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Some metrics for sonic-boom intensity used as an objective function are studied for robust sonic-boom

minimization. Conventional sonic-boom metrics such as initial and final pressure rises or the A-weighted decibel

evaluation may introduce unrealistic low sonic-boom pressure signatures which include some sets of consecutive

shock pressure peaks at a very short interval. Some newmetrics, theA-weighted decibel with a penalty for very short

pressure peak intervals or sonic-boom signature mold line evaluations, are shown to be useful to avoid such

unrealistic signatures. Minimizing sonic boom across the boom carpet instead of just under the flight path is

important for more robust sonic-boom minimization.

Nomenclature

CL = lift coefficient
Cp = pressure coefficient
F�x� = Whitham’s F function
H = vertical downward distance from airplane
I = objective function to be minimized through

optimization process
L = airplane length
M = flight Mach number
x = axial coordinate of airplane
Y = lateral distance from flight path
� =

����������������
M2 � 1

p
� = specific heat ratio
�p = pressure difference from ground ambient pressure
�T = time interval between two consecutive pressure peaks

in signature
�x = nonlinear deformation of pressure signature
� = rise time of pressure jump in signature

Subscripts

final = final pressure rise in signature
initial = initial pressure rise in signature
max = maximum pressure rise in signature
SML = signature mold line

I. Introduction

S ONIC boom is one of the biggest environmental problems for
supersonic transport (SST) since the development of first

generation SST like the Concorde in the 1960s. Some low sonic-
boom pressure signatures which are quieter than the usualN-shaped
sonic-boom signature have been proposed to reduce sonic boom. In
the Quiet Supersonic Platform (QSP) program [1] sponsored by the
Defense Advanced Research Projects Agency (DARPA), flight tests
of the Shaped Sonic Boom Demonstrator (SSBD), which was

designed to generate one of the low-boom signatures by modifying
the nose configuration of an F-5 airplane, were successfully
conducted and flat-top type low-boom signatures were measured on
the ground [2]. In the conventional low-boomdesigns like the SSBD,
some kinds of inverse methods [3] based on linear theory for an
axisymmetrical body are used to generate low-boom signatures.
Recently direct optimization of an airplane configuration to reduce
its sonic-boom intensity was studied. Chan [4] developed the low-
drag and low-boom design tool using the multiobjective genetic
algorithm (GA) in which both the drag and the sonic boom of an
airplane are minimized. In such a direct sonic-boom minimization,
the definition of sonic-boom intensity as an objective function is
important because some objective functions sometimes introduce
“sensitive” low-boom signatures which include some sets of
consecutive pressure peaks at a very short interval and can easily
become noisy sonic-boom signatures by small changes in the flight
or atmospheric conditions.

In this study, the problems of the sensitive low-boom signatures
for conventional sonic-boom metrics as an objective function in
direct sonic-boomminimization are described and some newmetrics
are proposed for a robust sonic-boom minimization.

II. Airplane Configuration

The airplane characteristics of a supersonic business jet (SSBJ)
configuration used in this study are shown in Table 1. Figure 1 shows
one example of the SSBJ configurations with a low-drag designed
fuselage. The main wing plan form is fixed in this study and the
NACA64-003 is used as its airfoil. For stable flow simulations by a
panel method, the engine nacelle of the airplane is simulated by an
axisymmetrical body whose cross section area is equal to that of a
flow-through nacelle configuration. A T-tail type stabilizer is
considered, however, its vertical tail is omitted for simplicity because
it does not seem to have a strong impact on near-field pressure
signatures below the airplane. Twelve design variables used in the
low-boom design are shown in Table 2. Axisymmetrical fuselage
radii are defined at x=L� 0:05, 0.1, 0.2, 0.3, 0.5, 0.6, and 0.8 by the
design variables dv1–7, respectively. The fuselage shape is
determined by these radii using an Akima spline [5]. The minimum
radius constraints of 2.5 and 3.1 ft are specified at x=L� 0:2 and 0.3,
respectively, for crew and cabin space. The ranges of the design
variables are specified so that they can represent both low-drag and
low-boom configurations while they are kept as small as possible for
fast design convergence. The micro-GA [6] optimizer which is
suitable formultimodal objective functions is used in the sonic-boom
minimization.
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III. Sonic-Boom Analysis

