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EFFECTS OF ATMOSPHERE, WIND, AND AIRCRAFT
MANEUVERS ON SONIC BOOM SIGNATURES

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

SUMMARY

Sonic boom propagation in a horizontally stratified atmos-
phere is computed for a broad scope of atmosphere and flight
conditions, using both a fighter-type (F-104) and an SST-type
(SCAT 15-F) aircraft. Atmospheric conditions include various
temperature inversions, lapse rates, and wind profiles, Flight
conditions include variations in aircraft altitude and Mach num-
ber, together with maneuvers of steady flight, longitudinal ac-
celeration, pullup, pushover, and circular turns.

"A computer program is used which was developed using geo-
metric acoustic theory, accounting for nonlinear effects by means
of an appropriate age variable. The program therefore yields the
entire sonic boom signature, with its proper distortion (aging)
in either uniform or nonuniform atmospheres with winds, and
accounting for any specified aircraft maneuver. This program
gives output in both tabular and graphical formats, including
plots of the resulting sonic boom pressure signature with shock
waves properly located.

Results of the calculations are presented and discussed.
Comparisons with data from other sources are shown. Important
effects near ray focusing and for maneuvers are described, in-
cluding large overpressures and major changes in the shape of the
pressure signatures for specified flight conditions.

INTRODUCTION

The development of a new analysis technique for computing
sonic boom pressure signatures was reported in reference 1. This
analysis offers a unique capability to calculate the sonic boom
propagation through variable, horizontally stratified atmospheres
with winds from any direction and for general aircraft maneuvers.
The maneuver parameters affect the strength and aging (distortion)
of the signature, and are completely included in the ray-tube area
equations. There is no restriction, then, as to the type of man-
euver; it may be specified for any steady or accelerating flight



path, including banked turns out-of-plane. The analysis of the
propagation of the sonic boom is based on linear geometric acous-
tic theory, employing an age variable to define essential non-
linear effects on the shape of the pressure signature. Effects
of atmospheric turbulence are not included in this analysis, nor
‘are the special nonlinear effects near ray focusing (caustics)
where in the present theory the pressure becomes infinite. The
analysis provides equations for the sonic boom which have been

‘incorporated in a versatile computer program written in ASA FOR-
TRAN TV (ref. 1).

This analysis and computer program provide means for calcu-
lating the sonic boom signatures for more general variables than
with previous programs, without asymptotic or uniform atmosphere
assumptions, and for arbitrary maneuvers. As examples of previous
work, reference 2 has presented methods for calculating the ground
locations of sonic booms for a specified atmosphere from maneuver-
ing aircraft, but does not give the sonic boom signatures. Refer-
ence 3 has presented a digital program for obtaining sonic boom
shock-overpressures and restricted to maneuvers in a vertical
plane. Overpressure results from this and other previous analyses
have been conflicting, even for level uniform flight with and
without winds, leading to confusion and lack of confidence in
predictions of sonic boom overpressures, The present study,
therefore, was undertaken to establish a sound basis for sonic
boom predictions using the developments of reference 1, and to
provide a broad scope of results for understanding various effects
on overpressures and signature shapes (wave forms).

This study provides calculations and interpretations for
sonic boom propagation through various stratified atmospheres and
winds from maneuvering aircraft. The atmospheres include the
1962 U.S. standard, three variations of temperature, and three
wind profiles, The maneuvers include level flight at various
altitudes and Mach numbers, accelerating flight, pullups, push-
overs, and circular turns. Two aircraft were used in this study.
The fighter aircraft class was represented by the F-104 and the
supersonic transport class (SST) was represented by the SCAT 15-F,
a hyvpothetical aircraft defined and used in analytical studies at
NASA, ILangley Research Center.

This report describes the computational study and its re-
sults in detail. Modifications to the computer program are
mentioned which enabled rapid computer processes using the IBM
1130, Model 2B computer. The input data are presented, including
aircraft characteristics, atmosphere and wind data, maneuver
corrections, and the selected altitude and Mach number variations.
Results are then presented in tabular and graphical form for both
aircraft. Comparisons are made with previously available data,
in particular that of reference 4. TImportant changes in over-



pressure and pressure signature shapes caused by atmospheric re-
fraction leading to ray focusing and maneuvers are described.

HAS

HATT

LAS
LATT

SYMBOLS

speed of sound, ('yeR'I‘)l/2

ray~-tube area cut by horizontal plane
drag coefficient

1ift coefficient

net axial force coefficient

drag

gravitational acceleration

altitude of aircraft above sea level
altitude of ground above sea level
high altitude shear, wind profile
high altitude temperature inversion

atmospheric correction factor applied to
UNW results

reflection factor

1ift;

for F-function, distance along aircraft axis;
for signature, length parameter

aircraft reference length

signature length between leading and
trailing shocks

low altitude shear, wind profile
low altitude temperature inversion
Mach number of aircraft, V/a

medium altitude shear, wind profile



Pp,» Py

Ap

pref

Pstd

Sref
SIR

XSyﬁz

>R R

T =

normal and axial load factors

pressure

pressure increment; maximum overpressure
pressure at reference Mach number, SNW
pressure at M = 1.25, SNW

distance

reference wing area for force coefficients
summer lapse rate, temperature profile
1962 U.S. standard atmosphere; no wind
time along ray

time along aircraft trajectory

absolute temperature; thrust

uniform atmosphere, no wind

aircraft velocity relative to atmosphere, Ma
weight of aircraft

fixed coordinate system, east, north, and
above ground, respectively

lateral distance to cutoff (horizontal ray)
aircraft climb angle

ratio of specific heats

perturbation from undisturbed value

wind heading angle (whence wind blows)
Mach angle, sin ™% (1/M)

age

azimuth angle of wave normal from vertical
plane



aircraft bank angle

a

¢r azimuth angle of wave normal relative to
aircraft

' heading angle of aircraft

GENERAL DESCRIPTION AND PROGRAM INPUTS

The main objective of the current study was to obtain an
understanding of sonic boom overpressures and pressure signa-
tures resulting from representative light-weight and heavy-
weight aircraft types with a variety of maneuvers, wind profiles
and atmospheres. The plan for achieving this goal included es-
tablishing a schedule of variations of parameters summarized in
table I. The set and run numbers given on this table were used
to identify the specific variations shown in other columns of
this table and the corresponding computational results., The
symbols and abbreviations used in this table are defined in the
following paragraphs and in the list of SYMBOLS,

Two aircraft used in this study were the F-104 and SCAT 15-F
with the following characteristics:

F-10L SCAT 15-F
s o men, @
Length L, it 52.3 2$g.2
Wing area S, . {igg 1;2? 522(;
Wing loading W/S,_, {11;1;;;52 Lég Lé g

Each aircraft has the same wing loading and, therefore, the same
1ift coefficient for the same flight condition. This common-
ality may be helpful when comparing signatures of the two air-
craft at the same flight condition, as any differences must then
be attributed to other parameters.

