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SUMMARY

Charts are presented which will provide a rapid estimation of minimum
achievable sonic-boom levels for supersonic cruise aircraft. These charts
were obtained by using a minimization method based on modified linear theory.
Results are shown for several combinations of Mach number, altitude, and air-
craft length and weight. For each of these conditions, overpressure and impulse
values are given for two types of sonic-boom signatures: (1) a "flat-top" or
minimum-overpressure signature which has a pressure plateau behind the initial
shock and (2) a minimum-shock signature which allows a pressure rise after the
initial shock. Some results are also given for the effects of nose shape. An
example of the use of the charts has been included.

INTRODUCTION

Sonic-~boom minimization research has led to the following significant
developments. The concepts of "signature freezing" (ref. 1) and a far-field
minimum boom (ref. 2) combined with the basic sonic-boom theory (refs. 3 and 4)
led to the mid-field minimization theory of reference 5. These results, ini-
tially limited to an isothermal atmosphere, were first modified to provide for
signature propagation in the standard atmosphere (ref. 6) and then modified
again to permit trade-offs between sonic-boom shock levels and nose bluntness
by introducing the concept of "nose~length" ratios (ref. 7). The computer pro-
gram incorporating the above theories, as presented in reference 7, calculates
both the minimizing-pressure signature and the required equivalent-area distri-
bution for a given cruise Mach number, altitude, and aircraft length and weight.
Using area distributions from this program as constraints for the design of
three low-boom wind-tunnel models, this minimization procedure has been verified
experimentally (refs. 8 and 9).

To allow rapid evaluation of the minimum sonic-boom characteristics avail-
able at cruise for transport aircraft, this report provides a convenient series
of charts which show overpressure levels, shock levels, and impulse levels for
minimum-overpressure signatures and two different minimum-shock signatures.

Also included are results for three different "nose-length" ratios. The charts
cover a randge of Mach numbers, altitudes, and aircraft lengths and weights which
are believed to be typical values for future generation supersonic transports.

SYMBOLS

Values are given in both SI and U.S. Customary Units. The measurements and
calculations were made in U.S. Customary Units.

A, equivalent area

Cp drag coefficient



h airplane altitude

I impulse of pressure signature, vf. Ap dt
Ap>0
k reflection factor
1 equivalent length
M Mach number
Ap overpressure
w airplane weight
x axial distance
A nose-bluntness parameter
n relative rise in pressure behind the initial shock in pressure

signature (0 < n < 1, see ref. 7)

Subscripts:

1 equivalent length at |

o minimum overpressure signature

r reference conditions

s minimum shock signature

max maximum overpressure in minimum shock signature

MINIMUM SONIC BOOM
Types of Signatures

The term "minimum sonic boom" is ambiguous in that at least three different
values of the pressure signature may be minimized: (1) the initial shock,
(2) the overpressure level, and (3) the impulse. The differences in the result-
ing signature shapes are quite significant, depending on which value is mini-
mized. Results for the first two of these signature shapes are presented in
this paper. If the overpressure is minimized, the asgociated pressure signature
is flat from the initial shock to the expansion region of the signature as
illustrated in figure 1. If the shock is minimized, then overpressure levels
are allowed to rise following the initial shock. The rate of rise in this sig-
nature is controlled by n which can have a value from 0 to 1.0 (ref. 7). When
n has a value of 1.0, the resulting signature is an "N-wave." An 1n value of
zero indicates a "flat-top" signature. Typical variations of impulse and ini-
tial shock with n are shown in figure 1. Note that the initial shock Ap
decreases linearly with n and that impulse I increases linearly with n.
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Recent experimental work at the University of Toronto on "outdoor-
disturbance" levels indicates that pressure rises following the initial shock
add very little additional disturbance (ref. 10). These pressure rises do, how-
ever, produce large benefits in airplane weight. 1In these experiments, minimum-
shock signatures developed by the methods of reference 7 were produced on a
loud-speaker driven system and human reaction to the boom levels were obtained.

Vehicle Parameters

The minimizing-area distribution and, thus, the resulting pressure signa-
tures are affected greatly by the airplane length, weight, and "nose-length."
Results shown in figure 2 clearly indicate that lower weights and/or increased
lengths will significantly improve the sonic-boom characteristics of an aircraft.
These results were obtained using the "flat-top" signature, but trends are the
same when the minimum-shock signature is calculated.

As discussed in reference 5, the equivalent area for minimum sonic boom has
an infinite gradient at x = 0. This bluntness is not consistent with shapes
needed for low wave drag. As a compromise, a nose-bluntness parameter A or
"nose-length" ratio is defined (ref. 8). A value of X = 0.1 indicates that
the area up to 1/10 the total length has been changed to a sharper cusplike
region as seen in figure 3. Values of A normally range from 0 to 0.2. The
effects of these changes in the nose equivalent area on drag, overpressure,
and impulse are also shown in figure 3. As the nose-bluntness parameter A\
increases, levels of drag decrease as expected, but there is a corresponding
increase in the levels of overpressure and impulse. This study was made with
bodies of revolution corresponding to these equivalent areas being used to get
approximate drag increments.

