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ABSTRACT

An approach to the problem of a shock propagating
through a variable atmosphere is presented. A previously
presented theory hasbeenimproved anda computer program
has been written using the results of the improved theory.
This paper presents the improved results and gives a detailed
description of the computer program.

For an atmosphere which varies arbitrarily in the
vertical directionand for a supersonicaircraft witharbitrary
lift and volume distribution the computer program will give
the shock overpressure and intersection points at the ground.
In addition, effects due to aircraft acceleration, flight path
angle and curvature and acoustical cutoff are computed and

presented by the program.
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SECTION I

INTRODUCTION

This report will give a description of a '"Sonic Boom Computer
Program''. * The theoretical development, upon which the computer
program is based, is presented in Section IV and Ref. 1. Since the
emphasis here is for the operation of the SBCP, discussion of the theo-
retical results will be kept to 2 minimum.

The SBCP uses the following input data:

1) Atmospheric pressure, temperature and winds between the air-
craft and the ground, and shock-ground reflection factor.

2) Aircraft parameters such as Mach number, altitude, acceleration
rate, volume and lift factors, aircraft length and weight.

3) The analysis is based on ray tube concepts, that is, a small seg-
ment of shock is considered to be propagating down a ray tube and its
strength and location are determined along the ray path until it strikes the
ground. Therefore, another input is the initial ray directions. These are
specified by giving those angles, measured around the flight direction, for
which computations are desired. (That is, the angles ®1in Fig. 1, Section
I1).

The computer output gives:

1) A listing of pertinent input data.

2) The location and strength of the shock corresponding to a selected
input angle at intermediate computed points between the aircraft and the
ground.

3) The location and strength of the shock at the shock-ground inter-
section.

The program was written in Fortran Il and has been operated on
IBM 709, 7090 and 7094 computers.

*
In the remainder of this report the '"Sonic Boorn Computer Program' will
be denoted by SBCP.




Details for operating the program are given in Section II. The
equations which are actually solved are presented in Section III. In
addition the Fortran symbols and their corresponding physical variables
and a brief descriptions of the subroutines are given in this section. Some
improvements to the theory are given in Section IV. In Appendix II the
input and output for two sample problems are given. A listing of the
Fortran program deck is given in Appendix III. In Appendix IV the theory
is extended to include aircraft diving or climbing and curved flight path

effects. Results of some sample computations are given in Appendix V.




SECTION II

PROGRAM OPERATION DETAILS

II.1 INPUT FORMAT

In order to operate the program the data cards must be arranged
in the following manner:

Control card: The first card is a control card, it tells the following:

1) The number of altitudes at which atmospheric data will be pre-
scribed, this number can be 2 to 100. That is a minimum of 2 altitudes
(aircraft and ground) are required to run any problem and a maximum of
100 altitudes can be handled. This number should be entered so that the
last digit is in column 10.

2) The number of angles, measured about the aircraft axis, for
which output data is desired (see "angle cards",p.4). A minimum of 1 and
a maximum of 21 different angles can be prescribed, therefore this num-
ber can be 1 to 21. It should be entered so that the last digit is in column 20.

3) A problem identification number. This can be any integer from
0 to 99999. It should be entered so that the last digit is in column 30.

4) The input angles mentioned in (2) above can be entered in any
order. However it is necessary to know which of these angles corresponds
to the direction directly below the aircraft. The next entry on the control
card tells which of the input angles corresponds to this direction. This
can therefore be a number between 1 and 21. It should be entered so that
the last digit is in column 40.

5) Part of the output is a listing of the shock strength and location
for one of the input angles at computed points between the aircraft and the
ground. That is, a time history of the shock propagation is given. The
next entry tells which one of the input angles this information should corres-
pond to. This can therefore be a number between 1 and 21. It should be

entered so that the last digit is in column 50.




6) The last entry on the control card tells the computer whether
or not another problem (different atmosphere, different aircraft, etc.)
follows the completion of the problem currently being entered. A nega-
tive number in columns 51 to 60 will stop the computer at the end of the
current computation; no entry or a positive entry will have the computer
read in a new set of data after completion of the current problem.

All the numbers entered on the control card are fixed point integers.
That is, no decimal point should be used and the first five entries should
appear in the columns indicated. The last entry (if any) can go anywhere
between columns 51 and 60,

Atmosphere Cards: After the control card the next cards carry atmos-

pheric data. There will be one card for each altitude at which atmospheric
data is prescribed. (The number of atmosphere cards is equal to the first
number entered on the control card,)

These cards are entered so that the highest altitude is first, then
descending in altitude, and the lowest altitude (ground)last. Each card
has the same format and tells the altitude and the pressure, temperature,
headwind and sidewind corresponding to that altitude. All numbets must
have their decimal point and can appear anywhere within the columns

indicated below.

Columns Data

1-10 altitude = 1000. in feet
11 =20 presgsure pounds/ sq. ft.
21-~30 temperature deg. F
31-40 headwind ft./sec.
41 -50 sidewind ft. /sec.

The winds should be referenced to the aircraft direction. A head-
wind is positive and a tailwind is negative. A sidewind in the direction of
the starboard wing is positive, in the direction of the port wing is negative.

Angle cards: The computation starts with an initial ray direction and de-

termines shock properties all along this ray until it meets the ground. The
initial ray directions are determined by the '""angle input'’, these are angles

measured about the aircraft ray (or shock) cone axis. The angle ¢ = 0

N




corresponds to directly below the aircraft. In Fig I1.1 the aircraft is

moving in the direction of the negative x axis and is coming out of the

paper toward the reader.
z

- +$

1

Y
=0

¢ = 0 corresponds to directly
below the aircraft

Figure II. 1

As many as 21 different angles ¢ can be specified, they can be entered
in any order and are measured in degrees. The numbers must have their

decimal point and are entered 7 numbers per card as follows:

Columns Data

1-10 first angle in degrees
11-20 second " " " (if necessary)
61-70 seventh " " " "

1 -10 next card eighth " " " ", etc.

The angle (with decimal point) can appear anywhere within the indicated
columns. The number of successive columns of ten needed for entering
all the angles is equal to the second number entered on the control card.
One of the angles entered must be zero (¢ = 0.0). The number
corresponding to the position of the angle ¢ = 0.0 in the above array is the
fourth entry on the control card. One of the angles can be selected to have
a history of the shock properties between the aircraft and the ground
printed out, the number corresponding to the position of this angle in the

above array is the fifth entry on the control card.




Aircraft data cards: The last input cards give thirteen pieces of data by which

the aircraft, flight conditions, and shock-ground reflection factor are speci-
fied. For each of these numbers there are ten columns on the input card,
the numbers must be entered with their decimal point and can appear

anywhere within the field of ten columns. The order of entry is as follows:

Columns Data

1-10 first card aircraft acceleration, ft/sec.Z
11-20 v " aircraft length, ft,
21-30 v " shock-ground reflection constant
31—-40 " " aircraft Mach number
41-50 n n aircraft altitude, ft.
51-60 " " aircraft volume factor
61-70 n n aircraft lift factor

1-10 second card aircraft weight, 1b.
11-20 L aircraft fineness ratio (length/max diameter)
21-30 v " effective wing chord for 11ft distribution, ft.
31-40 " " flight path curvature x 106, 1/1t.
41-50 .on climb (or dive) angle, deg.
51-60 " " time increment, sec.

The last three entries above involve aircraft dive and climb calcula-
tions, they are defined in Appendix IV, Details of the integration of body
shape and lift distribution source terms are not carried out in the SBCP, An
asymptotic "aircraft shape term" is used (See Section IIl.1, Eq.III.13)., This

term is given below:

Shock overpressure at the ground
1
3
3 atmospheric and aircraft 4M
AP = Pg x RC x {propagation terms}x {shape terms[ W———l}

aircraft - J(VF. L'75)2 + cos & . NM2 — 1 . (LF)?, WT

shape terms FR ™ (WC)
Pg = atmospheric ground pressure WwWT = aircraft weight
- [N}
P, = pressure at aircraft altitude L = length
FR = " fineness ratio

RC = f1 i

retlection constant We = wing chord for lift distribution
M = Mach No.
VF = volume factor

LF¥F = lift factor

6




II.2 OUTPUT FORMAT

The output format will be self explanatory, however to itemize:
First: problem number and aircraft data are given
Second: input atmosphere is reproduced
Third: history of shock strength variation for selected input angle is

presented
Fourth: shock-ground intersection data are listed

Other possible output information is as follows:

1) If the shock is cutoff by atmospheric refraction, the location
and the identification of the corresponding input angle are printed out.
Also, wlienever posssible, the shock overpressure at cutoff is presented.

2) If aircraft acceleration effects (that is possible high shock over-
pressures) take place before the shock has propagated 100 body lengths
this fact is printed out.

3) If for some reason the computation to determine the pressure

jump across the shock does not converge this fact is printed out.

1I.3 PROGRAM LIMITATIONS

1) The aircraft altitude must be greater than ground altitude, and
less than or equal to the highest altitude for which atmospheric data are
prescribed.

2) The shock strength is not computed until it has propagated
approximately 100 body lengths from the aircraft. To obtain data closer
to the aircraft, the computer can be '"fooled" by feeding in a small value for
body length, L, and increasing the volume factor, VF, so that their product
in Eq. (II.1) remains constant. Care should be taken when interpreting the
resulting data since the present theory is essentially a far field theory.
That is, the far field result would be correct but the results near the air-
craft might be questionable.

3) The computation time is essentially proportional to the number
of altitude steps taken to carry out the integrations times the number of
input angles. The magnitude of the integration step size is one quarter of

the smallest altitude spacing. For an aircraft at 60, 000 ft. and altitude



data spacing 1000 ft. (step size 250 ft.) there will be about 240 integra-
tion steps; computation times on IBM 709, 7090 and 7094 are approxi-
mately 10, 2 and 1.5 seconds respectively for each input angle.

4) Basic subroutines not generally found on basic Fortran II
library tapes include ASIN and TAN.

5) If ray-ground data are desired for a level-flight case, they will
be computed and printed if a very small value of PSI, such as —.0000001 deg,
is used with CRV = 0.0 and a finite value of TAU.




SECTION IiI
PROGRAM DETAILS

1I1.1 EQUATIONS

The basic theory is given in Ref. 1 and Section IV, however
the equations actually evaluated on the computer are presented in this
section. Although the equations were taken directly from the theoretical
development they had to be modified slightly for evaluation on a digital
computer.

All computations start at the aircraft altitude and work down-
ward along a ray to the ground. The coordinate system used has its
origin at the ground directly below the aircraft, hence the computations

start at z = h and end at z = zground'

Shock Location:

Equations for the shock location, Eq. (3.10) of Ref. 1 are integra-
ted directly

r N
IVS+U‘0

A
x = § v |92
h

nV
s

< z . > (I11.1)
y = 9 dz
)

z
1
t = —_—
g TV dz
h




After the ray-ground intersection, as determined from above
equations, is computed the coordinates are referred to a fixed coordin-
ate system by the procedure described under the heading ''shock-ground

intersection' later in this section.

Ray Tube Area

Since we are integrating from altitude z = h downward Eq. (IV.12)

becomes, after setting Vsdt = ds

z
V, s sec v, dVS du
A = (h-2z)s8ecv 1 - + S‘tanv —— - sin vy ——2[dz
h al M(Mz _ 1) VacosF dz dz
h h
(111.2)
where
z
B ds
5 = S‘ ($5) dz (I11.3)
h

and (ds/dz) is given in Eq. (3.10) of Ref. 1.

Pressure Jump

There are two integrals involved in the pressure jump expres-
sion, Eq. (IV.3). The first, I(s), which is defined before Eq. (2.10) of

Ref. 1, can be written

_ o Po dwo — [(Y—l)/z]wodpo
I(z) = exp S R W) (II1.4)
z=h

This is simply an integration of atmospheric variables between aircraft
altitude and altitude z. Therefore the quantity, I, can be considered as

another atmospheric variable which can be derived from input data.