The F-functions (ref. 5) for these aircraft, which repre-
sent the pressure signature near (several spans from) the air-



craft are'reﬁﬁired inputs to the sonic boom computer program. The
form for the F-functions, calculated at NASA, Langley Research
Center, was given as

F =F, (Fy +Fp)

where FA = FAl‘/ 2h

3/2°
Fy = P 50rSrer )/ (21)

and B=/M2—l

F, = M°// B

Reference 6 describes a numerical procedure for calculating the
F~functions. The contributions from the aircraft volume dis-
tribution and from the 1ift distribution, F and F
pectively, were given at specified aircraft stations
Tables of Fpq and F were input to the program and taken to
vary linearly between %%e specified stations.

res-
i

The input parameters Fpp and Fpgy are implicit functions
of Mach number, They were only available, however, for M = 1.4
(both aircraft) and M = 2.7 (SCAT 15-F), and only for the azi-
‘muth directly under the aircraft (¢, = 0, fig. 1). For the pre-
sent study, then, these parameters were varied with Mach number
only when the SCAT 15-F F-function derived at M = 1.4 was re-
placed by the one derived at M = 2.7 . The 1ift term Fy , how-
ever, is explicitly dependent on Mach number through the factors

B =4 MZ - 1 and Cr, = g%gﬁ%% . For the present study, then,
the F~function does vary with Mach number. Also, the term F

is proportional to the 1ift coefficient (load factor), so that the
F-function changes when the maneuver load factor ny 1is changed,
and also varies with aircraft altitude and weight. The F-functions
for M = 1.4 were used for all calculations in this study, ex-
cept for SCAT 15-F runs at M = 3 for which the M = 2.7 data
were also used. The consequences of the change in F-function for
SCAT 15-F solutions at M = 3 are shown later to be small, lend-
ing substance to the belief that in general Fp; and Fpy are
weakly dependent on Mach number so that they may be used over a
suitable range of Mach numbers. Also, it is felt that they vary



Figure 1. View looking forward along flight axis showing
acceleration components, bank angle, and azimuth angle.

slowly with ¢ near ¢, = 0 , so again may be used throughout

a range of azimuth angles without serious discrepancy. In this
study the F-functions, computed and input for ¢, = O only, were
therefore used at all azimuth angles, but recognhizing that there
may be in reality significant changes, particularly at the larger
angles (above 30 deg, say).

Figure 2 shows the two F-functions for flight at M = 1.25
and h = 40 000 ft (12.2 km). A linear variation is assumed be-
tween data points. They are given at increments of 0.025 L,
and 0.020 L, for the F-104 and SCAT 15-F, respectively, from the
station at the nose of the aircraft to a station in the wake.
These curves, shown for L/La up to 2, were extended farther aft
to approximately 8 Ly in the input table for the sonic boom pro-
gram, The extended part of the F-function was taken to be essen-
tially zero., This added length, although representing near-zero
values, was needed for some calculations to determine the loca-
tion of the trailing shock in the pressure signature.
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The aircraft maneuvers designated in table I for this study
included horizontal steady and accelerating flight, pullups,
pushovers and circular turns. Figures 3, 4, and 5 define nomen-
clature pertinent to the aircraft maneuvers, ray paths, and azi-
muth angles (from ref., 1). Flight path and heading angle varia-
gions used in the computations are shown for reference in figures

and 7.

Atmospheric characteristics selected for this study are
shown in figure 8 in terms of the temperature variationsg with al-
titude. Pressure variations for an equilibrium atmosphere were
computed and used with each of these temperature profiles., The
high altitude temperature inversion (HATI) is characteristic of
a frontal inversion (Atm D-3 of ref. 4). The low altitude temp-
erature inversion (LATI) is characteristic of smog (Atm B-4 of
ref, 4). The summer lapse rate (SLR) atmosphere is characteristic
of a hot ground temperature (Atm A-3 of ref. 4). The 1962 U.S.
standard (SNW, standard no wind) is from reference 7. Uniform
atmospheres were also used herein for some calculations for com-
parisons, since other reports have made wide use of the simplifi-
cations to propagation calculations thereby introduced. The uni-
form atmospheres (UNW, uniform no wind) are defined to have con-
stant temperature and density everywhere as determined using the
1962 U.S. standard atmosphere at the altitude of the aircraft.

Wind profiles selected for this study are presented in fig-
ure 9. The high altitude shear (HAS) profile is the wind profile
which is exceeded less than 1% of the time in the northeastern
United States. It represents & high-speed jet-stream at an al-
titude of 35 000 ft (10.7 km). The medium altitude shear (MAS)
profile represents a jet-stream at 20 000 ft (6.1 km) with con-
stant wind speeds above 22 000 ft (6.7 km) and below 17 000 ft
(5.2 km). The low altitude shear 2LAS) profile represents a jet-
stream at 3000 £t (0.9 km). These winds were used with the 1962
U.S. standard atmosphere (SNW) temperature and density. \

The abbreviations introduced here for the atmospheric condi-
tions are used in the remainder of the report for simplicity. 1In
summary, they are identified in figures 8 and 9 using the follow-
ing nomenclature:

UNW Uniform atmosphere, no wind

SNW 1962 U.S. standard atmosphere, no wind
LAS : Low altitude shear, wind profile

MAS Medium altitude shear, wind profile
HAS : High altitude shear, wind profile
LATT Low altitude temperature inversion
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a) Horizontal acceleration

initial V

—
final V, nr = 1
initial Vv
b) Dive - pullup ¢c) Climb - pushover
Forward Looking View Plan view
final V B ——
L —
\ ¥
2
e N\
— R oR .
Banked
alrcraft ~7 [/ R
- Pa —t
initial V
d) Circular turn
Figure 4. Sketch of velocity, force and acceleration vectors

for maneuvers
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>V
(flight
direction)
y
(north)
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Figure 5. Acceleration diagram for maneuvering aircraft.
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Figure 6. Flight path angle variations for pullup and
pushover maneuvers
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Figure 7. Headling angle variations for turn maneuvers
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HATT = High altitude temperature inversion
SLR : Summer lapse rate, temperature profile

Another input for the present calculations was an arbitrary
choice of ground reflection factor Kp = 1.9 . Theoretically
‘the 'K value should be 2 for a sensor at the ground where the
incident signal (shock-waves) is reflected. The reduced value
of 1.9 used here may be considered a temporary compromise with
considerations of possible surface conditions on the alleviation
of the peak pressures of sonic boom shock waves. Some datawere
computed at altitudes other than sea level, and for these data
~the reflection factor Krp = 1.9 was maintained. It should be
noted, however, that the pressures should be calculated with
KR = 1 1if data are desired with no ground reflection, This also
applies if the shock waves happen to be normal to the ground (i.e.,
if ray paths are horizontal at the ground).

COMPUTER PROGRAM MODIFICATIONS

The development of the sonic boom analysis and computer pro-
gram is reported in reference 1. The computer program was modi-
fied for the current study to expedite the calculations on an
IBM~-1130, Model 2B computer as follows:

1. The calculation time using the IBM-1130 was reduced by
a factor of 1/3 by incorporating various changes to the computa-
tional flow diagram logic. For example, disk files were created
for storing input data such as atmosphere specifications, wind
profiles, F-functions and maneuvers. These data are read into the
computer only once, and thereafter are called by file name, thus
saving repetitive read-in requirements. Also, simplifications
were made to integration subroutines and requirements were elimi-
nated for calling interpolation routines repetitively.

2. A subroutine was added to obtain the shock locations
automatically. This includes a new algorithm which examines an
integral of the pressure function (-curve of ref. 1) and deter-
mines where shocks are located. The computer program then in-
vestigates the appropriate branches of the distorted pressure sig-
nal to find the values of pressures at each shock location. These
pressure values and the corresponding pressure jumps are included
in the output listing.

3. A capability was added to obtain automatic plotting of
the pressure signatures at the same time they are listed by the
printer. Plotting scales are adjusted automatically to keep the
curve within a specified size (thereby providing a standardized
format).

16



4, This sonic boom computer program is too large to be for-
mulated for an IBM-1130, Model 2B without splitting it into logi-
cal computational units connected by programmed links. Five links
are used in the present IBM~1130 program connecting input, man-
euver, ray tracing-area-age, shock location, print-plot, and
ground intersection modules. The computer flow was revised from
that of the original program (ref. 1) so that each link computes
and stores all data for a given run before proceeding to the next
link. Thus, for example, the complete maneuver is calculated and
stored at the beginning of the program. This process of linking
avoids time=~consuming transfers back and forth between links and
saves about 1/4 of the machine time that might otherwise be re-
quired. It also enables the computer to call a second set of air-
craft characteristics and determine its pressure signature and
shock locations without redoing input, maneuver and ray-area-age
calculations.