Flight Conditions

Typical effects of altitude and Mach number on overpressure and impulse
levels are shown in figure 4. Note that overpressure levels increase with
Mach number over the entire range shown and with altitude over most of the
range shown. There is a decrease in impulse with Mach number but an increase
in the equivalent area causes the impulse to increase with increasing altitude.

PRESENTATION OF CHARTS

Figures 5 to 16 of this report give results from the minimization program
for flight/design parameters for typical supersonic cruise aircraft. Mach num-
bers range from 2.5 to 3.5, weights range from 180 000 kg to 320 000 kg
(400 000 1b to 700 000 1b), altitudes range from 15 km to 30 km (50 000 £t to
100 000 ft), and lengths range from 73 m to 110 m (240 ft to 360 ft). Results
are shown for minimum-overpressure signatures (N = 0) and for two minimum-shock
signatures (N = 0.5 and 0.9). "Nose-length" ratios A of 0, 0.1, and 0.2 are
shown for every case. A ground reflection factor of 2 has been used in all
cases. Corresponding area distributions are not presented but are available
through use of the computer program of reference 7. The 1962 Standard Atmosphere
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Tables (ref. 11) have been used in all calculations. The following table gives
an overview of available information presented in figures 5 to 16:

Reference to charts
Figure Abscissa Threei:ai;::t:hown Constant
5 1 ﬁi M,W
6 h 1 M, W
7 W h M,1
8 h W M, 1
9 W l M/h
10 l W M, h
1 M h 1,W
12 h M 1,W
13 W M h,1
14 M W h,1
15 M 1 h,W
16 1 M h,W

The base values used for perturbation of these parameters are M = 3.2
W = 283 495 kg (625 000 1b), 7 = 94.49 m (310 ft), h = 24.384 km (80 000 ft).

EXAMPLE OF CHART APPLICATION

As an example of the use of the charts, consider the determination of the
best achievable sonic-boom level of an aircraft which is 94.49 m (310 ft) in
length and which cruises at a Mach number of 2.7 at 18.288 km (60 000 ft). The
start of cruise weight is 283 495 kg (625 000 1b). A sonic-boom estimate for
these conditions using a minimum-overpressure signature is given in fig-
ure 11(a). At Mach 2.7, the best achievable Ap is about 47.3 Pa (0.99 lb/ftz).
For relaxed nose bluntness, A = 0.1 and 0.2, the values of Ap increase to
51.17 and 55.2 Pa (1.07 and 1.15 lb/ftz), respectively.



If instead of the "flat-top" signature, the intermediate finite-rise sig-
nature (N = 0.5) is chosen, the overpressure estimates are located in fig-
ure 11(b). PFor the blunt (A = 0) case, the shock overpressure Ap is about
43 Pa (0.9 lb/ftz) and the corresponding maximum overpressure Apmax is about
72 Pa (1.5 lb/ftz). Again, slight increases are shown as A increases to 0.1
and 0.2. Values of the shock Ap and the maximum overpressure for a very steep
minimum-overpressure signature (n = 0.9) are seen in figure 11(c). At A = 0,
the level of Ap is about 40 Pa (0.85 lb/ftz) and the maximum overpressure
level increases to roughly 93 Pa (1.94 1b/ft2). Impulse levels are read in a
like manner from the corresponding figures on the right.

Quick estimates, as previously shown, can easily be made for other design/
cruise parameters. The complete pressure signature and the equivalent-area dis-
tribution can be obtained by using the computer program of reference 7. The
design of an aircraft to match an equivalent-area distribution is described in
references 8 and 9. This equivalent area is composed of aircraft volume, lift-
ing forces, displacement thickness, and exhaust plumes. Freedom is allowed in
the arrangement of these various contributions to the total-area distribution.

The nature of the minimizing-area distribution suggests general design fea-
tures which may be needed in order to meet the total area criteria. Among these
design features are an extended lifting surface, blunt nose region, long equiv-
alent length, and dihedral. Many of these features present some problems and
will thus require some compromise.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

February 19, 1981
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Figure 1.~ Typical variations of shock and impulse levels with n.



———— Reference conditions:

Apr = 45, 5] Pa Wr = 272 155 kg
lr = 6,48 Pa-sec lr =9144m
Ap
Apr
L
lr I
|
1
0 1
WIwW un
r r

Figure 2.~ Variations in sonic-boom characteristics with airplane parameters.
M=2.7; h=18 288 m; n = 0.
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Figure 4.- Variation of sonic-boom characteristics with operational parameters.
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(a) "Flat-top" signature.

Figure 5.- Variation of overpressure and impulse with length. M = 3.2; k = 2.0;
W = 283 495 kg (625 000 1b).
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h =18, 288 km (60 000 ft)
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Figure 5.- Continued.
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Figure 6.- Variation of overpressure and impulse with altitude. M = 3.2;
k = 2.0; W= 283 495 kg (625 000 1b).
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Figure 9.- Variation of overpressure and impulse with weight. M = 3.2;
k = 2.0; h = 24.384 km (80 000 ft).
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Figure 10.- Variation of overpressure and impulse with length.
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Figure 11.- Variation of overpressure and impulse with Mach number. k = 2.0;
1 =94.49 m (310 f£t); W = 283 495 kg (625 000 1b).
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Figure 12.-~ Variation of overpressure and impulse with altitude. k = 2.0;
1 =94.49 m (310 ft); W = 283 495 kg (625 000 1b).