10




In order to evaluate Eq. (I1I.4), the density, py,, was expressed in

terms of pressure and sound speed

de . dp _,da
P P a

The second integral in the pressure jump expression

o &y
w| &

is evaluated in the form
z

~ ds dz

J = S z B
h

The quantity B, defined in Ref. 1, is

y, 1
RYLINL

(111.5)

o8

2
B = (ag+ wy) I(‘Eg‘
0

where A is defined in Eq. (IIl.2). Because the ray tube area, A, vanishes
at z = h, the integrand of Eq. (II1.5) becomes infinite at that point. This
singularity is integrable, however a little care is required to do it on

a computer. First the integrand in Eq. (III.5) is written

1 iii: Q(z)
B dz  p—m—

and then the integral is written

z z
' Q -

J=Q(Zh) S dZ + (Z) Q(Zh) dz
h '\/—h-—z h ’\/ h-z ’

11



Z

= -2Q(z )Nh=-z + S‘
h

Q(z) - Q (Zh)
dz (I11.6)

h-=z

* By using Eq. (II1.2), Eq. (3.10) of Ref. 1, and the definition of B
(recalling I (zh) = 1)

1/2

S€C ¥h I11.7
o<zh>=_[_,__ahph] (111.7)

The integrand in Eq. (III.6) now vanishes at the initial point z = z -

Aircraft Lift and Volume

The main interest in this study is to determine atmospheric and
acceleration effects on shock propagation. Therefore details of the air-
craft lift and volume calculations are omitted. Since the theory is
asymptotic in the sense that it is applicable only at sufficient distance
from the aircraft, a term which gives essentially only the far field
effects of lift and volume is included.

The boom due to volume, for a uniform atmosphere, (seec.g.,

Eq. 44 of Ref. 2, is

1/8 0 1/2 1/4
ApP = (M‘;,%) {? F(n)dq} . Y2
h 4 NY+T

(II1.8)

3 1
where F (M) = S .S___(_g)ig_

1
2n
0 Nn-§

If area S is normalized with respect to (L/FR)Z where L = aircraft
length and FR = fineness ratio = (length/max diameter), and distance,
n, measured along aircraft axis is normalized with respect to L,

Eq. (III.8) can be written

1V 3
ap _ (M- 1) 74
P h5/4 FR

(VF)

12




The volume factor VF varies, approximately, from .55 to .80, depending
on the aircraft considered.
For a uniform atmosphere Eq. IV. 3 reduces to (after letting
K=K_)
v
3
K (M2 1) /8
AP | - v (I11.9)
P 3 3
volume N3 h /4 M /4

Equating the above two equations leads to

Y4 = Y4
Kk = M W2 L (VF) (111.10)
v Rz FR
(M~ -1)
For lifting effects (see, e.g. Eq. (49) of Ref. 3, the
boom overpressure is
1/2
> 3/8 N M
A M™ -1 :
—f? - Y{/4 ) C;s ¢ S G (n) dn (IIL11)
2 N X "*‘—i— h 4 0

where

and
BZ
o d 2ap(£,8)
> dt *S[; thMz 4P

13



The quantity S§' is essentially loading along a spanwise strip, and the inte-
gration in Eq. (III.11) is a summation of the 'loading sources'". If the

integrals in Eq. (III.11) are made dimensionless as follows

Ap = wWT Ry = _ (aircraft weight) x5
p = (WSHWC) p " (wing span)(wing chordT

B =(WS)B
n,E = (WC)q, (WC)E ; Eq. (IIl.11) can be written
Ap _ (M?Z - 1)3/8 Ncos & WT /2 (LF) (111.12)
P Mp /4 (wc) 4 \py '

The lift factor LF varies, approximately, from .5 to .6.
Equating Eq. (II1.9), with KL instead of K , to Eq. (II1.12) leads to
v

K o N2 (LF) (WT cosj_n_)l/z
L VIR (WC)1/4 Py,

In order to combine the 1ift and volume effects, it should be noted
that the integrals of F and G, in Eqs. I11.8 and 11, should be added and
not K. and Kv' This can be accomplished by letting

L
_ 2 2
K = Kv + KL
(1I1.13)
3 . 2.5
/4 2 J 3
FR M2 (WC)I/Z M-

The SBCP determines the pressure ratio across the shock by using
Eq. IV.3, with K defined above. At the ground the pressure ratio across
the shock is multiplied by a reflection constant, RC, which equals 1.8 = 2.0,

approximately.

1k




Shock-Ground Intersection

As indicated in Ref. 1, the origin of the ray coordinate system
must move with the wind at aircraft altitude. The ray-ground intersection

(xg, yg) are related to fixed (aircraft wind) axes through Eqs. (3.13) and
(3.14) of Ref. 1:

)(g =xgcos9-—ygsin9+Uhtg

Yg =xg sin 9+yg co~519+Vhtg

tg = time for ray to reach ground (111.14)
Vh = headwind at aircraft altitude

Vh = gidewind at aircraft altitude

The aircraft ground speed, Vg, is given by

2 2
ngJ(Va - Uh) + Vh

The vertex of the shock is given by the coordinates of ray ¢ = 0,
directly below the aircraft, and other points on the shock are determined
by projecting back the remaining ray-ground intersection points. Since
the fixed coordinate system, to which all this is referred, is aligned with
the aircraft air velocity vector and not the ground speed vector the pro-

jection is carried out as follows:

© Ray-Ground Points

15



The shock maintains its shape (changes in Mach number due to accel-
eration are neglected) as it moves in the Vg direction. Therefore points on the
shock (Xs' Ys) are related to ray points by projecting back the distance D
as indicated in Eq. (3.15) in Ref. 1. The relations are

X = X + D cos a
8 g
Y = Y -~ D sinca (I11.15)
8 g
tan o = ——U—Vh
Vo~ Yh

16




III. 2 PROGRAM SYMBOLS (FORTRAN)

The altitudes are numbered: highest altitude, K = 1; lowest
altitude, K = KEND = first number on control card. The atmospheric
variables are
Z (1.K) {: initially, temperature, readin for computation of sound speed
= wp, Eq.(3.2) in Ref. 1

Z2(2,K) = pressure, pg

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

Z(4,K) = relative wind along x axis, u,
Z(5, K) = relative wind along y axis, v,
Z(6,K) = I, Eq.(Il1.4)

Z (7, K) = altitude

Z (8, K) = aircraft headwind

Z (9, K) = aircraft sidewind

S(J), J =1to9 =values of the above Z variables obtained by interpolating
between two input altitudes

The angles are numbered in the order that they were entered
onto the input angle cards. N =1, corresponds to the first angle, ...,
N = NEND(second entry on control card), corresponds to the last
angle. In the SBCP the angles are denoted
PHI(N) N=1to NEND
DATA (N,J, MP) are output data corresponding to angle N
DATA (N,1, MP)
DATA(N,2,MP)
DATA (N,3,MP)
DATA (N,4, MP) shock propagation time between aircraft and ground
W(l), X(1), Y(1), AY(])
W (2), X(2), Y (2), AY(2)
W (3),X(3), Y(3), AY(3)
W (4), X(4), Y(4), AY(4)
W (5). X(5), Y(5), AY(5)

pressure jump across shock

X shock coordinate

Y shock coordinate

H

parameters for evaluating Eq. (IIL.5)

parameters for evaluating Eq. (III.1) first eqn.

1]

parameters for evaluating Eq. (III.1) second eqn.

parameters for evaluating Eq. (III.1) third eqn.

parameters for evaluating aircraft accelera-
tion term in Eq. (II1.2)

i

W (6), X(6), Y(6), AY(6) parameters for evaluating the last integral

in Eq. (IIL.2)

17



PJ (1) = altitude of point on ray path

PJ(2) = X coordinate of point on ray path

PJ (3) = Y coordinate of point on ray path

PJ (4) = shock pressure ratio of point on ray path

PJ (5) = shock pressure jump of point on ray path

PJ (6) = atmospheric pressure of point on ray path

ACC = aircraft acceleration

AF = ray tube area Eq. (III.2)

ALT = aircraft altitude

APR = previous pressure ratio

AVS = shock velocity

B = a parameter

BONG = aircraft length

BSA = air-raft lift term

BSC = aircraft shape term Eq. (II1.13) without Mach number
term

BSV = aircraft volume term

C = Snell's constant = — IVa | cos e

Cl = acceleration and curvature contribution, Eq. (AIV.13)

c2 = BSC- (aM’/ (M2 - 1) ®

DL = integration step size

EL = ray x direction cosine

ELH = x direction cosine of ray, initially

EM = aircraft Mach number

EN = ray y direction cosine

FL = lift factor

G = (a2 ph)~l/4 = Eq. (IV.5)

H = the negative of the y direction cosine of the ray, initially

HH = 1/H

NN = number corresponding to angle for output data

NV = number corresponding to angle ¢ = 0

PR = pressure ratio

Q(J), J=1,5 = parameters

18




RC = shock-ground reflection constant

R1 = Q(za) in Eq. (II11.7)

R2 = - (ds/dz)

STH = sin 6

T = aircraft fineness ratio
TEST = a parameter

6) = wind speed, up

VF = volume factor

VP = derivative of shock velocity
VS = shock velocity

WL = aircraft wing chord
WT = aircraft wieght

II1.3 SUBROUTINES

In this subsection the various parts of the SBCP will be discussed.

The program consists of a main part with eight subroutines.

SUBROUTINE ALTA

The first subroutine encountered is called ALTA. There is a re-

striction on the input data, that is the aircraft altitude must be greater

than the ground and less than or equal to the highest atmospheric data

point. As the atmospheric data is read in by the computer, highest
altitude first, they are numbered in sequential order. In subroutine
ALTA the location of the aircraft altitude relative to the input altitude
sequence is determined. The aircraft altitude is then made the first
altitude in the sequence and all atmospheric data sequences are re-num-

bered starting at the aircraft altitude and going down to the ground.

SUBROUTINE ONE

In this subroutine initial conditions for all integrations are dec-
termined. Also, wind components relative to the ray coordinate system
(see Ref. 1) are computed. In addition, the variable I (z) given in

Eq. (I11.4) is determined.

19



SUBROUTINE MID

All integrations are carried out by using the trapezoidal method.

Some integration points fall at altitudes between the input altitudes. In
subroutine MID a linear interpolation is carried out to determine atmos-

pheric data at the points between the tabulated altitudes.

SUBROUTINE LINT

In this and the following two subroutines the integrations which are
required for location of the shock and determination of the pressure jump
across the shock are carried out. For the first 100 body lengths from the
aircraft only the shock location is determined; some of the integrations in-
volved in the pressure jump expression are carried out, however no shock
overpressures are computed. Since the shock overpressure is not com-
puted the true shock velocity is not known; therefore, in this initial region
it is assumed that the shock propagates at acoustic speed.

The integrations over the first 100 body lengths are carried out in
subroutines LINT and FIN. In LINT the integrals are evaluated by means
of the trapezoidal method, with a step size equal to the spacing of input
atmospheric data. This is carried out to the input altitude which is just
above the altitude 100 body lengths from the aircraft.

If the aircraft altitude is the only input data point above that altitude
which is 100 body lengths below the aircraft, subroutine LINT is bypassed.

For this case the integration over the first 100 body lengths is carried out

in subroutine FIN.

SUBROUTINE FIN

In this subroutine the shock location and overpressure integrals are
evaluated between the altitude 100 body lengths from the aircraft and the
input altitude immediately above it. Upon completion of this integration
shock overpressure and velocity are computed for the first time.

At the end of this subroutine the step size for the remaining integra-
tions, which continue until the ground is reached, is computed. This step

size is set at one quarter of the smallest input altitude spacing.




SUBROUTINE INTEG

The shock location and overpressure integrals are determined in

this subroutine using actual shock velocities. In order to do this an
iteration process has been introduced, this is because the overpressure

integrals is of the form.

z
p(z) = S f(z,p(z))dz
h
z-Az
« { tapds + B (e N+ e-0z, pG-az)
h

Since the pressure at the point to be computed is on both the right
and left hand sides of the above equation an iteration process is required
to determine it. When two successive pressures, at a given point, agree
to within one percent this value is assumed to be the correct value.