The overall machine time using this computer program on an
IBM-1130, Model 2B tied in with a digital incremental plotter
varies between 1 and 3 minutes per signature. This time depends
on the maneuver time duration, the number of rays called for, and
the complexity of the F-function.

RESULTS

This section presents data derived for the various maneuver
and atmospheric conditions selected for this study. Each sub-
section presents tables and graphs for a particular type of man-
euver, starting with level uniform flight and progressing through
level accelerating flight, pullups, pushovers, turns and por-
poising maneuvers. Overpressures and complete signatures are
shown pertaining to each of these flight conditions, together
with certain significant comparisons to previous calculated re-
sults, to flight test measurements, and to reference conditions.

A summary tabulation of results for all runs is presented in
table II for the use of the reader who may wish to make further
analyses of results. This table shows overpressures, signature
lengths, and ray ground intersection data for selected maneuver
times t5 and azimuth angles ¢ . Table I provides the run num-
ber for a specified calculation condition; with this run number,
table II provides the resulting overpressure and ray-path data.
Figures 6 and 7 may be required to obtain maneuver condition in-
formation using the aircraft maneuver time +t, given in table
IT. The results are shown in other chart and graph formats to
be presented in the following discussion of results, so that the
general reader need not interpret table II.

17



Level Uniform Flight

Pressure signatures and overpressures.- Pressure signatures
for the F-104 and SCAT 15-F are shown in figure 10 for an air-
craft at M =1.25, h = 40 000 ft (12.2 km) and for a standard
no-wind (SNW) atmosphere. These signatures are computed at sea
level on the ground track of the aircraft (¢ = 0). The particular
flight and atmosphere conditions selected here are often used as
reference values in this report, and therefore these signatures
(fig. 10) are termed nominal. The ordinate Ap is the pressure
variation from its ambient value, whereas the abscissa may be
considered a distance phase which is proportional to a time phase
(ref. 1, eq. (41)), so that the signature also represents pressure
fluctuations with time such as would be measured by a stationary
microphone with a nonturbulent atmosphere. The zero value of
L/Lg corresponds to the phase which originated at the nose of
the aircraft (or its equivalent body of revolution). The signa-
ture length, defined as 17 , is the distance between the leading
and trailing shocks. The station L or length 1 is obtained
from L/Ls and Lj/L, by multiplying by the aircraft length L, .
The SCAT 15-F is five (5) times as long as the F-104. Its nomi-
nal signature length L5 1is therefore 306 ft, compared to 133 ft
for the F-104. The different characteristics of the signatures
for the two aircraft result from their considerable difference in
configuration which is input through their F-functions (fig. 2).
They have not become fully developed N-waves for this reference
condition.

The sonic boom overpressure is taken as the maximum value of
pressure on the compression side of the signature. Thus, in fig-
ure 10 the overpressure for the F-104 is equal to the jump of the
leading shock, whereas that for the SCAT 15-F is the peak value
at the third shock. The overpressures are given in table III at
various Mach numbers for level uniform flight at 40 000 ft (12.2
km) altitude. These values are used as reference values in sub-
sequent data presentations.

Pressure signatures for several Mach numbers are shown in
figures 11 and 12 for level flight at 40 000 ft (12.2 km) alti-
tude. Signatures are shown for each aircraft using both the
uniform atmosphere (UNW) and a real atmosphere (SLR). (The sig-
natures for the standard atmosphere (SNW) would be essentially
the same as for the SLR atmosphere). The results using UNW are
considerably lower than for SNW, and should be multiplied by an
atmospheric correction factor Kp to obtain realistic pressure
values, 1In the presentation of these and subsequent pressure
signatures, the scales were determined by the format for the
digital incremental plotter, and therefore are not always consis-
tent; they are properly identified, however.
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SLR, Summer lapse rate
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The Mach number dependence of overpressure is plotted in fig-
ures 13 and 14 for various atmosphere and wind conditions; here the
overpressure 1s shown relative to its nominal value at M = 1.25 ,
SNW (table ITI). The wind data normally refer to a headwind, unless
stated otherwise. The HAS headwind is shown here to yield very
large overpressures near M = 1,3 as a result of ray focusing
caused by the large wind decrement between the aircraft altitude
and the ground, The ray-tube area calculations show that this
focusing occurs just above ground level for M = 1.3 , h = 40 000
ft (12.2 km). The overpressure deviations in other atmospheres
(compared to SNW) are small, except, of course, for the uniform
atmosphere (UNW). -

Using factors K, which were derived (ref. 4) to correct UNW
solutions to SNW values, the curve labeled UNW x K, in figure 13
results. It is a good match to the correct SNW values for this set
of input data.

In figure 14 are indicated the data calculated at Mach 3
(dashed curve faired into the original curve at Mach 2) using both
the M =1.4 and the M = 2.7 F-functions of the SCAT 15-F. The
M= 2,7 F-~function yields only slightly larger overpressures.
Also, the signatures appear quite similar. Thus, there is some
confidence that an F~function computed at a particular Mach number
in this range can be accepted as a good approximation at other
Mach numbers in this range.

Further comparisons of the influence of atmospheric conditions
are indicated in the bar charts of figure 15. As mentioned before,
the HAS headwind is critical for this flight condition. The value
of the data point shown at an overpressure ratio of 2,0 is not es-
pecially unique; it is a value for a flight condition (M,h) where
the headwind results in a grazing flight path at a caustic near the
ground,l The overpressure is sensitive to flight condition here,
so that small changes in M or h cause large changes in the over-
pressure results. The type of wind profile used in this study,
where wind speed is lower at ground level than at aircraft altitude,
causes larger overpressures in a headwind than with no wind (when
the Mach number is small). Tailwinds, on the other hand, result
in lower overpressures, The M = 2 data shown here are relative
to the M = 1.25 , SNW condition to point out the Mach number
effect. Further effects of wind speed and direction are discussed
later.

;At grazing the wave front is perpendicular to the ground so

that no reflection occurs and K, should be taken as unity. For
present calculations, K, =1.9 .
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Signature distortion during propagation.- Near the aircraft
the acoustic signal has essentially the form of the F-function. As
the acoustic signal propagates away from the aircraft (along a ray
path (fig. 3)), it is distorted because of a weak nonlinear effect
caused by differences in propagation speed, These differences are
dependent on the local signal strength (pressure level above or be-
low ambient) which is a function of phase, The distortion is a
cumulative effect which results in formation and merging of shock
waves., The amount of distortion is governed by an age variable <
defined in reference 1 (eq. 46). The age variable is an integral
which is, in part, proportional to the distance traversed and in-

versely proportional to the half-power of atmospheric density times
the ray-tube area; that is,

T « Jf dzA/pA

Thus the age of the signal increases with distance, but at a slower
rate if the rays are propagating downward into a region of larger
density. If ray focusing is approached (A — 0), the age variable
tends to increase; in other words, the pressure signature tends to
be more distorted., An analogous statement is that the phase shift
of the signal becomes greater as the age increases. The distortion
of the signature (phase shift) also tends to increase with Mach
number (ref. 1, egs. {U5), #6), and (49)).

The results of calculations of the pressure signature as it
propagates downward from the aircraft are shown in figures 16 and
17 for flight at 40 000 ft (12.2 km) and in figure 18 for flight
at 25 000 £t (7.6 km). The altitudes (hy) for displaying the sig-
natures were selected to illustrate the Trapid formation and mer%-
ing of shock waves near the aircraft. For example, in figure 1loa
the signature only 500 ft (150 m) below the aircraft has developed
six shock waves. During the next 500 £t (150 m) (fig. 18b) two
pairs of shocks have merged, leaving four shocks. The two trailing
shocks here later merge, so that the signature at ground level
(fig. 18c) contains three shocks., 8o that comparisons with ground
signatures are consistent, the midfield solutions are shown here
with Xy = 1.9 .