32



'—b2 Pa __lb—;ec Pa-sec
ft ft
2,2, 110 21300
IR T
Lsl %[ 23110}
B
R
pp LAl 0[] RS I 19k g oF1
| | 1] P
) !f'.A
Lo %0 : 15 7.0/ 1A
30 | L i SR igs 50'4‘ i L g
.6- 15 19 23 2 31 km A TR 23 21 3lkm
1 t 1 1 ] 1. ] 4 ]
50 60 70 80 90 100x10°f 5 60 70 8 %0 100xICH
M=32
5. 12,0
b0k}
Ap 1 .17 8ok
REINPIRES
2 : TR . : ol 40ii o T T i
6= ¥ g5 19 23 21 3lkm 0715 19 23 2 31 km
1 i S L 1 i 1 3 L 1 1 1 1 ] 3
50 60 70 8 9% Toox10°ft 56 60 70 80 90 100x10°ft
M=35
2.2 110 ; 251 12.0F T
I;l |
i :
Lk OF .21}10.0}
p L4k 0 I .17} sof
Lok 50 .IBL 6.0{‘
6L 3055 5 3lkm 4.0*
5 60 70 80 % Toox10H
h h

]
o
.
Ut
.

(b) Minimum-shock signature. n

Figure 12.- Continued.

33



Lof 50

Il

31 km
| i 1 1 1
S0 60 70 80 % T00x10

3 L Il L 1 | 1
ft 50 60 70 8 90 100x10

2.2 110

o L4 70

1.0 30

5. 10 23 2 3lkm

L ] ! 1 ] ] 3 L 1 ] 1 | I | 3
50 60 70 80 90 100x10° ft 50 60 70 80 90 100x10°ft
2.9, 110
Lg 0
op L4 70
1 50
T
% 31 km
] 3 L 1 t ] ] ] 3
100 x 107 ft 50 60 70 80 90 100x10°ft
h h

(¢) Minimum-shock signature. N = 0.9.

Figure 12.- Concluded.

34



M=25
Ib b-sec

_f. Pa ?‘ Pa-sec
ft ~
2.2 10 257 120 |
( A ! |
- ’ i
Lgl %® ? .21} 10,0 j
) — .
: ‘ T
| "
& 1af 10 I .17 g0 R o
LT |
W
Lo| Sof I e s
. ‘ B o, | - =
6- M0 200 240 280 320x10°kg 4046 200 20 20 10° kg
] S I R | 1 1 1 ]
400 500 600 T00x10°1b 400 500 600 700x10° 1
M =32
2.2 110 25 12.0p
1.8f 0 211100
o Lak 0 I .7k 80
Lob TS B oyl
il T .
et : : ] 9 . ‘ L K
| 3l » L 3 S 0 A 1 3
.6 160 200 280 280 320x10°kg Te0 200 240 280  320x10°kg
1 1 ] I} 1 1 ] 1
40 500 600 700x10°1b 00 50 600 700 % 10° b
M=35
2.2 110 N — o5~ 12.0
Lsl 9 b 2 10,00 |
rp  Lap 70 117 g gt
50 L ket 13- " l
Hor N EEET T SO L
TV E L L] N
L 30 IR 3 097 4ol THEEN: 3
.6 160 200 280 280  320x10°kg 160 200 240 280  320x10°kg
1 1 1 1 t 1
w0 500 600 700 x10°Ib 400 500 600 700x10°1
w W

(a) "Flat-top" signature.

Figure 13.- Variation of overpressure and impulse with weight. k = 2.0;
1 =94.49 m (310 £t); h = 24.384 km (80 000 ft).

35



M=
b
ﬂz Pa
2.2 110
s
Lt
9% e
1.8+ Rl
_____ L5
||
rp Lap 70 £
’.:_',,,.w- .
1.op %0 “;35‘-:,"‘7 .
[ T
ey 1% M S ] I |
6L ¥ 280 320 10° kg 220 320x10°kg
| I P | | L 1 1 1
a0 0 700x10°W 00 50 600 700x10° M
M=3.2
& = '
6L 30 HMEEEN 240 280 320x10°kg 320 % 107 kg
L | 1 3 - 3
a0 S0 600 700x10° 1 T0x10° 1
M=35
22110
1.8}
i |
N L8
1oF
6- "20x10°kg 280 320x10°kg
00x 1031 ) 700 x 10> 1b
w w

(b) Minimum-shock signature. 1N = 0.5.

Figure 13.- Continued.
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Figure 15.- Variation of overpressure and impulse with Mach number. k = 2.0;
h = 24.384 km (80 000 ft); W = 283 495 kg (625 000 1b).
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Figure 15.- Continued.
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Figure 16.~ Variation of overpressure and impulse with length. k = 2.0;
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