It can be shown (Ref. 4) that a more accurate expression for the
ray tube area than that given in Eq. III.2 involves integrals along the
shock front. A limitation of the present ray tube approach is that it assumes
flow properties in each ray tube to be independent of properties in adjacent
ray tubes. Therefore integrals along the shock front, through ray tubes,
are not possible. The effect of these (omitted) integrals is to cause a
buildup of ray tube area in opposition to a decrease in ray tube area such as
would occur for an accelerating aircraft. However these integrals are only
important when the shock front curvature is large, which occurs near the
""cusp point' on the shock front. At this point these integrals increase in
value until they cancel the aircraft acceleration term in the ray tube area
expression, Eq. II.2. This behavior is taken care of in the SBCP by setting

the aircraft acceleration term equal to zero at, or near the cusp point.

MAIN PROGRAM

In this part of the SBCP input, output and certain decision making
operations are carried out. The most important of the decisions made is
that associated with the iteration to determine the shock overpressure,

described under SUBRQUTINE INTEG above. This iteration is carried out
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12 times. If, after this, the pressures still do not agree to within one
percent the integration step size is cut in half and the procedure is started
over again. This is continued, if necessary, until the integration step size
is 5 feet or less. When this occurs the computation stops as there is some-
thing wrong, either with the theory, the data, or the computer.

Acoustical cutoff is assumed to occur when the shock front is within
approximately 2.5 degrees of being normal to the horizontal direction. If
this occurs within 100 body lengths of the aircraft, the altitude and the ray
direction being considered is printed out. If cutoff occurs below 100 body
lengths from the aircraft shock overpressure data is also printed out.

The last thing the program does is to compute the ground-shock data.
After this is printed out the program either stops or reads in new data if

there is any (last entry on control card).

SUBROUTINE CORR

Here the location of the second flight path point used for climbing

or diving curved maneuvers is determined. As described in Appendix IV,

this point is necessary for locating the ground-shock intersection.

SUBROUTINE SORT

In this subroutine, used only for diving and climbing flight paths,

the ground-shock intersection is determined. Also, the results of the

computation are printed out. The details are given in Appendix IV.

FUNCTION SUBROUTINES

ASIN EXP
SIN EXP (3
COSs MIN 1
SQRT SIGN
TAN
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SECTION 1V

IMPROVEMENTS TO THE THEORY

The general theory is given in Ref. 1, however, since the
publication of that theory several improvements have been made. These

improvements are given in this section.

IV.1 THE PRESSURE JUMP EXPRESSION

There is a certain amount of arbitrariness in the dimensional

scaling of the pressure jump expression, Eq. (2.16) of Ref. 1. A

more detailed discussion will be given here.

Equation (2. 13) of Ref. 1 can be written

L (Iv.1)

That is LL = L, when s = s,. The natural initial condition, L = 0 at
s = 0, is automatically taken care of by the above solution. (The
differential equation for L is singular at the initial point, hence the
initial point cannot be used to pr escribe initial conditions.)

Substituting the above result into the top line of Eq. (2.14),

Ref. 1
2y Ly

Po o /2 5 | ap
e () () )

To determine L, we assume a uniform atmosphere and equate Eq. (IV.2)
to Eq. (2.15), Ref. 1

So 1
2y ;. . K as |72
YFI 0 T a3 NF
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Therefore

P - Po . K . (1v.3)
Po 2 Ap 1/2 g ds 172
G (sg) 2o I(s) v S‘ B(5)
0
- .
where 4 /Z
S‘ ds
B(s)
0
G(SO) = SO
3‘ ds
NA
L 0 -

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

has not yet been determined. By letting

- = S‘ ds do = ds
NE NE
0
we have
% 1/2
Gloy) = 4 = S _d¢ . (IV.4)
% (ag+ wo) I { p/ag} /2

. Yy
= average over distance o 2

By letting oy approach zero, or the aircraft altitude, wo =0, I =1, we

obtain

/4

]
G % G(0) = V(a; Py, ) (IV.5)

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

good agreement with field test data. Therefore, Eq. (IV. 3) has been
used in the SBCP with G(s,) defined in Eq. (IV.5).
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By using the approach described in this section, one need not
start off with dimensionless variables, as described below Eq. (2.1),

Ref. 1.

IV.2 RAY TUBE AREA
, The derivation of an expression for the ray tube area, given in Part
\ 4 of Ref. 1, has been improved. It was found that Eq. (4.4) was too crude

and a better approximation is given below

|vol cos@
«
| |-|VolAt cos B—ﬂ‘
i — x
| i —»Up
» dn
t | S
Ay v d
z
INC A

The change in distance between rays, Ad, due to a change in slope,

Av, in a distance As along the ray is

Ad =AvAs

Integrating this along the ray

]
d=dh+ S.Avds (1v.6)

where d_= |Va|At cos 6 cos v, (Iv.7)

The quantity Av will be considered to be made up of two parts
Av = Ayv + A, v (Iv.8)

The first part, A, v, is the initial difference between the slope of the two

] rays caused by aircraft acceleration. The second part, A, v, is a change
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in slope due to the interrelation between the shock strength and ray tube

area.
Using Eq. (3.9) of Ref. 1, at the aircraft altitude, assuming
Vs =a,
iy = %h
sin - Va cos 6 '’
and hence
Ajv=-AV So8®cos8 (1V.9)
a a, M NMZ=1
Variations along the ray are given by A, v, this is determined from
Vs

sin v = Vacos 0+ uy

and leads to

AV Au
A,v =tan v [ 7 - sin v ——-—Q-V ] (Iv.10)
s s
As in Ref. 1, Part 4, we let
A~ zd (IV.11)

Combining Eqs. (IV.6 - 11), we obtain after some algebraic simplification

of the acceleration term

Va S sec 12N & tan v st du
= — - 81 —2
A=z secvy {1 ai-lM(Mz—l)Jr V_ cos 8 S‘ v [ dt R T: ]ds}
J .

(IV.12)

Actually, a different approach based on the theory given in Ref. 4
will give a more correct result. However because of the complexity of
that approach it is felt that its inclusion is not justified at this time. An
attempt is now being made to simplify this theory in order to incorporate

it into the present ray tube approach.

26




APPENDIX I

REFERENCES

Friedman, M. P., Kane, E.J., Sigalla, A., "Effects of Atmos-
phere and Aircraft Motion on the Location and Intensity of a
Sonic Boom', AIAA Journal, Vol. 1, p. 1327, June 1963.

Whitham, G.B., '"The Flow Pattern of a Supersonic Projectile",
Comm. Pure and Appl. Math., Vol. V, p. 301, August 1952.

Walkden, F., "The Shock Pattern of a Wing-Body Combination,

Far from the Flight Path'", Aero. Quart., Vol. IX, p. 164, May 1958.

Whitham, G.B., "A New Approach to Problems of Shock Dynamics,
Part 1, Two-dimensional Problems', J. Fl. Mech., Vol. 2, p.145,
1957.

27



APPENDIX II
TWO SAMPLE PROBLEMS

In this section the input and output for two sample problems
will be given. The first problem, case 1001, involves a low Mach
number (M = 1.1) aircraft flying at 40,000 ft. and accelerating at
4 ft./sec?; the atmosphere is an ICAO 1959 standard atmosphere.
The second problem, case 0000, has a Mach 2 aircraft flying at
60,000 ft. in a constant atmosphere. The input cards for both problems

are indicated as follows:

A: control card
B: atmosphere cards
C: angle card

D: aircraft data cards

Because of atmospheric refraction due to changes in temperature
with altitude, the shock does not get to the ground in case 1001. There
are, however, quite a few interesting results. The acceleration causes
a peak overpressure at 16650 feet for the zero angle ray. This phenom-

enon Qccurs at similar altitudes for the other angle rays.



30

16

70.
65
60,
55
50,
45.
40,

35.

15
10,

Se

O
=45,
440

100000,

60,
8e
O.

-30.

O.

100000,

93.672

118.93
15103
191.80
243461
309445
393412
499434
629466
786433
973427
119448
145546
176049
204049
211642
~30.
100.,0

8e

65746

65746

65746
O

100,

8

7

4

1001
-69461
-69%9e61
-69461
~69461
-69461
-69461
=-69.61
=65¢52
-47¢74
-29496
=12.17
5663
23444
41426

55643
59409
=15
1.8
50
0000
~4444
~44ets

-4“.“

4
0.
1e1
2
B
30. } C
2.0

15

40000,

60000,

30

e 64

«64

~1

O.

Yo

}A




SONIC BOOMs CASE 1001s M= 1,100¢

Wle 100000,09 LENGTHe 100,00

ALTITUDE HEADWIND SIDEWIND
{FT) (FPS) (FPS)
70000, =0 =04
65000, =04 =0
60000, -0, «04
59000, -0 =0
50000, =04 =0
45000, =04 =0
40000, -0 =04
3%000, -0 =0e
30000, =-0e =0s
29000, -0s =0e
20000, =0 =0
19000 -0, =0s
100004 =0e “0
5000, =04 =04
1000, =04 =0
De =0 =0
CUTOFF ALTITUDEs ANGLE#~A%,00
4 X Y
(FT) (FT) (FT)
26108, ~66218, 21457,
CUTOFF ALTITUDEs ANGLE==30,00
4 X Y
(FT) (FT}) (FT)
20433, ~80315, 18402,
CUTOFF ALTITUDEs ANGLE=-1%,00
2. X Y
(FT) (FT) (FT)
15133, -98920, 11732,

HISTORY OF SHOCK STRENGTH VARTATIONs ANGLEs O,

14 X Y
(FT) (FT} (FT)
297%0, ~23916, -0
29500, 24582, -0
292%0, -252%3, -0e
29000, ~25929. ~0e
28750, =-26611, -0
28500, ~27299. -0
28250, -27993, -0
28000, -28693, -0
27750, -29400, =04
27500, ~30114, -0
27250, ~300834, -0
27000, =31562. ~0s
26750, ~32296. -0e
26500, =33039, =0
26250, -33788, -0
26000, ~34546, =0e
25750, ~35312, -0
25500, -36087, -0
252504 ~314A70, =0
25000, -37661. -0
247150, ~3IR463, -0
264%00, ~-3927%, -0
24250, -40093, -0
24000, -40923, -0
237%0, ~41764, -0
23500, ~42615, -0

ALTITUDE= 40000,s ACCE
FRe 8,00s WL=3%50,000

4,0000 RC=14800 VF= 046404 LF» 0e600

PRESSURE SOUND SPEED TEMPERATURE
(PSF) (FPS} ({DEG F)
934672 967660 -69+610

118.930 9676660 ~-69.610
151,030 9674660 ~694610
191,800 9674660 ~694610
2434610 9674660 -694610
309,450 9674660 ~694610
393,120 9674660 -69+610
499,340 972,721 -6%.520
6290660 9940422 =474740
7864330 10154660 ~294960
9734270 10384475 -124170