The major effects of aging (distortion) occur within 5000 ft
(1.5 km). The rapid increase in the age variable near the flight
altitude is shown in figure 19 along with the ray-tube area for
aircraft altitudes of 40 000 and 80 000 ft (12.2 and 24.4 km).
Results for uniform atmospheres (UNW) are shown for comparison
with those for the standard atmosphere (SNW). In the uniform at-
mosphere, the ray-tube area increases linearly as the ray-path al-
titude decreases to sea level (z = 0). The age variable continually
increases with (/Zo -+/Z). In the standard atmosphere the area
deviates from linearity with 2z Dbecause of the density increasing
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at lower altitudes. The age variable increases but tends towards
an asymptotic limit. For propagation from high altitudes (fig.
19b) the age variable approximately one scale-height? below the
aircraft (z = 50 000 ft) (15.2 km) is close to the asymptotic

value of the age variable (~ z = O) for the standard atmosphere.
This is an illustration that the asymptotic age in a real atmos-
phere has a finite limit (ref. 1). The signature distortion, then,
need not develop to the extent of the classic N-wave. In the uni-
form atmosphere, on the other hand, the age variable is not limited,
and the asymptotic solution always yields an N-wave.

The overpressure ratios for both aircraft are presented in
figures 20a and 2la as a function of the altitude of the signature
for nominal flight conditions (M = 1.25, h = 40 000 £t (12.2 km)).
As mentioned before, the rays focus before reaching the ground for
the high altitude wind shear (HAS) environment as a headwind.
Thus, high overpressures are realized near the ground for aircraft

flying near 40 000 ft (12.2 km) at Mach numbers near 1.3 for this
wind.

The variations of signature length ratio I for the above
flight conditions are shown in figure 22a. The ray-path travel
time t from the aircraft to the stated altitude h is given
in figure 23a, and the ground distance y traversed in this time
by the ray path is given in figure 2U4a. The ray path is independ-
ent of the aircraft type.

Effects of Aircraft Altitude.- Overpressure, signature length
and ray-path results are shown in figures 20b through 24b as func-
tions of aircraft altitude. These data are for M = 1.25 except
where noted otherwise.

In figures 20b and 21b, solid curves present the variation
of the overpressure ratio for three atmospheres, UNW, SNW, and
HAS. Data points are shown for SLR. In addition, a dashed curve
shows the overpressure ratio obtained by multiplying the UNW
values by the altitude-dependent atmospheric correction factor
Kp of reference 4 (UNW times Kp). In figure 20b, this curve
agrees well with the SNW curve, indicating that these Kp factors
applied to UNW results yield good approximations to the realistic
atmosphere (SNW) results for this F-104 flight condition. In fig-
ure 21b, the corresponding comparison for the SCAT 15-F is not as
good, the actual overpressures (SNW) being as much as 10% lower
than the approximation (UNW times K,).

The changing curvatures in these curves, including the dip

2) Density scale height is the altitude increment in which
the density changes by a factor e = 2.718....; it is about
21 000 ft (6.4 km) in the standard atmosphere.
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in the SCAT 15-F curves at 65 000 ft (19.8 km), arise from the
manner of development and merging of the shock waves in the com-
plete signature. These would not become evident if only fthe
strength of the leading shock (an N-wave approximation) had been
calculated. These results show that one should calculate over-
pressures without the uniform atmosphere or N-wave assumptions for
specific aircraft flight considerations.

For the high altitude wind shear (HAS), large overpressures
oceur for aircraft altitudes between 30 000 and 50 000 £t (9.2
and 15.2 km). In this altitude range the aircraft are flying into
a high speed wind and the rays converge significantly as they prop-
agate towards the ground where the wind speed is much smaller.
The two branches of the HAS curves occur because of the effect of
the jet stream on the ray paths. For the aircraft altitudes just
above the jet stream, the ray paths become horizontal before
reaching the ground.

In figure 22b, the signature length L is shown to be larger
for UNW than for the realistic atmospheres %SNW and others) through-
out the range of alircraft altitudes. This difference is larger for
the higher altitudes as can be expected because of the larger dif-
ference in age between UNW and SNW atmospheres, as shown in figure

19.

The pressure signatures at sea level for several aircraft
altitudes are presented in figures 25 and 26. The older age of
the high altitude signatures is evident by their longer length
and smaller strength, together with the merging of the shock waves.

Effects of Mach number.- Variations of pressure signature and
overpressure ratios with Mach number have already been introduced
in figures 11, 12, 13, and 14, and in table III. The signatures
of figures 11 and 12 illustrate the greater distortion exhibited
by those of the larger Mach numbers. This is a result of the
phase shift increasing with Mach number, mentioned previously.
Summary curves showing the Mach number effects on signature length,
ray travel time, and ray-path ground distance are given in figures
27, 28, and 29, respectively. As indicated in figure 27, and
supported by further data in table II, signature lengths obtained
using UNW are significantly longer than signature lengths calcu-
lated using a realistic atmosphere (e.g., SLR or SNW) over the
entire range of Mach numbers (and altitudes, see above). This dif-
ference 1s larger at the higher Mach numbers because the signa-
ture aging (distortion) increases with Mach number.

Temperature effects.~ Some effects of varying the tempera-
ture environment were shown in figure 15. Additional data are
presented in table IV and figure 30 for various Mach numbers.
Results which are presented in reference 4 are compared with
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present data. In figure 30, overpressure boundaries taken from
reference 4 are also shown. The open symbols are present results;
the closed symbols are from reference 4. Both the F-104 and the
SCAT 15-F show essentially the same overpressure ratios. The
data of reference 4 are in agreement with present data except for
HATI where they are 2 to 5% smaller. The general agreement is
excellent, particularly for the LATI and SLR atmospheres where
the pressure ratios from reference U4 are close even near the cub-
off Mach number of 1.16.

Wind effects.~- Some effects of winds have been introduced in
the previous discussions. A summary of overpressure ratios for
the several wind environments is shown in table V and in figure
31. The overpressure ratios for both aircraft are essentially
the same. Data from reference U4 again are shown for comparison.
The wind profiles in reference are essentlially the same as
those used here, except for variations in the MAS and LAS pro-
files. The overpressure results of reference 4 are within 2% of
the present results, except for the HAS near cutoff (M = 1.3).
Here the present results show about twice the overpressure of
reference 4. It should be noted, however, that the flight alti-
tudes of the referenced data are not stated, and these results
may apply at an aircraft altitude other than 40 000 £t (12.2 km).

The medium altitude wind-shear profile (MAS) was used to in-
vestigate in detail the effects of wind direction on pressure
signatures. The SCAT 15-F was used, flying at M = 1.5 at an
altitude of 40 000 £t (12.2 km). Data were obtained for wind
directions of 0, 45, 90, 135 and 180 degrees. By varying the
initial value of the ray azimuth angle between + 30 degrees, lat-
eral effects on both sides of the ground track were also deter-
mined. The overpressures are given in table VI and figure 32.
The headwind overpressure is largest, except near windward cut-
off. For ¢ = 0 , it is 5% more than the tailwind overpressure.
For mn = 45 and 90 degrees cutoff occurs for ¢ = -~ 30 degrees
(windward rays); here the overpressure is 10 to 15% less than
near the ground track (¢ = 0) .

Ray-path and signature parameters are shown in figure 33 as
functions of wind heading angle n for ¢ = O . The over-
pressure ratio varies from 1.07 for a headwind to 0.98 for a
tailwind. The ray-path travel time +t changes by 6 seconds and
the ray-path ground distance y changes by 900 £t (0.27 km).
The signature length L1 1s essentially unchanged for this wind
and flight condition. Representative signatures are shown in
figure 34.

