ground which will affect the shock s t rength  a t  the ground. 

That i s ,  i t  is only those phenomena occurr ing 

F igure  AV . 3  

Acceleration effects a t  different Mach numbers  are investigated 

h e r e .  

high p r e s s u r e ,  due to focusing, region. 

The Mach number has  a pronounced effect o'n the location of the 

Due to l imitations of the r a y  

I tube approach the magnitude of the p r e s s u r e  jump a t  i ts  peak value may  
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not be too a c c u r a t e ,  however the location is c o r r e c t .  

the shock d i rec t ly  below the a i r c ra f t  is considered. 

F o r  all c a s e s  shown 

The p r e s s u r e  drops  off considerably,  a f t e r  the high p r e s s u r e  

Also the p r e s s u r e  jump a t  the ground, far the M = 1.2 c a s e  for  peak. 

example is c lose  to  that which would occur  for  a nonaccelerating a i r c r a f t  

at the same init ial  flight condition. F o r  the M = 1.1 c a s e  the shock is cut 

off before  i t  reaches  the ground, due to  the increasing t empera tu re  as the 

ground is approached. 

before the p r e s s u r e  peak is reached. 

F o r  the M = 1.3 case the shock gets  to the  ground 

Note that the buildup to the p re s su re  peak t akes  place over  an  

extended region, approximately 10,000 f t  for the M = 1.2 case .  

the ac tua l ,  unusually high p r e s s u r e  region is quite localized. 

Whereas 

F igure  AV.4 

F o r  this ca se  we considered the effect of a t empera tu re  inversion 

and acce lera t ion  induced p r e s s u r e  peaks near  the ground. 

se tup  so that f o r  a s tandard a tmosphere  the p r e s s u r e  peak occurs  a t  about 

1000 ft al t i tude.  

Conditions were  

A t empera tu re  profile was introduced which was s tandard  to  

5,000 f t  and then fell t o  2 4 ° F  a t  the ground. 

was to  cause the p r e s s u r e  peak to  occur  sooner ,  i . e . ,  a t  a higher altitude. 

The location of the p r e s s u r e  peak had, within the l imitat ions of tEe present  

theory,  v e r y  l i t t le  effect on i t s  magnitude. 

The effect  of the inversion 

F igure  AV.5 

This c a s e  was essent ia l ly  the same as that shown in F igure  AV.4 

except that  the a i r c r a f t  al t i tude was 50,000 ft. 

the shock mee t s  the ground before the p re s su re  peak occur s .  

when a t empera tu re  inversion,  nea r  the ground, is inser ted  the p r e s s u r e  

peak occurs  sooner ;  i .e. ,  above the ground. The boom a t  the ground for  

this l a t t e r  c a s e ,  is actually l e s s  than that f o r  t he  s tandard a tmosphe re  

plus accelerat ion case .  If the ground altitude were  about 2,000 ft .  the 

boom in the presence  of a tempera ture  inversion could be much g r e a t e r  

than the s tandard a tmosphere  case. 

For a standard a tmosphe re  

However,  
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Figure  AV.6 - 
In this f igure the effects of flight path curva ture  and a i r c r a f t  

A hypothetical (nonrealist ic) situation was accelerat ion a r e  shown, 

constructed to indicate the genera l  !shock behavior.  

was assumed t o  be constant with a sound speed equal to about lOOOft/sec. 

This same a tmosphere  was used  for problem on p.  42. 

a i r c r a f t  dive angle of 15 degrees  was assumed.  

The a tmosphere  

In addition, an  

The output for  ca se  1 of F i g ,  AV.6 is given on the page following 

this f igure.  

diving o r  climbing a i r c ra f t  on curved flight paths as  descr ibed  in  

Appendix IV. Also,  this output can be compared with the one on page 42 

to  s e e  the difference in the ground effects between a horizontal  flight and 

a diving flight. Fo r  the case  on page 42  the p r e s s u r e  jump a t  the ground 

is lower although the aircraft Mach number was higher .  

the fact  t h a t  for a diving a i r c ra f t  the shock t rave l  dis tance is l e s s .  

This output is typical of one fo r  problems which include 

This  is due to 

In ca se  1 of Figure AV.6 no accelerat ion or  curva ture  effects 

were  introduced. 

F o r  case  3 a flight path curvature  of - 14.5 x 10 

cause a p re s su re  peak a t  approximately the s a m e  alt i tude as for  case 2. 

Case  4 shows the additive nature  of these two effects ,  half the acce lera t ion  

and half the curvature  were  used.  

introduced, this just  cancellc tl the accelerat ion effects.  

Fo r  case  2 an  accelerat ion of 3 6 . 4  ft/sec2 was used .  

was chosen to  - 6  -1 f t .  

F o r  case  5 a positive curva ture  was 
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