11944800 10560890 5.630

145%5,600 10766930 23,440

1760.900 10964615 414260

2040,900 1112,019 55.430

21164200 11156964 59,020

PRESSURE RATIO PRESSURE JUMP PRESSURE
{PSF) (PSF)
040026115 16963 7514609%
PRESSURE PATIO PRESSURE JUMP PRESSURE
(14101 (PSF)
0,0048093 44603 957,070
PRESSURE RATIO PRESSURE JUMP PRESSURE
(PSF) {PSF})
0,0003973 Qes72 11884913
PRESSURE RATIO PRESSURE JUMP PRESSURE
{PSF) (PSF)
0,0028460 14814 6374493
0+,0028199 14820 6454327
00027816 1e817 6534160
0,0027383 14810 6600994
040026937 14802 6684827
0:0026494 1:793 6764661
0,0026064 1le78% 6840496
040025651 14776 6924328
00025257 14768 7004161
0.0024681 1762 7074995
040024525 1756 71%.828
00024187 14750 7234662
040023866 1e 706 7314495
040023564 1e742 739,329
0+,0023278 14739 76474162
0,0023008 1,737 1544996
0.0022755 1¢736 762.829
040022517 14735 770.663
040022295 1736 7784496
0,0022088 14737 7864330
0,0021882 1s761 7954677
0,0021€92 1e746 8054024
0,0021%17 14752 8144371
00021359 1¢759 B23,718
040021217 14768 8334065
0,0021092 14777 BL24612
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23250,
23000,
227150,
22500,
22250,
22000,
21750,
21500,
21250,
21000,
20750,
20500,
20250,
20000,
19750,
19500,
19250,
19000,
18750,
18500,
18250,
18000,
17750,
17700,
17650,
17600,
17550,
175004
17450,
17400,
173504
17300,
17250,
17200,
17150,
17100,
17050,
17000,
16950,
16900,
16850,
16800,
16750,
16700,
16650,
16600,
16550,
14500,
16250,
16000,
15750,
18500,
15250,
150003
14750,
14500,
14250,
14000,
13750,
13500,
13250,

-43477, =0
~443%1, =0
~4526, =0
“48134, =0s
-47045%, =0
~47970,. =0
-48908, -0
49881, =04
-50829, ~0e
-51814, =0,
-5?815. -00
-53034, -0
-54872, =0
-5%5929, =04
~87007, =0
-58107, =0,
~59230, “0
-60378, «0
-61%53, -0,
-6271%6, -0
~63989,° =0
-6%257, ~0s
-66%61, =04
-66829. =0,
-671004 =0
=6737%, ~0e
-676%2, =0
~867931, -0
-68212, ~0e
-68495, =04
-48780, -0
-490648, ~0e
-69357, -0
-696530, =0
-69944, 04
-70241, =0.
-705%41, -0.
~70844, -0
-711%0, -0
-71‘59. -0.
“71772, =04
-72088. =04
-72407,. ~0e
~-72731. -0e
-73060, -0
-13384, -0
=73700, =0,
~-740113, ~04
=-75%90, -0
-77207. ‘0'
~78879, ~04
~806213, -0,
-824%2, <0
~841381, &0,
-0643%, ~0,
‘88635. -0.
-91019, =0,
~93642, -0
~96596., -0
~1000%1, =04
«104416, =04

CUYOFF ALTITUDE ) ANGLE= 0,

4
(FT)

13242,

X Y
(FT) (FT)

-104%72, =0

CUTOFF ALTITUDFy ANGLE=x 15,00

32

z
{tFT)

15133,

X ¥
{FTY {FT)
-98921, ~11733,

0,0020984
040020894
040020823
0.0020770
0.0020739
0.0020729
0.0020742
040020781
040020869
040020947
0,0021080
0,00212%2
040021471
040021742
040022064
0.0022467
0,0023083
040023645
040024559
040025621
040026971
0.0028764
040031440
040031561
040030880
040030798
040031048
040031507
0.0032105
040032966
040033649
040034656
040035475
040036691
040037871
0,0039142
040040545
040042101
040043828
0.0045746
040047874
040080230
040052827
040055668
040058748
040004907
0,0004897
040004884
0,0004832
0.0004763
040004687
040004607
040004526
0,0004u44
0,0004380
040004275
040004169
040004094
0.0004012
040003903
040003819

PRESSURE RATIO

040003773

PRESSURE RATIO

040003972

1,787
14799
1813
14827
1e844
14862
14883
14906
10932
14960
14993
20029
20070
2116
24172
24236
26323
20406
26526
20664
24834
30054
30373
34392
34327
34325
34359
3e416
34487
3.9%88
34670
34788
34885
44026
balbt
46313
4e476
4a657
44858
54081
56328
54601
54902
60232
60590
0552
0e551
04551
0s551
Oe548
0s544
0e540
00536
03531
0s527
0e522
Oe514
0e510
0e506
0ea97
Oeb91

PRESSURE JUMP
(PSF)

04485

PRESSURE JumMp
(PSF}

0e472

88147%9
B614106
8700453
8794800
8894147
898,494
9074841
9174108
9264535
9354882
9454229
9544876
9834923
9734270
9840346
9954423
10064499
10174876
10284652
10394729
10504805
1061882
10724958
1075174
10774389
10794604
10814820
10844035
10864250
10884466
10904681
10924896
10954111
1097.327
10994542
11016757
11034973
11064188
11084403
11100619
11124834
11154049
11174264
11194480
11214695
11234910
11266126
112843061
11394417
11504494
11616570
11726647
11834723
119473800
1207.840
12204880
12334920
12464960
12604000
12734040
12864080

PRESSURE
{PSF)

12860487

PRESSURE
{PSF)

11884913



CUTOFF ALTITUDES® ANGLEe 30,00

b4 X
(FY) tFT}
20433, ~80314,

CUTOFF ALTITUDES ANGLE= 45,00

4 X
(1) (FT)
26108, =6621%,
SONTC BOOMy CASE 1001¢ M= 1,100¢

SHOCK~GROUND DATA

ANGLE PRESSURE JUmp
(DEQ) (PSF)
=45,00 0.
-30.00 o.
"9000 0.
0. o.
15,00 O
40,00 O
45,00 Oe

trty

-10402¢

(FT)
=214564

ALTITUDE= 40000,

X
(FT)

PRESSURE RATIO

0.,0040083

PRESSURE RATIO

0.0026088

PRESSURE JuMpP

PRESSURE JUMP

TIME
(SEC)

=1400
-1+00
«1400
=1:00
=1s00
=1:00
=1400

tPsF)

40602

(PSF)
10961

PRESSURE
{PSF)

957.070

PRESSURE
(PSF)

781608
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SON{C BOOMs CASE

0s Me 2,0004

ALTITUDE= 60000,

WTe 100000,00 LENGTHx 100,0s FR= A.00s WL=50.000
ALTITUDE HEADWIND SIDEWIND
(FT) {FPS) (FPS)
60000, -0, -0
8000, -0, =04
0. -0, -0

MISTORY OF SHOCK STRENGTH VARIATIONy ANGLE=-30,00

1
tFTy

49340,
47340,
45340,
43340,
41340,
39340,
37340,
35340,
33340,
31340,
29340,
27340,
2%340,
23340,
21340,
19340,
17340,
1%340,
13340,
11340,
9340,
7340,
9340,
3340,
1340,
[

SONTC BNOMs CASE
SHOCK-GROUND DATA

ANGLE
{DEG)

-30,00
0.

15,00

30.00

34

X
(FT})

«7108,

~B4s4,

-9780,
-11116.
-12451.,
-137864
-1%121,
-16456,
=17790,
-1912%,
-20460,
~21794,
-23129,
24463,
-25798,
=27132,
-28486,
~29800,
-3113%,
=32469,
~-33803,
-3%137,
~364T1
-37808,
-39139,
-400133,

Oy M= 2,000

PRESSURE JuMP
(PSF}

0.810
0,901
04876
04810

Y
{FT)

6156

1313,

8470,

96264
10783,
11939,
13095,
14251,
15407,
16563,
17719,
18874,
20030,
21186,
22341
23497
246524
25808
26963,
28119,
29274,
30430,
31585,
32740,
33896,
344670,

ALTITUDE=

X
(FT)

-18569,
-36663,
~30994,
~-18569,

60000,

ACCs Qo

PRESSURE
{PSF)

6574600
6574600
6574600

PRESSURE RATIO

0,00264984
00022029
040019716
00017893
0.0016420
040015202
0,0014176
040013362
040012609
040011938
0,0011342
040010811
040010335
0,0009904
040009514
0,000915%7
0.0008830
040008529
0,000082%2
040007994
000077%4
00007569
0,0007331
00007164
0,0006951
0e0006R4UYG

Y
(FT)

34670,
O
~-16088,
~34669,

s RC=1,80, VF=

SOUND SPEED
{FpPs)

998,446
998,466
9984 446

PRESSURE J
(PSF)

le643
1e449
14297
16177
l1e08C
14000
06932
0eB79
0eB829
06785
0e746
0s711
04680
06651
0e626
0e602
0¢581
0s56)
0e543
0e326
04510
0s498
('Y 4
0sbtT1
Osa57
Qe 450

TIME
(SEC)

80612
69437
7182
80.12

0e640s LF= Do

TEMPERATURE
({DEG F)

~44 4400
~hb o400
~44 o b0O0

PRESSURE
(PSF)

UMP

6574600
6574600
6574600
6574600
6574600
6574600
6574600
6574600
6574600
6574600
687+600
6574600
6574600
657600
6874600
6570600
6374600
657,600
657+600
6570600
6574600
6574600
657600
657600
657600
6574600



50
51

53
52

APPENDIX 111

FORTRAN LISTING

LISTS
LABEL

SYMBOL TABLE

SUBROUTINE ALTA

DIMENSION 2(99100)9S5(9)sW(9)eX(9)9Y(9)sPI(T)sQ(IVIAY(9)sDATA(2195
1 2)ePHI(21)

COMMON Z9KEND»CTHISTHsCosB39SsGrsKQsDLIHIRIsWIXsCloYsFsVSeVPeC2sAYsPJ
1+BSVsBSAsPHIsDATASPRsUsAVSs INRINENDsALTELsQesEZsBSCoELHSKASE »EMIEN
1oNsACCoRCIBONG sNVoNNs JOBSsWT s ToWL s VF o FLsAPRsBVP s TESTsAF o HH

DO 50 K=14KEND

IF(ALT=-2(7sK)) 50450451

CONTINUE

KA=K
R=(ALT~Z(7sKA)) /{217 sKA-1)-Z(TeKA})
DO 52 J=1,+9
ZUJs1)=Z2(JsKAI+R*(Z 1 JsKA-1V-Z(JsKA))
DO 53 K=KASKEND

KK=K-KA+2

2(JeKK)I=2Z(JsK)

CONTINUE

KEND=KEND-KA+2

G=(Z(391)/72(2+1))%%425/7(3+1)

BSV=VF/T*#BONG*%,75

BSA=FL*#SQRTF(WT/Z{(2+1)/SQRTF(WL))

RETURN
END
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*

36

11

12

15

14

13

16

LIST8

LABEL

SYMBOL TABLE
SUBROUTINE ONE

DIMENSION Z{(99100)sS(G)s»WI9)sX{9}sY(9)sPU(T)sQII)sAY(9)sDATAI2145)

1 2)PHI(21)

COMMON ZsKENDsCTHISTHsCoB9sSeGoKQsDLsHIRL1sWeX9sClsYsFsVSsVPIC29AY P
19BSVIBSASPHLsDATASPRIUIAVSIINRINENDIALToEL9QsEZsBSCsELHIKASEWEMIEN