Variations off the ground track.~ In a standard atmosphere,
the overpressure decreases wilh disTance from the ground track,
as illustrated by the empirical curve of figure 35 (from ref. 4).
Present data for nominal conditions at M = 1.25 and 2.0 are
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also shown here, The lateral distance parameter x/h varies with
azimuth angle ¢ as shown in figure 36 for two flight conditions.
The cutoff wvalues xc/h and ¢, are defined to be the values for
which the ray parameterized by ¢ = ¢, becomes horizontal (6 = 0)
at the ground (ref. 1). The cutoff azimuth angle ¢, is, of
course, the same for all aircraft, since the ray path is taken to
be independent of the F~function.

Depending on flight and atmospheric conditions, cutoff may
occur near a region of ray focusing, in which case larger over-
pressures will occur there. The lower two curves of figure 37 for
level uniform flight show the normal falloff of the overpressure
with azimuth angle for the SNW atmosphere and the increasing pres-
sure near cutoff for the SLR atmosphere. The four upper curves
apply for maneuvering aircraft to be discussed later; they are
shown here for comparison and to emphasize that there are circum-
stances for which much larger overpressures can be obtained later-
ally off the ground track than immediately below the aircraft on
the ground track. The ray paths off the ground track are longer,
so that the tendency to focus the rays has a longer time to deve-
lop prior to intersecting the ground.

Changes in signature between the ground track and the lateral
cutoff are shown in figures 38 and 39 for the F-104 and SCAT 15-F,
respectively. These curves are for uniform flight in the standard
atmosphere (SNW) with h = 40 000 ft (12.2 km). It is noteworthy
that the signatures are generally shorter near cutoff than on the
flight track (e.g., fig. (38b)), sometimes resulting primarily from
the trailing shock moving to the left in phase L/La (e.g., fig.
(39b)). The data of table II (set number 7) show, on the other hand,
that the signatures are longer near cutoff for the uniform atmosg-
phere (UNW) calculations.

Level Accelerating Flight

Parametric results.- Discussions of characteristics of sonic
boom propagation for aircraft in maneuvering flight, together with
flight test data, have been presented in references 4, 8, 9 and 10.
As shown there, an important aspect of accelerating flight, parti-
cularly near Mach 1, is the tendency for ray focusing. In level
supersonic flight, rays leaving the aircraft at some reference
time and azimuth angle have a larger initial inclination angle
(downward relative to horizontal) than the corresponding rays
which were initiated earlier at lower speeds, and therefore neigh-
boring rays may intersect. At small supersonic speeds and normal
flight altitudes, this ray focusing leads to higher overpressures,
commonly termed superbooms.

Another important aspect of maneuvering flight is the
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Figure 37. Lateral distance effects on overpressure
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‘occurrence of multibooms(e.g refs. 2,8,10)wherein at certain ground
locations two or more sonic booms may occur successively. Although
not studied here, the present digital program (ref. 1) can be used
to yield such ground locations and the pressure signatures for each
sonic boom there (unless a focus or caustic has occurred). Of
course, the pressure signatures which occur as parts of the multi-
boom set are exactly the same (for a specified flight and atmos-
pheric condition) as those that occur singly and that are to be
presented in the following sections of the report.

Overpressures calculated for uniformly accelerating flight are
presented in figure 40 for axial load factors np = 0,15 and 0.30.
Data for nonaccelerating flight (np = 0) are also shown for com-
parison. The effects of acceleration, as expected, are large at
the smaller Mach numbers where ray focusing is predominant. For
an aircraft flying at 40 000 £t (12.2 km) above sea level with
nt = 0.3 , the ray paths just reach a focus at the ground (h, = O)
when the aircraft has a Mach number of 1.3. At faster aircrgft
speeds, the rays do not focus before reaching ground level, where-
as at slower speeds they do. The value of this critical Mach num-
ber varies with load factor, altitude and atmospheric conditions,
as the data in figure 40 indicate.

Some pressure. signatures are shown in figures 41 and 42 for
a variety of accelerating flight conditions. In comparison with
the nominal signatures of figure 10, these signatures with 0.15
and 0.30 g's acceleration have, in general, the same characteristic
shapes. o

Flight test comparison.- Measurements of the sonic boom sig-
nature of an F-104 in accelerating flight were made at Edwards AFB
in 1964 (ref. 8). The aircraft accelerated from M = 0.9 to 1.5
at approximately 0.08 g's in level flight at an altitude of 37 200
ft (11.339 km). Results of the overpressures measured at the
ground (altitude 2200 ft (670 km)) during these tests are shown in
figure 43, together with calculated results obtained in the present
study. The calculated results were obtained using the F-function
.for the F-104. An aircraft weight equal to the flight weight of
16 700 1bs (7580 kg) was used (W/S = 96.5 psf (470 kg/m2)) along
with the atmospheric temperature and wind profiles measured during
the morning of the flight. The solid curves of figure 43 are the
calculated-results (using a reflection factor of 1.9) for the tail-
wind condifion of the test, and also for a no-wind condition.

Large overpressures (superbooms) are calculated for locations about
6 miles (LO“km): from the reference station. These occur during the
acceleratioh Of the ajircraft in the Mach number range 1.20 to 1.22.
At lower supersonic speeds, the calculated ray-tube area becomes
zero (rays foghg). before the signal reaches the ground. The cal-
culated ray paths-Tor the ground focus condition apparently inter-
sect the ground about 2 miles (3 km) in front of the actual ray-
paths, since a large overpressure was measured at a ground station
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Figure LQ. Acceleration effects on overpressure
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Typical signatures
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Figure 43. Overpressures for accelerated flight; F-104



8 miles (13 km) from the origin. For this condition the rays are
nearly horizontal, glancing the ground, and therefore their loca-
tion is very sensitive to atmospheric effects. A two mile disper-
sion between experiment and calculation is not felt to be excessive
here, .

The Mach number increases from 1.23 for the signature measured
at 8 miles (13 km) from the reference station to 1.40 at 17.5 miles
(28 km). The calculated overpressures for these locations are about
12% larger than the measured values. The dashed curve of figure 43
is the calculated data shifted to the right 2 miles (3 km) and ad-
justed vertically to match the M = 1.40 data (corresponding to
reducing the reflection factor from 1.9 to 1.6). This curve fits
the flight data well, indicating the validity in general of the
calculated pressure variation along the ground.

In summary, for this comparison for accelerated flight, the
calculated location of the superboom is 2 miles (3 km) short, where-
as the predicted shape of the overpressure variation along the
ground is excellent. Further comparisons between calculated and
measured data are needed to develop bases for explaining and pre-
dicting deviations from calculated data.

Pullup Maneuver

Definitions and input data for the pullup maneuvers were pre-
sented in the preceding section entitled General Description and
Program Inputs, figures 4 and 6. Characteristics of the pullup
maneuver are that the load factor exceeds unity (np, > 1), the
flight path angle rate ¥ 1is positive, and neighboring ray paths
along the flight path are divergent. The ray-tube area tends to
increase faster than for level uniform flight, and therefore the
sonic boom overpressure tends to be alleviated. The steepness of
the flight path, measured by v , also affects the overpressure,
as an airplane in a dive, for example, has the axes of its Mach
conoids tilted towards the ground giving shorter ray paths between
the aircraft and ray-ground intersection.

Figure Ula shows overpressure ratio variations with flight
path angle vy at two values of load factor and at two Mach numbers.
The reference overpressures AP, are the overpressures for uni-
form level flight at the Mach number considered (table III). At
M = 1.25 for horizontal flight (v = 0), the overpressures with
pullup load factors of 1.5 and 3.0 are only about 30% of the refe-
rence values (no pullup, ny = 1). At angles of -10 deg., the over-
pressures for these pullup load factors are increased to about 95%
of the reference values. At Mach 2, the overpressures for <y =0
are 27% larger than the reference values. Here the SCAT 15-F
curves are slightly different than the F-104 curves because of de-
tails in their signhature shapes.
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Figures 44b and Ulhc show effects of atmosphere on the pullup
overpressures for dive angles near -4 deg., and for M = 1.25
and 2,0, respectively. Figure U5 shows similar data for a dive
angle of -10 deg. Again, these data are obtained for the aircraft
at 40 000 ft (12.2 km) altitude and for overpressures calculated
at sea level., The headwind HAS here causes the pullup overpressures
to decrease, whereas the inversion HATI causes them to increase
slightly above nominal (SNW) values.