19NsACCIRCIBONG SNV INNs JOBSsWT s ToWL s VF s FLYAPRIBVP Y TEST » AF s HH
COMMON CRVPSIsTAUs PSsTSsXDsYDIZD #VTeMP
EZ'-!OQ
B=EM*EM=14
BQ=SQRTF{B)
D=SINF(PHI{N)/57.2958)
DQR=SORTF(140-D*D)
BSC=SQRTF (BSV*#2 +BSA*¥2%DQ¥BQ/(B+10))
CPS=COSF{PSI/57¢2958)
SPS=SINF(PSI/57.42958)
AA=SQRTF(D*D+(CPS/BQ+DQ*SPS ) #%2)
STH=D/AA
CTH=SQRTF (1. 0~5TH#%2)
ELH==BQ*AA/EM
H=SQRTF{1e~ELH*ELH)
HH=140/H
C=21341)/ELH
BJzACC/UZ (351 ) *EM) *#2/B/ELH/CTH
BK=140~SPS#(SPS~CPS*¥DA*¥BQ)Y /H/H
BL=BJ*BK
BM=CRV*DQ/EM/H/H
BN=SPS*DQ-BU*CPS+STH*D/CTH
BP=BM*BN
C1l=BP-BL
C2=lal14*BSCH{EMRRI/B) %%, 25
R1=1e/{Z (351 )#%#] 5#SQRTF(2(2y1)%H))
DO 15 M=1y6
Y(M)=0,
W(1)=0,
W(2)=-ELH/H
W{3)1=0.
Wlg)==1,/7(Z2(391)%H)
W(5)=Cl/H/H
20491320,
Z(591)=0,
2(151)=0.
Zl6s1)=1.
DO 8 K=2y»KEND
Z(49K)=CTHR(Z(BsK)=Z{Bs1))+STHH(Z(9sK)=2(9s1))
ZU5sK)=CTHR{Z(99K)=2Z{9s1))~-STHH(Z(BsK)~Z(Bs1))
B=Z{4 oK) *Z(3sK)*%2/(C~2(44K))
V=24 oK) *E2+Z( 54K ) %*2
ZUL1sK)=(B+V)/SQRTF(ZE3sK)#*24V42,4#B)
DO 5 I=1+3
SUI)=e5# {21 sK)+Z (] sK=1})
B=Z2(1sK)~2(1sK=-1)
V={Z{24K)=2(29K=1))/51(2)
F=2e®({2(3sK)=Z(34K=1)1/5(3)
ZI69K)=Z(6sK=-1I¥EXPF{(B=e2®S(1)%(V=F))/(S{11+5(3)))
QU1)=(Z(3s2)+2(192)=2(3s11)/(2(7+2)1=2(7+1))
WI6)=QU1)*ELH/C/H/H
DO 16 K2=1,9
Q(KZ)=OO
RETURN
END




*

L1578

LABEL

SYMBOL TABLE

SUBROUTINE MID

DIMENSION Z(95100)9S(9)sW(9)sX{9)sY(9)sPJ(T)sQ(9)sAY{F)sDATA(21+5»
1 2)sPHI(21)

COMMON Z oKENDICTHeSTHsCoBsSsGsKQeDLsHIRI sWeXsCl oY sFsVSeVPaC29AY P
1+BSVeBSAsPHIJDATASPRIUSAVSIINRINENDsALTSEL 9QeEZsBSCrELHsKASE sEMSEN
1sNsACCIRC sBONGoNVINN» JOBSsWT o ToWL s VF o FLyAPRsBVPsTEST s AF o+ HH

61

62
63

64

65

St7)=S{7)+DL
1F(SUTY=Z(TsKEND)=-5.165965961
DL=2Z{7+KEND)+DL-5(7)
S{7)=Z(T7+KEND)

DO 62 K=KQ+KEND

IFIS{T7Y=Z(T7+K) 162963463

CONTINUE

KQ=K-1
R=(S{T71=Z(T7+sKQYV/(Z{T+KQ+1)=Z(TsKQ))
DO 64 J=116

S{J)=Z(JsKQIIR*(Z (JsKQ+1)-2(JsKQ))
RETURN

END

37



LisT8
LABEL
SYMBOL TABLE
SUBROUTINE LINT

DIMENSION Z{94+100)sS5(9)eWID)aX{F)yYID)sPJIIT)IQU9)yAY(9)yDATA(21,5,
1 2)sPHI(21)

COMMON Z sKENDsCTHosSTHsCoB9SsGsKQeDLIHIRIsWeXsClsY sFaVSsVPsC29AYsPJ
19BSVeBSASPHIsDATAIPRUIAVSy INRINENDIALTHIELYQsEZsBSCrELHIKASEsEMEN
19NsACCoRCIBONGINV NN JOBSsWT o ToWL s VF oFLsAPRSBVP s TEST 9AF s HH
DO 24 K=2+KQ

EL=2(3sK)/{C~-Z(44K))

IF(ABSF(EL)=e999)20+2121

21 Ql1)=1.
S{7)1=2(7sK)
GO TO 23
20 FN==SORTF{1le.~EL*EL)

X(4)=1e/(2(3,K)*EN)

X(3)=2(5+K)*¥X(4)

X{2V=(FL¥2 (33K} +Z (44K ) *X(4)

R2=SQRTF ({14 +X(3)y*%24X(2)*%#2)

X({5)=C1%#R2

2DL=2{(T7sK)=2(T9K~1)
B={Z(3,K)=Z(34sK=1))/ZDL
BA=EL*#{2(44K)—-Z(44K=1))/2DL
26 X{6)=-EL*(B+BA)/C/EN/H
B=0e5%#2DL
DO 22 M=246

Y(MI=Y(M)+B*¥ (W (M) +X(M))
WiM)=X{(M)

25 F={le+Y(5)+Y(6))/H

IF(F)27427+29

27 F=F=-Y(5)/H
Y(5)=0,
W(5)=0,
C1=000
Q(2)=1.,0
Qla)=Z(74K)
29 R4=R2/U{Z(3sKI+Z U1 oK) IR*2ESQRTF(FXZ{2sK)I/Z(34K)I*Z(6sK))
X{1)=(R1-R4)/SQRTF(Z(T91)=2(74+K))
YEL)=B®(W(1)+X(1))+Y (1)
Wi1)=X(1)
CONTINUE
23 RETURN
END




* LISTS8
LABEL
#* SYMBOL TABLE

SURROUTINE FIN

DIMENSION 2(99100)+5(9)sW(9)sX{9)sYI9)sPJIIT)IsQII)sAY(T)sDATA(2]1s5
1 2)sPHII21)

COMMON ZsKFNDSCTHsSTHoCsB9SsGIKQIDLsHIR1oWoX9CL oY sF sVSsVPsC2sAY Y
19BSVsBSAPHI yDATAsPRIUSAVSsINRSNENDs ALToEL 9QsEZ9BSCELHIKASE sEMSEN
1sNsACCIRCsBONGINVINNs JOBSsWT o ToWL sVF o FLsAPRsBVP s TEST s AF s HH

Y(1)=Y(1)4+24#R1*SQRTF(Z(T+1)=-5(7))

EL=S{3)1/(C-5(4))

IF{ABSF(EL)—e¢999)26+27+27

27 Qll1)=1e
GO T0 130
26 EN=-SQRTF(1le-EL¥*EL)

X{a)=1e/(EN¥S5(3))

X({3)=5(5)1%X(4)

X(2)=(EL*¥S(3)+45(4))%X(4)
R2=SQORTF(14+X{(2)1%%24X(3)%%2)

ZDL=S(T7)-217+KQ)
B=(S(3)-2(3,KQ))/7DL

BA=FL*(S(4)-Z(4+KQ))/ZDL

X{(5)=C1#%R2

23 X(6)=-EL*{(B+BA}Y/C/EN/H
B=0e5%*Z2DL
DO 25 M=246

Y(M)=Y(M)4+B¥(X(M)+W(M))
25 WiM)=X(M)

24 F=(1le+Y(5)4Y(6))/H
1F(F) 34934437

34 F=F-Y(5)/H

C]'—'Oo

Q(2)1=1.
Y{5)=040
W{5)=0,0
GO TO 37
37 R4=R2/7((S(3)+5(1))*%2xS(6)I*SQRTF(F*5(21/5(3)))
X(1)1=(R1-R&4)/SQRTF(Z(T+1)-5(7))
YOL)=B®(W((1)+X{(1))+Y (1)
Wil)y=X(1)
WI1)=W(1)-R1/SQRTF(Z(7+s1)=-5(71)}
28 DL=Z(7+K0Q)

KL=KEND-1
DO 35 K=KQsKL
B=Z(T7+K)-Z(T7+K+1)

35 DL=MIN1F(DLsB)

DL=-e25%DL

29 B=G*S(6)%5(3)*%S5(3)
HA=SQRTF(Y(1)*S{2)%F¥ (L(T7+1)=-S(7)1/5(3))
PR=C2/B/HA
VS=S5(3)%(Te+e42B86%PR)
VP=(y5-S(3))/DL
33 F=F*¥(2{741)=5(7))
30 RETURN

END

3

39



LIST8
LABEL
SYMBOL TABLE
SUBROUTINE [NTEG
DIMENSION Z{99100)sS(9)yW(9) s X(9)aY{9)sPJI(T)IsQUI)9sAY(9)+sDATA(21 95
1 2)sPHI(21)
COMMON Z sKENDsCTHsSTHsCsBsSeGaKQIDLIHIRIsWoaXsCloYsFaVSsVPsC29AY P
19sBSVIBSASPHI 9 DATAIPRsUSAVS s INRINENDSALTSEL 9sQoEZ9sBSCeELHsKASESEMWEN
1+NsACCIRCIyBONGsNV asNNs JOBS»WT s ToWL s VF o FLaAPRYBVP s TEST s AF s HH
41 EL==VS/(S(4)-C)
[FIABSFIEL)=e999)415943,43
43 Qll)=1e
GO TO 49
6415 FEN==SQRTF(le-EL¥*EL)
X(4)=1e/EN/VS
X(2)=(EL®¥VS+S{4))*X(4)
X13)=S{5)%X{4)
R2=5QRTF(1a+X(2) %% 24X (3)#%2)
Bl=(S{a)-)*EL/DL
X{5)=Cl*%R2
44 X(6)=-FEL%*¥(VP+Bl1)/C/EN/H
B=0e5%DL
DO 42 M=2,6
42 AY (M) =Y (M) +B*(WIM)+X(M))
AF=1e+AY (5 ) +AY (6)
IFIAF~e 0114854176417
na AF=AF-AY(5)
Cl1=0e
AY(5)=0.0
Y(5)=000
W(5)=000
Q{5)=3.
417 F=(2Z(T+1)=-S(TIV*AF/H
416 X(1)=R2/S(6)V/1(SI3Y+S (1)) ##2#SQRTF(SI2)#F/S(3)1))
X(1)==X(1)
AY (1))=Y (1 )+B*¥(W{1)+X(1))
B=G%*S{6)%5(3)#%2
PR=e5%(C2/B/SQRTFLAY(1)*S(2)%F/S(3))+APR)
VEze 5¥ (AVS+S5({3)#(1e+e4286%PR))
VP=(VS=AVS) /DL
49 RETURN
END




*
*

LABEL
SYMBOL TABLE

CSBOOM

310

11

13

12

41

14

19
23

25
18

DIMENSION 219010V sS(9) sWiDYeX(9)sYIG)sPILT)sQ(9)sAY(9)sDATALZ2] 5
1 2)sPHI(21)

COMMON ZsKENDYCTHSTHoCsBsSsGaKQsDLIHIRI sWeXaCLoYsFsVLeVPsC29AY P
IQBSV’BSAOPHI’DATAOPR’UQAVS’JNRONEND’ALT'LL’U’EZ’BSC'ELH'KASE’EMOLN
1sNsACCyRCsBONGsNV NN+ JOBSsWT s ToWL s VF s FLYAPRSBVP s TEST 9 AF o+ HH

COMMON CRVsPS5SIsTAUs PSeTSeXDeYDe/ZD oVToMP

READ 200 sKENDsMENDsKASEWNV NN JOBS

READ 201+ (Z(ToK)eZC2sK)sZU19K)sZ(8BsK)sZ(9F9K)sK=1sKEND)
READ 202+ (PHI(N)YsN=1+MEND)

READ 202sACCsBONGIRCIEMsALToVFsFLaWT o ToWL sCRVIPSIsTAU

UM=ASINF(10/EM) X57,2958

IF (9040-UM-PSI) 1111413

PRINT 2044+KASESEMALT

PRINT 218

FORMAT (39HONO SHOCKS AT GROUND DUE TO CLIMB ANGLE)

GO TO 38

B={ALT-100,%BONG)/1C00,

IF(B=Z(7+KEND))12912+39

PRINT 204s KASE+EMSALT

PRINT 213

GO 10 138

DO 112 K=1+KEND

2(7+sK)=2(T79K)*1000,

2ZU3+sK)Y=49#SQRTF(Z(1+sK)+459.6)

PRINT 205 sKASE sEMsALTsACCsRCoVFsFLIWTsBONGeToWL  sPSI» TAUSCRYV
PRINT 206

PRINT 2079(Z( 7oK ) 2Z(BsKIvZ{(IoK)9Z (2K} 9Z13+sK)9Z11+K)r»K=19sKEND)

DVC=040

MP=1

IF (ABSF(PSI) + ABSFICRV)) 40440441

DVC=14e0

CALL CORR

CALL ALTA

DO 111 N=1sNEND

N=N

DO S5 J=1,5

DATA(N+JsMP)=0,

CALL ONE

SU7)=21T751)-100+%BONG*COSF{PHI(N)/57.3)

ACOUSTIC INITIAL INTEGRATION

KQ=1

DL=0s

CALL MID

[IF(KQ-1118+18+19

CALL LINT

1F1Q(2)-14)25923425

Ql21=0.