Signatures for a load factor of 1.5 are shown in figures 46
and 47. When these data are compared with the nominal signatures
(fig. 10), it appears that the effect of the positive load factor
on pressure signature at the ground is to move intermediate shocks
to the left., This tendency is further shown in figure 48 for

ng, = 3

Pushover Maneuver

In a pushover maneuver (figs. 4 and 6), the load factor is
less than unity (np, < 1), the flight path angle rate <y 1is nega-
tive, and neighboring ray paths along the flight path are conver-
gent. The rays tend to focus, leading to large sonic boom over-
pressures. As with other maneuvers, the flight path angle vy also
has an effect on overpressures in a pushover maneuver.

Figure 49 presents some general results of overpressures ob-
tained for the pushover maneuver at Mach 2.0, 40 000 ft (12.2 km)
altitude, and a load factor np = -0.5 . This is a rather large
negative load factor, and at Mach 1.25 the ray-tube area focuses
(A = 0) before the rays intersect the ground. Figure U49a shows
variations with climb angle vy and azimuth angle ¢ for both air-
craft in the standard atmosphere. At ¢ = 30 deg , the rays focus
before intersecting the ground. The reference App.r 1is again
taken from table ITIT. For this large negative load factor (ng
= -0.5) the overpressure ratio is 50% larger when <y = 10 deg than
when vy = 0 , on the flight track (¢ = 0). The ratio is even
larger off the flight track, as the rays then have a longer path
length in which to progress towards focusing. The variation of
overpressure with azimuth angle is shown in the previous figure 37.
The larger values of the F-104 data in figure 49 are discussed
later.

Figure 49b shows effects of the overpressure on the ground
track for various atmospheres for a selected climb angle vy = 4.3
deg. The variations with atmosphere are small except for the head-
wind HAS. This headwind causes the rays to approach a focus near
the ground and yields large overpressures compared to the results
for other atmospheres. In figure 50 the overpressure variations
with load factor are presented. These data highlight the sensi-
tivity of the overpressure for negative load factors.
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Further effects of atmosphere on the overpressure emanating
from an aircraft in a pushover maneuver are given in figure 51 for
a climb angle <y = 10 deg . Data for an additional aircraft alti-
tude of 25 000 ft (7.6 km) are also shown here. The F-104 over-
pressure ratios are larger than the corresponding SCAT 15-F ratios
because the negative load factor affects the signature shape near
the leading shock in a different manner for each aircraft. This
is dependent on their F-function variations with 1lift coefficient
and signature aging. The overpressures ratios for h = 25 000 ft
(7.6 km) compared to h = 40 000 ft (12.2 km) are substantially
less in the HAS, as expected, because the aircraft is below the
high-speed Jjet-stream. On the other hand, the inversion HATT has
a larger overpressure ratio for the lower flight altitude.

The magnitudes of the overpressure ratios are substantially
larger for the F-104 than for the SCAT 15-F, as shown in figures
L9, 50 and 51. The reason for this is demonstrated in figure 52
which compares the signatures for each aircraft in the pushover
(Y = -1.4 deg/sec, n;, = -0.5) with their respective signatures in
level flight (y = 0, ny = 1.0). The level flight values of over-
pressure are used as the reference values in figures 49, 50 and 51.
For the F-104, the leading shock is much stronger in the pushover
than in level flight, whereas for the SCAT 15-F the leading shocks
are nearly the same strength. For both aircraft, however, the
shapes of the signatures are affected greatly by the pushover.
This figure is an exhibit of the sensitive effect of <y terms in
the equation for the ray-tube area (ref. 1, eq. (26)) and its
influence on the age variable and phase distortion (ref. 1, egs.

(46) and (49)).

The marked effect of Yy on the signatures is shown further
in figures 53 to 56. Figures 53 and 54 show that the signatures
are similar at climb angles of approximately 10 degrees and zero
for the same value of <y , but there are large changes in the
signatures for ¥ = -1.4 degrees/second compared to ¥ = 0 . The
effects of changing <y are shown in figure 55 where increases
from -1.4 degrees/second to zero cause intermediate shocks to pro-
gress from the vicinity of the trailing shock to the vicinity of
the leading shock. These signature variations for further in
creases in < are presented in figure 56 where data are shown at
various values of vy corresponding to load factors between
ny, = 0.5 and ny =1 .

An important general conclusion is that the overpressure
ratios (or amplification factors) are not always independent of
aircraft type. A ratio obtained for a light-weight fighter in
a pushover, for example, may not apply for a heavy-weight trans-
port.
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Turn Maneuvers

Sonic boom propagation was calculated for constant altitude,
circular turns at load factors ny, of 1.5 and 3.0 and Mach numbers
of 1.5 and 2.0, (Figures 1, 4 and 5 again are referred to for nom-
enclature; in particular, ¢, dis the bank angle and ¢ 1is the
heading (relative to north) of the aircraft.) The two load factors
are achieved in equilibrium flight with aircraft bank angles ¢4
of -48.19 and -70.53 degrees, respectively. The aircraft altitude
is 40 000 ft (12.2 km). Overpressure ratios are summarized in fig-
ure 57 for the F-104 and SCAT 15-F aircraft for rays parameterized
by % = 90 degrees and ¢ = O . For these values, the wind LAS is
a headwind which increases the overpressures approximately 8%
(above SNW) at M = 1.25 , but has essentially no effect at Mach
2.0. The inversion HATI causes small changes in overpressure
amounting to an increase of 2% for M = 2.0 and np = 1.5

Variations of overpressures with changes in azimuth angle are
presented in figure 58. Positive values of ¢ parameterize rays
which leave the aircraft in a direction towards the inside of the
turn circle; these are termed inner rays. Rays propagating out-
ward (¢ negative) are termed outer rays. For M = 1.25 , the inner
rays give large values of the overpressure ratios, rising from 1.2
at ¢ = 0 to about 7 at ¢ = 10 degrees. Farther in (¢ > 10 de-
grees), the inner rays focus before reaching the ground. Figure
59, to be discussed in detail later, shows the loci of the ray-
ground intersections for ¢ = 0 and 10 degrees. These form
approximate boundaries of a "superboom ring" where large over-
pressures occur; ray focusing exists inside this ring. The radius
of the superboom ring, for this maneuver only, is about twice the
radius of aircraft turn circle (ground track). This superboom ring
does not develop at Mach 2.0, as shown by the moderate overpress-
ures in figure 58a, because the load factor np, = 1.5 1is not large
enough to cause ray focusing even at large o¢'s . As mentioned
earlier, the ray-path and focusing characteristics are independent
of aircraft type and therefore these features apply here to both
the F-104 and SCAT 15-F.