PRINT 216sQl4) sPHI(N)

IFIQU1)~14)18421,18

CALL FIN

IF(QU2)~1e)22+24422

b1



)

b2

24
22
21
20

80

83
87
88
78

96

77

31
21

86
37
Hs

36

90

Q{2)=0,

PRINT 216+S(7)yPHI(N)
[FIQE1)-14)20+21,20
PRINT 215+5(7)sPHII(N)

GO TO 111

SHOCK INTEGRATION STARTS HERE

ADL.=e 75%DL
DLT=DL

U=5(4)

AVS=VS

BvP=vP

CALL MID
TEST==2,

CALL INTEG
IF(QE))-1e)354,3
QU1)=0,

IF (DL+1040) 78431431
[FITEST+14)82483483

TEST=TEST+14
APR=PR
GO TO 85

V=2« #*ABSF (PR-APR) /(PR +APR)

[F(V-401)86186487
TEST=TEST+1.4
APR=PR

IF(TEST-10.0) 85498%,88

TFIDL+54) 78977477
S7)=5(7)-DL
DL=e5%Dt

VS=AVS

VP=RVP

GO 10O 8

PRINT 217+PHI (N)
GO TO 91

PRINT 214sPHI(N)
PRINT 211
DATA{Ns49MP)==1,0
GO TO 90
IF(NN~N189+37+89

IF (DVC=140) 454545,89

IF (E2) 36336,90
EZ‘—'lo

PRINT 2104 (PHI(NN))

PRINT 211
PJLE)=512)
PJt4)=PR
PJU5) =512} %PR
PJC1Y=5(7)

PJ(3)= AY (3)#CTHHAY (2)¥STHHAY (41 %2 (941 )
PJt2)= AYL2) #CTH=AY (3) ¥ STHHAY (4)*Z(8,1)
PRINT 2124(P (1) s1=144)

111989569

ITF (DATAINsG s MPY)
DO 71 M=1,6
WIM)=x (M)




71
76
72
95
92
97
94

93

70

111

48

49

42

101

103

102

38
311
200
201
20?2
203
204

205

Y(M)=AY (M)
IF{DL+10+)Y72976976
DL=ADL
TFISET)-2(T7+KEND))IT0s704+95
IF (Q(5)=1.0) 92493494
IFf (AF-0405) 97497480
DL=MAX1F (=504,0sDL)
GO TO 80
Q(5)1=Q(5)-1.
GO TO 80
DL=DOLT
Q(51=0,0
GO TO 80
DATA(N+1sMP)=RCH*Z (2 +KEND) ¥PR
DATA(Ns&4 oMP)I=Y(4)
DATA(N3sMP)=Y(4 )% Z2(9s1)+Y(2)#STH+Y(3)*CTH
DATA(NS2sMP)I=Y(2)*¥CTH-Y( 3 ) *STH+Y(4)*Z2(8B+1)
CONTINUE
IF (DVC-140) 42548449
DVC=2.0
ALT=ALT+ZD
PSI=PSI~-VT#CRV*SIGNF{TAUsPSI)
MP=2
GO TO-40
CALL SORT
GO TO 38
VO=SQRTF(Z(9s 1) ¥%#2+(EM*¥Z(31)-2(Byl))%x¥k2)
B=2{(991)/VG
BB=(EM*%2(351)-2{(8+1))/VG
DO 102 N=1sNEND
IF (DATA(N»&sMP)) 10141014103
DATA(NS2+MP)=04
DATA(N+3sMP)=0,
DATA(Ny1sMP)=0e
GO TO 102
DST=VG*(DATA(Ns4 s MP)-DATA(NVs4sMP}))
DATA(N92+MP)I=DATA(N»2yMP)+DST*BB
DATA(Ns3sMP)=DATA(Ns3sMP)-D5T*B
CONTINUE
PRINT 204y KASESEMHALT
PRINT 203
PRINT 208
PRINT 2094 (PHIIN) s (DATA(NsJsMP) 9 J=194) sN=1¢NEND)
IF{J0BS)311+310+310
CALL EXIT
FORMAT(6110)
FORMAT(F104,0y4F1043)
FORMAT(7F1042)
FORMAT(19HOSHOCK-GROUND DATA )
FORMAT(18H1SONIC BOOMs CASE 1595Hy M=F6e3912Hs ALTITUDE=FT740)
FORMAT{18H1ISONIC BOOMs CASE 1595Hs M=F6e3912Hy ALTITUDE=F7e097H>»
1 ACC=FT7e395Hs RC=F4els5Hs VF=F64395Hy LF=F6e3/1H s5H WI=F9elsTHy
1 LENGTH=F6elsb6Hs FR=FBalsbHs WL=F6e3s8Hs ANGLE=FTe2,6Hs TAU=FOGe2>
1 4HSECe12Hs CURVATURE=F7e¢3/1HO)

43



206  FORMAT (1HOBXBHALTITUDETXBHHEADWINDEXBHSIDEWINDBXBHPRE SSURE4X] LHSO

s
[

2

L

LUND SPEEDGXLIIHTEMPERATURE/ZTLX4H(FT)LIXSHIFPS)YLLXSHIFPS)YLIXSHIPSF)8
2XSHIFPS)IXTHIDEG F)Y/Z1H )

07 FORMAT (1H F15e093F10e3sF13639F 1543}

208 FORMAT(1HOs9X s SHANGLE ¢ /X 13HPRESSURE JUMPys 6Xs IHX 215X IHY s JOXsa4HTI
IME/ZLIH 99X s SHIDEG) s JOXsOHIPSEF) sOXo4HIFT) s 12X s 4HIFT) 99X SHISEC)I/1IH )

209 FORMATULIH oF14429F156392F15e09F13,2)

210 FORMATUIHO$43HHISTORY OF SHOCK STRENGIH VARIATIONs ANGLE= F6e2)

211 FORMATUOIHO L1 X9 LlHZ 9 15Xs1HX»15X s IHY »8X s 45HPRESSURE RATIO PRESSU
IRE JUMP PRESSURE/LIH » 9XsaH(FTYo12XaaHIET ) s L2Xs4HIF ) s 31X HHLP
1SF)s 10X 5HIPSFY/1H )

212 FORMAT(LH 93F 15e09F19elsF 17e39F1be3)

213 FORMAT(1HO¢38HGROUND S CLOSER THAN 100 BOLY LENGTHS)

214 FORMAT(24HOCUTOLF ALTITUDEY ANGLE=F642)

215 FORMAT(42HOCUTOFF BEFORE 100 BODY LENGTHSs ALTITUDE=F10e2s8Hs ANGL
1E=F6e2)

216 FORMATIS56HOACCELERATION EFFECTS BEFORE 100 BODY LENGTHSs ALTITUDE=
1F10e298Hs ANGLE=F642)

17 FORMAT (38HOCOMPUTATION DOES NOT CONVERGEs ANGLE=F6e2)
END




%x*

11
12

1

1100

2

44
45

46

LIST8

LABEL

SYMBOL TABLE
SUBROUTINE CORR

DIMENSION 2(99100)9S519)sW(91sX(9)9Y{9)sPI(/)sQI)sAYIY)sDATALZ2L 5
1 2)sPHIL21)

COMMON Z sKEND9CTH»S5TH9CsBsS9sGsKQsDLIHaR1sWoXsCleYsFoVSsVPsCL2sAYP
1oBSVeBSAsPHIsDATAsPRsUSAVIs JNRINENDsALTSEL Qs EZsBSCoELHIKASE sEMoEM
1sNsACCeRCIBONGINVINNs JOBL sWT o T oWLIVF 9 FLsAPRSBVP s TEST s AF s HH

COMMON CRVPSTosTAUY PSeT5eXDeYDs 2D sVTeMP

VALF(X)=SQRTF (1 O+{ALF+2,0*GETA*X)#%2)

CRV=CRV#] 40E~-06

PSI=PSI/5742957795

[F (PSI) 34443

PSI=ABSF(PST)

TS=SIGNF{TAUSPST )

VI=SQRTFLCIEM%Z (391 ) )1%COSFIPST)=Z{B 1) ) ¥*¥ 2+ ((EM*L(39]1) ) ¥SINF(PS])
1)%%2)

ALF==TANFI(PST)

BETA=045%CRV¥*¥ (1 O+ALFRX2)#%] 45

XD=0s4

QUAD=04

DO 1 1=1410

IF (XD) 11s12911

QUAD=(VALF(De )+ e O#VALF (XD/ 240 )Y+VALF(XD) ) *¥XD/6+0

XI=XD

XD=X1-(QUAD=-TS*VT)/VALF (X1}

IF{ABSF{(XD=X11/XD)=0s01) 29291

CONTINUE

PRINT 1100sX19XD

FORMAT (1HO14HERROR MESSAGEe2X53HX CORRECTION FOR CURVED FLIGHT P
1ATH DID NOT CONVERGE/1HO)

20=(XD*BETA+ALF ) *XD

YD=~TS*2(9s1)

IF (2ZD) 545944

IF (PSI) 45446445

XD=-XD

YD==YD

2D=-2D

PSI = PSI-VT*¥CRV¥*TS

GO TO 5

PSI= TAU*VT*CRV

1D=-2D

PSI=PSI*#5742957795

RETURN

END

k5
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) ]

11
110

12

10
130
14
15

16
100

17

18

21
210

22
220
200

300
1100

1101
1102

301
1103

302
1104

LIST8
LABEL
SYMBOL TABLE
SUBRQUTINE SORT
DIMENSION 2(9s10Q)sS(9)sW(F)sX(9) Y9} sPULT)IQ(F)sAY(9)sDATAI2]115
1 2)sPHIL21) oJ121) »SG(21+5)
COMMON ZyKENDSCTHSTHICIBISIC-KQsDLoHoKIsWaXoCLlaYsFoVSIVPIC2sAY P
19BSVIBSAIPHIsDATAIPRIUIAVS» JHRIMNEND AL T oEL sQsEZyBSCoELHIKASESEMHEN
19NsACCIRCIBONGsNVaNNIJOBSsWT 9 1 sWL o VF s FLAAPRSBVP s TEST s AF s HH
COMMON CRVsPSIsTAUY PSsTSeXDeYDsZD sVTIoMP
NSUM=2%NEND
TAVG=0,
DO 100 N=14NEND
JIN) =2
IF(DATA(Ns42)) 11911512
DO 110 L=1+3
DATA(NsL»2)=0s
JIN) =1
GO TO 10
DATA(Ns492)=DATAING2)-TS
DATA{N93+2)=DATA(Ns3+2)+YD
DATA(N9292)=DATA(NS2+2)+XD
IF (DATA(NsGs1)) 13913514
DO 130 L=113
DATA(NsL91)=0,
JIN) =1
IND=J(N)
GO TO (15416)IND
NSUM=NSUM=2
GO TO 100
TAVG=TAVG+DATA(N»4 91 )+DATA(N» 4 2)
CONT INUE
I[F (NSUM) 17417418
K=1
GO TO 300
K=2
TAVG=TAVG/FLOATF {NSUM)
DO 200 N=1+NEND
IND=J(N)
GO TO (21422)IND
DO 210 L=1y3
SGINsL)=0,0
GO TO 200
B=(DATA(Ns4»1)-TAVG)/(DATA(Ns421)-DATAINs4+2))
DO 220 L=1,3
SGINILI=DATAINIL »))-B*{DATAINILS1)~-DATAINIL92))
CONTINUE
PRINT 110043KASELEM
FORMAT(18H1SONIC BOOMy CASE 1545Hy M=z=Fbe3/
1 1HO»9X s SHANGLE 97X 9 13HPRESSURE JUMPy 6Xs1HX 915Xs IHY 9 10X 4HTI
IME/1H s9Xs5HIDEG) 2 1OXsS5HIPSF ) sOXs4HIFT) 9 12X o4HIFT)Y»9X95HISEC)/1HO
1 18H RAY-GROUND DATA )
ALTI=ALT-20D
PRINT 1101 sALTI+(PHIIN) s (DATA(NsL 1) sL=154)9sN=1sNEND)
PRINT 1101sALT s (PHIIN) s (DATAIMNsL2)sL=194)sN=1sNEND)
FORMAT C12HOALTITUDE = FT40/{F15423F154392F15605F1342))
PRINT 1102