Figure 58b shows how the overpressure varies in an LAS east-
wind situation. The aircraft heading of ¢ = 90 degrees corres-
ponds to a headwind, and as ¢ reduces to zero the wind becomes
a sidewind from starboard. For this maneuver and wind, all of the
inner rays which were calculated at ¢ = 15 degrees focused be-
fore reaching the ground. This figure therefore shows data only
for negative ¢'s . The rays parameterized by ¢ = -30 degrees
become horizontal before reaching the ground for this LAS wind
environment when ¢ > O . '

A detailed summary of this turn maneuver (M = 1.25, n1, = 1.5)
is given in figure 59. First, the aircraft locations are shown on
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its ground track for several maneuver times, t. . The center of
the turn circle and ray loci circles, for ¢ = Constant, is at

x =0, y =41 000 ft (12.5 km). The ground intersections of rays
are plotted for each t, and intersection times for selected rays
are given., Displacements of the ground track and ray-ground inter-
sections caused by an east wind (TLAS) are also indicated. Along
the ray-ground intersection line for t, = O , the overpressures
are as follows: ¢

Overpressure - psf (N/mg)

Location F-104 SCAT 15-F
a 6.7 (320 15.1 (722
b 1.4 67 3.1 (148

SNW c 1.0 548 2.3 (110
d 0.6  (29) 1. (o7
e 0.4 (19) 0.9 (L3
et 1.1 (53) 2.4 (115

TAS qr 0.7 34 1.5 72
e! 0.4 19 0.9 43

It is coincidental that at point c¢ (8SNW, ¢ = O), the overpressure
for the F-104 is 1.0 (psf units). These overpressures (for SNW)
apply at corresponding ray-ground intersections throughout the
maneuver, as it is a steady turn.

For this plot, advantage was taken of the ground intersection
interpolation subroutine in the digital program. This provided
a set of values of overpressure, time, and ray location common to
two ray-ground intersection curves for plotting the shock-ground
intersections (dashed curves). These latter are the loci of the
shock wave on the ground at given times. This shock location
curve has a cusp at the ray-ground intersection where ¢ = O .,
One end of this curve terminates within the superboom ring when
ray focusing occurs; the other end, shown here, is terminated at
approximately the location where the rays are horizontal, beyond
which no boom can occur.

Similar detail is given in figure 60 for M = 2.0 and
ny = 1.5 . The turn radius here is almost identical to the radius
o% the ray locus ¢ = 0 . Also, as mentioned before, no superboom
ring exists for this flight condition; the lateral extent of the
boom is limited for both the inner and outer rays by their re-
fraction beyond grazing (beyond ray horizontal). Overpressures
for locations on the ray-ground intersection lines for this flight
condition are as follows:
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Overpressure - psf (N/mz)

Location F-104 SCAT 15-F
a 1.3°  (62) 3.0 (143)
b 1.3 (62) 2.9 (138)
c 1.2 (58) 2.8 (134)
d 1.1 (53) 2.5 (119)
e 0.9 (43) 2.1 (100)

. These results illustrate important effects of flight condi-
tions on ground overpressures in turn maneuvers. A superboom ring
can exist for combinations of altitude, Mach number and load
factor which cause ray focusing. If a given overpressure limit
were to be prescribed, aircraft maneuver constraints on rate-of-

turn (or bank angle) as functions of Mach number and altitude
should be determined.

Porpoising Maneuver

Reference 11 reports a flight experiment designed to show
effects of changing the vertical load factor nr . The pilot
gycled the elevon with a period of 1 sec. to obftain load factor
increments of * 0.5. This yields a porpoising maneuver wherein
the aircraft undergoes small cyclic changes in flight path angle,
altitude, angle-of-attack and attitude. For the aircraft flying
at M, = 1.5 at h = 37 200 £t (11.2 km% above Edwards AFB (with
Ah = = 20 ft (6 m)), no important effects on overpressure were
measured, surprisingly. Reference 12, for example, indicates that
significant changes in overpressure may result from such a maneuver;
as shown there for M = 1.1 , h =15 000 £t (4.5 km) and Ah =
T 100 ft (30 m). The preceding results in this report for pullup
and pushover also imply that strong effects may be expected.

The present study included calculations of a porpolsing
maneuver, similar to the flight test condition, sketched in figure
61. TFor these calculations the load factor was taken as constant
over each half-cycle of the maneuver, and the flight path angle
and rates were calculated for a flight path consisting of circular
arcs,

Results from the porpoising maneuver calculations are shown
in table VII for maneuver points selected to show effects of
changing flight path angle < and its rate 7 . Data are pre-
sented for both a uniform atmosphere (UNW) and the 1962 U.S.
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¥=0 ¥ = 0.63 deg/sec

Figure 61. Porpoising maneuver

standard atmosphere (SNW) with an aircraft altitude of 40 000 ft
(12.2 km). Further data, corresponding to the flight experiment,
are shown for an aircraft altitude of 37 200 ft (11.2 km) over
Edwards AFB. The uniform atmosphere data are shown multiplied by
the atmospheric correction factor K, (ref. 2) and by new factors
Kp' and Kp'' required to adjust Ap (UNW) to Ap (SNW) at the
first maneuver point.

These tabular data point out that the UNW results cannot be
modified by a simple correction factor to get SNW results for
maneuvering flight. These are again, as described previously in
the section Pushover Maneuver, essential differences in the sig-
natures which results from the variation of ray-tube area caused
by the rate terms in the area equation, and from the aging of the
signal.

Table VII shows that Ap at maneuver point 3.1 is larger
than at 4.1 in the uniform atmosphere, but smaller in the standard
atmosphere. Evidently the aging in the two atmospheres is signifi-
cantly different. This is shown clearly in figure 62 where the
signatures are shown for these maneuver points and atmospheres,

Also, variations in <y have a strong effect on the-ovér-
pressure., Changing < from -0.634 to + 0.634 deg/sec reduced
Ap by 44%. On the other hand, changing < from -0.1425 to
+ 0.1425 deg had essentially no effect. The F-function, it may
be noted, changes with <y Dbecause it depends, in part, on the
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1ift coefficient Cj which varies with load factor ny, . The
pressure variation with <y , however, is much larger than would
be expected simply because of the variation of F with CL .

These calculation results indicate strong effects of the
flight path angle rate on overpressures at the ground. It would
appear necessary to perform further flight experiments to generate
such overpressures experimentally and to uncover atmospheric and
flight condition effects and reasons for differences between
measurements and computations.

CONCLUDING REMARKS

The analysis and computer program of reference 1 has provided
a means for calculating sonic boom pressure signatures for arbi-
trary flight conditions and for atmospheric conditions with hori-
zontal stratification. These techniques have been used to obtain
results, presented herein, for a wide variety of aircraft maneuvers
and atmospheres. The present results covered a broad scope of
variation of parameters to point out significant effects and para-
meter sensitivities, and to provide a general source of data for
sonic boom evaluations. Both a fighter-type aircraft (F-104) and
an SST-type (SCAT 15-F) were used as a basis for these calcula-
tions. Complete F-functions were used as input for determining
their overall pressure signatures as distorted by nonlinear pro-
pagation effects. These signatures included all of their shock
waves.

Parametric data have been presented which show the sonic boom
overpressure, the length of the signature, the ray-travel time and
the ray-ground distance for various atmospheres, winds, aircraft
Mach numbers and altitudes. TFeatures of the digital program were
demonstrated showing where ray-ground intersections and shock-
ground intersections occur for turn maneuvers, along with other
geometric and sonic boom characteristics.

Comparisons of overpressures with previous analytic results
have been made. These are restricted basically to uniform flight
inasmuch as previous analyses did not include capabilities for
calculating overpressures for general aircraft maneuvers. They
did, however, include variations of atmospheric temperature pro-
file, wind speed and direction, and aircraft Mach number. The
agreement with the results of reference 4 for those uniform flight
conditions which were examined is remarkably good, although
differences were shown for some conditions near ray focusing.

Several comparisons of overpressures with previous experi-

mental results for accelerating and porpoising flight were also
made. For the accelerating flight, good agreement with measured
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overpressures was shown, except a displacement of about 2 miles in
ground location remains unexplained. For the porpoising flight,
significant effects of the flight path angle rate on the signature
shape and overpressure were calculated, although not realized in
the flight measurements. )

A very important part of the present results has been the
pressure signhatures and their variations with both atmospheric
and flight conditions. Among the various features illustrated by
these results, the following are particularly noteworthys:

a) The variation of the signatures with aircraft altitude
and propagation distance were shown. A large part of the aging
of the signal occurs within the first few thousand feet of propa-
gation distance. The pressure signature represented by the initial
F~function distorts very rapidly and, for such complex F-functions
as used here, multiple shock waves quickly appear. Some of these
shocks merge as the wave front continues to travel through the
atmosphere, but the signature at the ground need not be a fully
developed N-wave. In general, aging in a standard atmosphere ex-
hibits an asymptotic limit whereas in a uniform atmosphere aging
increases indefinitely.

b) Overpressure ratios are not independent of aircraft type,
so that detailed evaluation of sonic boom characteristics may re-
gquire data to be generated for each specified aircraft. Also,
realistic atmospheres (such as the 1962 U.S. standard) and complete
signatures should be used for specific sonic boom analysis.

c) The lengths of the signatures calculated with realistic
atmospheres, such as SNW, are shorter than the lengths calculated
with uniform atmospheres (UNW).

d) Effects of wind-speed profile and wind direction were
also analyzed. It was shown that highest overpressures occur with
the headwind for ray paths, both on and off the flight track.

e).  Large overpressures may result from longitudinal acceler-
ation, pushover and turn maneuvers.

With these generalized results at hand, studies related to
gspecific aircraft can be more adequately defined. These studies
can, for example, result in useful performance characteristics
-related to sonic boom constraints, such as maneuver limitations
as functions of speed, altitude and wind conditions. In addition,
flight experiments can be defined to establish pressure measure-
ments under superboom conditions, using the present computer pro-
gram to determine ray paths and overpressure variations along the
ground. o
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TABLE T
Schedule of Solutions

‘Maneuver Set no. Run no. Atmosshere Initial Mach no,| Initial altitude
Temperature
No wind | varistions | variations .
P-104 | SCAT 15-F [ UNW 38W | 1.25) 1.3 | 2.0j40 000 £t |25 goo rt
. . ) (12.2 i) (7.6 km)
Steady 1 1 g X X
flight, 2 X
9 =0 only 1 1(9) X X '
5 11 X
3 12 x| 1
Steady flight, vary
altitude of signa- 2 13-1 22-24 X X
ture, 16-1 25.27 X X
hg = 30K; 20K; 10K ft 19-21 28-30 X X
(9.1; 6.1; 3.0 km)
¢ = 0 only
Steady flight, vary 3 31-34 #7-50 X Varioys
Mach no. 35-38 51-54 X
M=1.3 1.5. 2.0, 3.0 ‘?9—1112 55»22 X x
3. -
¢=0 63-67 59 X X
Steady flight, vary
aircraft altitude. 4 63-65 [76A-TTA-T8 | X Various
bt = 25 000; 50 000; 66- -81 X
80 000 ft 69-71 2-84 X
(7.6; 15.3; 24.5 km) 72-74 23-87 X
6 =0 5-7T7 -90 X
Steady flight, 5 91 X {
tailwind g2 gg X t
= 0 3 99 X
¢ 92-96 100-102 | Repeat above group X
Steady flight, vary
wind direction
¢ = 45, 90, 135° 6 103-105 X X X
=0 103B X X X
Steady flight, lateral 7 106 114 X 3 (
range effects 10 115 X
near cutoff 1 116 X
109 117 X
110-113{ 118-121 | Repeat above group X
Horizontal 8 s 1e2 129 X (
. acceleration, ig ig(l) X X
np =0.3 g's 125 132 X
126 13 X
1 1 X
12 135 X
136-142 | 143-149 Repeat above group X
Dive-pull up 9 150 155 X f
-1.5 g . 151 1% X
ng = 41. g 152 157 X .
12‘3} 158 X
1! 15? X
1602164 ] 1652169 Repeat above group X
C1imb~pushover, 10 170 175 X X (
= ' 17 176 x
ny, =70.5 &'s 172 1 x
17 Y X
17! 179 ) X
180-184 183- Regeat abgve group X X
90° ‘turn, 1 195 . 198 b’ x
-1 ' 196 199 X
n, = 1.5¢g's 197 200 X
201-203 | 204-206 Repeat above group » x
Low altitude, horizontal 12 207 210 X
acceleration, 208 gié X X
ng = 0.3 g's . 209
Horiz. acceleration, 13 22i 3116 X < . t 1
np = 0:15 '8, a1s a8 x_
Dive-pulloutl)z) 14 | 219-2211 228.230 | Repeat above group 3 X
cli.nb—puﬁover 222-224 231-232 n ” " ‘
90° turn 225-227] 23%-2
Flight test, acceleration] 15 | 237-2l0 JMach 1.18 to 1.51137200 ft. (11.4 km)
Short period 16 2 X Mach 1.5 35000 ft. (10.6 km)
oscillation, :
ng = 0.5 to 1.5 g's

:;“L = 3.0 g's
ny o= ~0.25 g's
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TABGE ITT

Overpressures in Standard, No Wind Atmosphere

Mach No. .

1.20
1.25
1.3
1.5
2.0
3.0
3.0

F-104
1b/et2 | w/m®
0.84 ho.1
0.82 39.2
0.82 39.2
0.86 hi.1
0.94 Uk 9
1.06 50.6

“SCAT 15-F
1b/£t° | N/m°
1.95 93.1
1.96 93.6
2.10 |100.3
2.46 |117.4
2.74 |130.9
2.921)]142.8

1)F--function for M = 2.7
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TABLE IV

Température Effects on Overpressure Ratio

Atmosphere
Designation | Mach No. : Ap/(Ap SKNW)
Calculated From ref, 2 - fig. 8
F-104 SCAT 15-F
SLR (A-3) 1.20 1.28 — 1.26

1.25 1.09 1.08 1.09
1.3 1.06 1.05 1.04
1.5 1.01 1.01 1.01
2.0 1.00 1.00 1.00
3.0 0.99 0.99 0.99
3.0 1.05%)

LATT (B-4) 1.20 0.91 —— 0.90
1.25 0.975 0.95 0.96
3.0 1.02 ———— 1.01

HATI (D-3) 1.20 0.95 —— 0.915
1.25 1.02 1.00 0.95
3.0 1.04 ——— 1.03

l)F-function for M = 2.7
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TABLE V

Wind Effects on Overpressure Ratio

Wind
Designation | Mach No. Ap/(Apgiq) (no wind)
Calculated From ref. 2 - fig. 14
F-104 [SCAT 15-F | ,
Headwind,LAS| 1.25 1.06 1.08 | eeee-
MAS| 1.25 1.02 1.03 ————
HAS 1.25 Beyond qutoff and A =0 = | ——w—-
1.3 2.27 2.36 1.16
1.5 0.98 0.98 1.015
2.0 0.96 0.96 0.985
3.0 0.96 0.96 0.98
Tailwind,LAS 1.25 0.94 - 0.95 0.95
2.0 1.01 1.01 1.00
MAS 1.25 0.98 0.98 0.97
2.0 1.01 1.01 1.00
HAS d.20 0.91 —— e
1.25 0.98 .97 | @ s
2.0 1.04 1.04 1.025
3.0 1.03 S 1.035
Sidewind,HAS 1.20 0.97 0.95
1.5 1.00 1.00
3.0 1.00 1.025
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TABLE VI

Wind Direction Effects on Overpressure

¢ (deg) n=0 45° 90° 135° 180°
0 2.01 1.99 1.95 1.92 1.91
10 1.97 1.93 1.90
20 1.90 1.86 1.82
30 1.76 1.73 1.67
-10 1.96 1.92 1.89
-20 1.86 1.83 11.81
-27.8 1.70
-30 1.64 1.66
0 1.9902
2 1.9904
L 1.9886
6 1.9847
8 1.9789
-2 1.9880
-l 1.9837
-6 1.9773
-8 1.9687
Note Values in the table are overpressures (psf) for given
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