FORMAT {1HO/19HOSHOCK-GROUND DATA /1HO)
GO 7O (3014+302)4K

PRINT 11013

FORMAT (1HO?21HNO SHOCK-GROUND DATA,)
RETURN

PRINT 11049(PHIU{N)s(SGINsL)sL=153)sTAVGsN=1sNEND)
FORMAT (F15424F154292F15403F1342)

RETURN

END




APPENDIX 1V

CLIMBING, DIVING, AND FLIGHT PATH CURVATURE EFFECTS

AlIV.l RAY ANGLE GEOMETRY

In this section we will describe an extension to the general theory
which is given in Ref. 1. This extension will permit inclusion of
flight paths which are curved, climbing, or diving. The results, however,
are restricted to aircraft motions which are in a vertical plane. The con-
tributions which arise from lateral motions can be determined by going
through geometrical arguments very similar to those given below.

To include diving and climbing effects in the general theory we

first introduce a new coordinate system (x¥, y¥, z¥),

Ra
Cony\e z*
Va
Z*
# / » X
v
// \L\"x*
y* —-—
-p~tr+op
Y
$-0

Figure A1IV.1

x* is tangent to the flight path and the velocity is in the negative x* direc-
tion, y* is perpendicular to x* and is horizontal, z* is perpendicular to y*
and x* and points upward. The coordinates (x*,y¥%,z*) are to form a
right-handed system, and the aircraft is moving in the x*,6 z* plane. The
angle ¢ will be used to identify any ray in the initial ray cone (see Fig.AIV.1)
This angle has the same meaning as that defined in Fig. II.l, page 5 and

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

to the initial shock cone) has components relative to x*, y*, K z% given in
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terms of Mach angle and rotation angle ¢:

Nx* = -~ sin p
Ny"‘ = -~ cos p sin ¢ (AIV.1)
N7,,< = ~ COS K cos ¢

For climbing aircraft the angle  , between x* and (horizontal)
X 1is positive; for diving aircraft ¢ is negative. That is, { is measured
from the x* to the X axes, positive in the counterclockwise direction.
The components of unit vector N, given in (AIV.1l), relative to X, Y, 7Z

coordinates are

NX = — sinp cos Py —cos p cos ¢ sin
N = -~ cos Wi sin ¢ (AIV.2)
NZ = gin p sin ¢ — cos L cos ¢ cos Y

We now want to construct the "ray coordinate system" x,vy, z.
Recalling (see discussion below Eq. (A.11) of Ref. 1) that the angle
® is determined by requiring the ray to be initially in the x,y, z plane;

we let £, m, n be the x,y,z direction cosines of the unit vector N,

Y

Rotating about the Z = z axis:

2

NX cos © +NY sin 6

m = ~Ny sin 8 + N, cos 6 (AIV.3)

"

n

Nz
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In order to have m = 0:

~
N .
tan 8 = Y. = cos B sin ¢ ‘
Nx sin b cos y +cos P cos ¢ sin ¢
- (A IV.4)
- N ~ N
sin® = ———Y—— , cos 0 = —
JNZ + N NZ+N
y x \] y x J

Combining the results of Eqs. (AIV.3) and (AIV.4), the initial

x direction cosine of the ray is

2 2
£, = —cosp J[tanp cos § +cos¢ sin § | +sin &

(A1V.5)

Egqs. (AIV.4) and (A1IV.5) reduce to Eqs. (3.3) and (3.4) of Ref. 1

when the climb or dive angle § equals zero. Also, all the results of
Ref. 1 can be applied using the more general definitions given in (AIV.4)
and (AIV.5).

The results presented in this section make it possible to determine
the ray locations and shock strengths for aircraft on straight climbing or
diving flight paths. However the technique used for determining the
shock-ground intersection curve (see page 15) is inapplicable to the
diving-climbing aircraft problem. This is because for each instant along
the flight path, the rays leaving the aircraft will have a different ground
intersection curve. The main reason for this is that the aircraft altitude
is continuously changing. The technique developed on page 15 assumes that
each set of ray-ground intersections is the same and to know any one implies
knowledge of all, therefore a shock-ground curve can be constructed
although the rays that meet it have left the aircraft at different times. In
the third section of this appendix we will describe a method for determining

an approximate shock-ground intersection.
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It is not too difficult to include aircraft flight path curvature in
the analysis. This is of considerable importance for determining the
ray tube arca uscd in shock strength computations. If the flight path is
concave downward, two successive rays will be directed toward each
other in a manner very similar to that of an accelerating aircraft. At
some point below the aircraft the rays will converge leading, locally,
to a high shock overpressure. The theory for this will be derived in

the next section.

AlIV.2 FLIGHT PATH CURVATURE

In Section IV.2, page 25, perturbations to the ray inclination
angle, v, were found. These perturbations arise from two effects; the
first, A, v, is the initial difference in the slopes of two successive rays
due to aircraft acceleration. If the aircraft were flying on a curved flight
path there would be an additional contribution to the difference A;v. We

will derive this second contribution in this section.

Va ,*

Y+ AyAN B

4’ N* I

X

At the initial point, A, the flight path is at an angle | with respect
to the horizontal; at point B (assumed to be an infinitesimal distance {rom
A) the angle has changed to ¢ + Ay . Relative to a coordinate system
setup at B, the components of a unit vector, identified by the angle ¢,

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

N; = - sin
-I\_I_? = — cos B sin ¢ (AIV.6)
N'; = - cos . cos §




The bar notation is used to indicate variables at point B. In order to
relate the components of N in (A IV.6) to the x%, y*, z* system we must
rotate an amount Ay about the y axis, Keeping terms of first order in

Ay ; i.e., sin Ay, cos Ap =1

|
it

~ sin . - cos | cos § Ay

X%k
-N-Y* = -~ cosp sin¢d (A1IV.7)
Nz* = sinp Ay — cos p cos §

We now must identify the angle $ with the angle ¢ used in the
previous section. At point A, we passed a plane through the x* axis
making an angle ¢ with the vertical (see Fig. AIV.l). At point B we
passed a plane through the x axis making an angle ¢ with the vertical.
In order that the two rays, corresponding to ¢ at A and $ at B, lie in

the same plane, defined by ¢, we must have

N .-
NY* = tan ¢ = cos p sin ¢ . (A1V.8)
Z% cos 1 cos ¢ — sin B A
Letting ¢ = ¢ + A we obtain from (AIV.8)
Ad=—sindtanp AY (AIV.9)

We can now determine the change in initial ray direction due to
changes in both aircraft Mach number and flight path slope. First we

recall the identity
sin v = - {

therefore

Ay v = — sec v Alh . (AIV.10)
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By using (AIV.5) we can determine

\
a4 af
h dp h
o + —
Aty T oam AM Tt gy A I
(A1V.11)
dp. o -1 AVa
where sin g = 1/M, Fivi M Mm221) , AM = —
h /

After carrying out the differentiations in (AIV.11), using (AIV.9),
and substituting the result in AIV.10) we obtain, finally:

Ava cos2 Vl sin o
AV = - secv, 2 l -~ —— (s'm¢—-cos¢cos (//\fMZwl )
M(Mz—l’a‘h , 'lh l h

_ Aycos ¢ {Cos 8 (cos ¢ N p2_ 1 - sin $ cos ¢)—~5sin® sm(b}
M

(AIV.12)

It is easily shown that for a straight and level flight, ¢y = A¢ =0, Eq.(AIV.12)
reduces to Eq. (IV.9) on page 26. Of the terms multiplying Ay, the one

cos 8 cos yN M2z 1 is largest. Therefore the coefficient of Ay is positive
and a negative curvature, Ay < 0, has the same effect as a positive accel-
eration. For an accelerating, climbing (take off) flight path the effects of

a positive acceleration and curvature will offset each other. Similarly

for a decelerating, diving (landing) flight path the negative acceleration

and curvature offset each other.

With A) v given in (AIV.12) the ray tube area term (see Eqs,(IV.12)
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e — —

and (111.2)) is

-1
v [MZ(Mz-l)] .
A =zsecv l-s i 1- iﬁ__‘{‘__ sin¢—cos¢cos¢ -\}M?-_l
h ah|£h‘cose cos?y
cos ¢ . .
-k > (cosy N2z ] - sinycos¢—-tan® sin¢)
Mcos YL
z
sec vy s . d g
v cosBS tanv( - sin v = Yd=z (AIV.13)
h

The term k is the rate of change of flight path angle with respect
to distance along the flight path

1 dy
V_ dt
a

i.e., k =

This is, by definition, the flight path curvature.
The curvature can be related to aircraft motions as follows:

Consider a curved flight path,

VO
L L = 1lift
W = weight
=X R = radius of curvature

w

Figure AIV.2
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with the (simplified) force diagram as shown in Fig. AIV.3. Balancing

the radial forces at the instantaneous center of curvature

V2
_gv!- —Ril = L - Wcosy
therefore k = -lﬁ (L- Wcos y)g

2
A

When lift, L, is greater than W cos  the aircraft is increasing its
flight path angle and'the curvature is positive; when L is smaller than

W cos  the curvature is negative,

AIV.3 SHOCK GROUND INTERSECTION

When an aircraft is either climbing or diving the shock-ground
intersection curve varies with time. The problem is, therefore, basically
different from the one in which the aircraft is flying horizontally. This
latter problem is truly a steady state situation and the shock-ground
intersection curve is invariant.

The shock-ground curve is the locus of disturbances which reach
the ground simultaneously. By integrating the ray equations (III.1) we
obtain the locus of disturbances which leave the aircraft at the same time.
There are many ways to determine a shock curve when ray curve data
are known; however the one chosen, and described below, seems to be
comparatively simple and uses a minimum of computer time.

Two points on the flight path are determined which are separated,
in time, by an increment 7 . Then, the ray ground intersections are
computed for each of these points. To be specific, assume data are
determined for seven angles ¢ about the flight path; therefore the com-
puter determines seven ray-ground X, Y coordinates, seven ray travel
times, and seven pressure jumps for each of the two points on the flight
path. A mean ray travel time is then found by simply averaging the

fourteen computed travel times; i.e.,

1
tmean R ! (ty; * ¢

7
z oty i) (A1V.14)

i
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where t ;. or tg. is the ray travel time from point A or B on the flight

path corresponding to angle ¢i . Then, using this mean time, we de-
termine by linear interpolation (or extrapolation) the corresponding

X, Y coordinates and the pressure jump Ap as follows:

tAi - tmean
imean - Xait T/ (Xg; = Xuy)
Ai Bi

(A1V.15)

with the identical formula being used with Y or Ap substituted for X.
The resulting coordinates are, approximately, the ground inter-
section points of disturbances (shock) arriving at the ground simultane-
ously. The pressure jumps are the pressure jumps across this shock.
It is recognized that the above computation gives some hypothet-
ical "mean" shock and its strength. This is simply intended as an aid
in visualizing the ground-shock pattern. The computer will print out

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

shock data, and the operator can interpret all the data as he so desires.

AIV.4 PROGRAM DETAILS

Program Inputs

The last three entries on the "aircraft data cards" (see page 6)
are the flight path curvature (1/ft), the climb or dive angle (deg), and
the time increment 7 (sec) between the two flight path points. Since the
curvature is usually a very small number it is to be read in as (curva-
ture) x 106. A positive curvature indicates the flight path angle is in-
creasing, and a negative curvature indicates a decreasing flight path
angle. A climbing aircraft will have a positive flight path angle, and

a diving aircraft a negative angle. The time increment between flight

path points has been left as an input for the convenience of the operator.

It has been found that a five-second interval has led to satisfactory

results.
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Program Calculations

If both the curvature and the climb (or dive) angle are zero the
SBCP will operate as described in the main body of this report. If
either one or both are nonzero two additional subroutines are used.

These are named CORR and SORT. These will be described below.

SUBROUTINE CORR - In this subroutine the second point on the flight

path is determined, assuming that the first point is at the origin. Since
motion in the vertical X, Z plane the flight path can be approximately

described as

z = ax +f X ]

with @ = —tan §, B =1/ak(1+aF)3/'2 |
¢ = flight path angle (see Fig., AIV.1) (AIV.16)
k = flight path curvature J

If the aircraft flight path velocity (see Fig. AIV.3) relative to a

fixed coordinate system were denoted VT’ we can write

dx 2
Tt N/1 + (a+ 28 x) (AIV.17)

<
]
»
+
N
I

Z

v

Figure AIV.3

Integrating (AIV.17) over the time increment T , assuming VT is constant

AX
2
TVt S ﬁ + (e +28x) dx = 0 (AIV.18)
0
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solution of (AIV.18) for Ax gives the x coordinate of the second point on
the flight path, this is accomplished in subroutine CORR by a Newton-
Raphson iteration. Equation (AIV.16) is then used to determine Az. In
subroutine ALTA all atmospheric data above the flight altitude are dis-
carded. This means that whenever two points on the flight path are
used the higher one must be computed first, Subroutine CORR takes

care of all situations for diving, climbing or level flight.

SUBROUTINE SORT - In this subroutine the computed ray-ground data,
for the two flightpath points, are referred to a common origin and time
scale. The linear interpolation described in Eqs. (AIV.14 and 15) is

then carried out, and finally all the data is printed.
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APPENDIX V

EXPERIMENTAL RESULTS

In this section the results of several computations with the SBCP
will be presented. For all the cases described the same aircraft model
was used., Different flight and atmospheric conditions were investigated.

The necessary aircraft parameters were:

.64
.6

i1
1

weight 100,000 1bs. volume factor
length = 100 ft. lift factor

max dia.= 12 ft.

The basic atmosphere, unless otherwise indicated, was taken from

ARDC 1959 Model Atmosphere.

Figure AV.1

This figure indicates the ground-shock intersection curve for an
aircraft flying above a jet stream.. Superimposed on the ARDC atmosphere
the jet stream starts at 50,000 ft., builds up linearly to 200 ft/sec at
35,000 ft and then falls to zero again at 20,000 f{t.

Five cases were tested. These were aircraft velocity 0° (parallel),
45°, 90° (cross jet), 135° 180°(anti-parallel) to the jet stream direction.
For all cases, effects on pressure jump across the shock were negligible
by time the shock reached the ground. While propagating through the jet
stream the shock strength (Ap/p) tends to increase when in a region where
the headwind (tailwind) is increasing (decreasing); conversely shock strength
tends to decrease when the headwind (tailwind) is decreasing (increasing).
For all cases the variation within the jet stream was at most 10% from the
uniform atmosphere case.

The three cases shown in Fig. AV.l are uniform (no jet stream)
atmosphere solid line; 45° jet stream, dash dot line; 90° (cross wind)
dashed line. The groups of symbols correspond, reading from left to
right, to ¢ angles 45°, 30°, 15°, 0°, -15°, -30°-45°, To facilitate
identification the alternate angle symbols (45°, 15°, —-15°, —45°) are

filled in. It is interesting to note that the -45° ray for the 45° direction
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jet stream gets cut off and never reaches ground. The -45° ray, cross-
wind case nearly gets cut off; it does get to the ground but considerably

further out than the uniform atmosphere case.

Figure AV.2

For this case a perturbation on the ARDC temperature profile
was introduced. A sample perturbation is shown in the left figure. Four
cases are shown in the right figure.

1. standard atmosphere

2. temperature inversion and return to standard, centered at
10,000 ft.

3. temperature inversion and return to standard, centered at
5,000 ft.

4, temperature inversion between 5,000 ft. and ground.

In case (4) the temperature fell from standard at 5,000 ft. to about
25° F at the ground. For all cases the pressure jump decreases (increases)
when the shock propagates into an increasing (decreasing)temperature region.

It should be noted that for a standard atmosphere the shock
strength, Ap, remains nearly constant for almost all of its travel near the
ground. See, for example, case (1). The reason for this is that although
the pressure ratio Ap/p is decreasing with distance in accordance with
Whitham's theory, the ambient pressure, p, is increasing as the ground. is
approached. These two effects counterbalance each other and Ap remains
nearly unchanged.

A further comment can be made. Almost all atmospheric pertur-
bations which occur above about 15,000 ft. altitude are " forgotten" by time
the shock reaches the ground. That is, it is only those phenomena occurring

near the ground which will affect the shock strength at the ground.

Figure AV.3

Acceleration effects at different Mach numbers are investigated
here. The Mach number has a pronounced effect on the location of the
high pressure, due to focusing, region. Due to limitations of the ray

tube approach the magnitude of the pressure jump at its peak value may
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not be too accurate, however the location is correct. For all cases shown
the shock directly below the aircraft is considered.

The pressure drops off considerably, after the high pressure
peak. Also the pressure jump at the ground, for the M = 1.2 case for
example is close to that which would occur for a nonaccelerating aircraft
at the same initial flight condition. For the M = 1.1 case the shock is cut
off before it reaches the ground, due to the increasing temperature as the
ground is approached. For the M = 1.3 case the shock gets to the ground
before the pressure peak is reached.

Note that the buildup to the pressure peak takes place over an
extended region, approximately 10,000 ft for the M = 1.2 case. Whereas

the actual, unusually high pressure region is quite localized.

Figure AV .4

For this case we considered the effect of a temperature inversion
and acceleration induced pressure peaks near the ground. Conditions were
setup so that for a standard atmosphere the pressure peak occurs at about
1000 ft altitude.

A temperature profile was introduced which was standard to
5,000 ft and then fell to 24°F at the ground. The effect of the inversion
was to cause the pressure peak to occur sooner, i.e., at a higher altitude.
The location of the pressure peak had, within the limitations of the present

theory, very little effect on its magnitude.

Figure AV.5

This case was essentially the same as that shown in Figure AV.4
except that the aircraft altitude was 50,000 ft. For a standard atmosphere
the shock meets the ground before the pressure peak occurs. However,
when a temperature inversion, near the ground, is inserted the pressure
peak occurs sooner; i.e., above the ground. The boom at the ground for
this latter case, is actually less than that for the standard atmosphere
plus acceleration case. If the ground altitude were about 2,000 ft. the
boom in the presence of a temperature inversion could be much greater

than the standard atmosphere case.
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Figure AV.6

In this figure the effects of flight path curvature and aircraft

acceleration are shown. A hypothetical (nonrealistic) situation was
constructed to indicate the general shock behavior. The atmosphere

was assumed to be constant with a sound speed equal to about 1000 ft/sec.
This same atmosphere was used for problem on p. 42. In addition, an
aircraft dive angle of 15 degrees was assumed.

The output for case 1 of Fig, AV.6 is given on the page following
this figure. This output is typical of one for problems which include
diving or climbing aircraft on curved flight paths as described in
Appendix IV, Also, this output can be compared with the one on page 42
to see the difference in the ground effects between a horizontal flight and
a diving flight. For the case on page 42 the pressure jump at the ground
is lower although the aircraft Mach number was higher. This is due to
the fact that for a diving aircraft the shock travel distance is less.

In case 1 of Figure AV.6 no acceleration or curvature effects
were introduced. For case 2 an acceleration of 36.4 ft/secz was used.
For case 3 a flight path curvature of — 14.5 x 10_6ft.—l was chosen to
cause a pressure peak at approximately the same altitude as for case 2,
Case 4 shows the additive nature of these two effects, half the acceleration
and half the aux rvature were vsed. For case 5 a positive curvature was

introduced, this just cancelled the acceleration effects.,
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SONIC BOOM, CASE

0y M= 1,500,

WTs 100000.0+ LENGTH= 100.0, FRe

ALTITUDE
(FT)

60000.
8000,
0.

HISTORY OF SHOCK STRENGTH VARIATION,

1
(FT)

48000.
46000,
44000,
42000,
40000.
3sooo0.
36000.
34000.
32000.
30000.
28000,
26000,
24000,
22000.
20000.
18000.
16000.
14000.
12000,
10000.
8000.
6000,
4000.
2000.
0.

SONIC BOOM, CASE

ANGLE
{DEG)

RAY-GROUND DATA

ALTITUDE « 60000,
-30.00
0.
15.00
30.00

ALTITUDE = 58062,
=30.00
0.
15.00
30.00

SHOCK~GROUND DATA

=-30.00
0.

15.00

30.00

HEADWIND
{FPS)

-0.
-0.
-0

X
(F1)

-6065.

-7077.

-8089.

-9101.
-10113,
-11125.
-12137,
~13148.,
~14160,
-15171.
-16183,
-17194,
-18206.
-19217.
-20228.
-21240,
-22251.
-23262.
-24273.
~-25285.,
~26296.
~27307.
-28318,
-29329.
~30341,

0, M= 1.500

PRESSURE Jump
(PSF)

0.850
0.924
0.904
0.850

0.873
0.947
0.928
0.673

0.829
0.971
0.939
0.829

NASA-Langley, 1965 CR-157

ALTITUDE= 60000.4 ACC= O,

A.00. WL=50,000,

SIDEWIND

(FPS

-0.
-0.
-0.

ANGLE=

v
(FT)

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

X
(FT)

-3597t.
~30341.
=31654,
-35971.

~42043.
-3659¢4,
~37865.
~62043.

-30595.
~43396,
~40629.
-30595.

)

0.

PSt= -15,00,

PRESSURE
{PSF)

657.600
657,600
657,600

PRESSURE RATIO

0.0025819
0.00232a8
0.0021082
0.0019286
0.0017807
0.0016569
0.0015590
0.0014614
0.0013870
0.0013175
0.0012548
0.,0011985
0.0011476
0.00t1016
0.0010596
0.0010212
0.0009859
0.0009533
0.00092131
0.0008950
0.0008689
0.0008486
0.0008226
0.0008043
0.0007810

(FT)

28111.
-0
~133¢44,
~2B8ti1,

27203,
-0.
~12913.
~27203,

289165,
0.
~12121.
~28915.

v RC=1.80,
TAU=  5.00

V€= C, 540, LT= O.

SECa

cimyvATURL = D,

SOUND SPEED TEMPERATURE
(FP5) (DEG F)
99B. 446 -44,6400
99B8.446 44,6400
998,448 -44,400
PRESSURE JumP PRESSURE
(PSF) (PSFY
1.698 657,600
1.531 657.600
1.386 657.600
1.268 £57.600
1.171 857,640
f.n90 637.600
1.025 657.670
0.961 657.600.
0.912 657.600
0.866 657.600
0.825 651,600
0.788 657,600
0.755 657,600
0.724 657.600
D.697 657.600
0.672 657,600
0.648 657,600
0.627 £57.600
0,607 657,670
0.589 657.600
0.571 657,650
0.558 657,600
0.5641 657,630
0.529 £S5, 400
0,514 657.600
TIME
{SEC)
75,47
67.231
69,21
75,47
T18.04
10.13
7t.98
718,064
73.21
73,21
73.21
73. 21
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