The ground sonic-boom signatures of the SSBJ configurations are
predicted by the A502 panel method [7] and the Thomas sonic-boom
propagation method [8]. The A502, also known as Panair, is a
computer program to solve the aerodynamic properties for arbitrary
aircraft configurations at subsonic and supersonic speeds. The
program uses a higher-order (quadratic doublet, linear source) three
dimensional panel method, based on the solution of the linear-
ized potential flow boundary-value problem. Figure 1 shows the
surfaceCp distribution of a low-drag configuration calculated by the
A502. This calculation used 440 panels for the main wing, 390
panels for the fuselage, 56 panels for the horizontal tail, and
49 panels for simulated nacelle. Near-field pressure distributions
are also calculated in the A502 analysis and used as input data for
ground sonic-boom signatures prediction. Figure 2 shows some
near-field pressure signatures of the low-drag configuration at two
airplane lengths below the airplane (H=L� 2:0) predicted by the
A502. This position of input near-field pressure signature where
quasiacoustic propagation can be applied is determined for this
airplane configuration after checking the ground signature
convergence. The near-field pressure signatures on several lines
under the airplane as shown in Fig. 2 are needed to predict the sonic
boom across the boom carpet. Near-field aging effects which mean
the nonlinear distortion of the signatures are considered in the same
way as described in [4]. Figure 3which is reproduced from [4] shows
that the output signature from the A502 with this near-field aging
correction agrees well with the result of an Euler CFD analysis
(shown as QSP107 in the figure). Whitham’s F function [9] is
calculated from the predicted near-field pressure signature using
Eq. (1) and the distortion of the signature is calculated using Eq. (2)
from the F function:

F�x� �
������
�r

2

r
Cp (1)

�x���� � 1���������
2�3

p ���
r

p
F�x� (2)

When the signature has multiple pressure values at some x locations
by distorting it with Eq. (2), the area-balancing technique is used to
define shock waves in the signature. The signatures shown in Fig. 2
are those after the near-field aging corrections. The Thomas method,
also known as the waveform parameter method, is a computer
program based on a modified linear theory to extrapolate near-field

pressure signatures measured in wind-tunnel tests or predicted by
numerical analyses to the ground. This method considers the non-
linear distortion of pressure signatures and the altitudinal distribution
of atmospheric properties such as temperature and wind. The rise
time of a pressure jumpwhich is important in the A-weighted decibel
(dBA) evaluation of a ground pressure signature is not predicted in
the Thomas method and the output ground pressure signature
includes some discontinuous (� � 0) pressure jumps. In this study,
the rise time for each pressure jump is estimated by an empirical

Fig. 1 Low-drag configuration (surface Cp).

Fig. 2 Near-field pressure signatures (H=L� 2:0).

Fig. 3 Near-field aging effect ([4]).

Table 1 Airplane characteristics

Flight Mach number 1.5
Flight altitude 50,000 ft
Airplane weight 70,000 lb
Fuselage length 108 ft
Wing span 64.8 ft
Wing area 1650 ft2

Wing aspect ratio 2.545

Table 2 Design variables

dv1 Fuselage radius at x=L� 0:05 (0.8–2 ft)
dv2 Fuselage radius at x=L� 0:1 (dv1< dv2< dv1� 0:8 ft)
dv3 Fuselage radius at x=L� 0:2 (2.5–2.6 ft)
dv4 Fuselage radius at x=L� 0:3 (3.1–3.2 ft)
dv5 Fuselage radius at x=L� 0:5 (2.5–3.0 ft)
dv6 Fuselage radius at x=L� 0:6 (2.0– 2.5 ft)
dv7 Fuselage radius at x=L� 0:8 (1.5–1.8 ft)
dv8 Wing root incidence (0.5–1 deg)
dv9 Wing twist at break point (�2–�1:5 deg)
dv10 Wing twist at tip (�3–�2:5 deg)
dv11 Horizontal tail x location (105–108 ft)
dv12 Horizontal tail root incidence (�1–�0:5 deg)
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model [10] as follows:

��sec� � 0:003

�p�psf� (3)

The rise time upper bound of � < 3 ms is used to avoid an unrealistic
long rise time for a very small pressure rise.

IV. Sensitive Signature Problems in Sonic-Boom
Minimization with Conventional

Sonic-Boom Metrics

A. Initial and Final Pressure Rises

Figure 4 shows one example of the sensitive low-boom signatures
that is obtained in the sonic-boom minimization using the following
objective function:

I ��pinitial ��pfinal (4)

In this design example, the objective function is evaluated only just

under the flight path where the sonic-boom intensity is thought to be
strongest. Figure 4 shows the optimized low-boom signature on the
ground just under the flight path (Y � 0 mile). Upon first viewing
this figure, the initial pressure rise seems to be�p� 0:3 psf, but this
pressure rise comprises two pressure rises shown in the close-up
figure.A second pressure rise of�p� 0:25 psf follows thefirst very
small pressure rise of �p� 0:05 psf at a very short interval of
�T � 0:01 ms. These consecutive pressure peaks at a very short
interval should be regarded as one pressure rise of �p� 0:3 psf
because the human ear cannot distinct such a short time difference
and moreover this signature seems to be very sensitive to any
changes in flight or atmospheric conditions.

B. dBA

Figure 5 shows another sonic-boom minimization example in
which the dBA value of a sonic-boom signature predicted just under
the flight path is used as an objective function. In [11], the dBA
evaluations of sonic-boom signatures are shown to have a good

Fig. 4 Sonic-boom minimization for initial and final pressure rise.

Fig. 5 Sonic-boom minimization for dBA.

Fig. 7 Sonic-boom minimization for dBA with sensitive signature

penalty.

Fig. 6 Signature modification for sensitive signature penalty.

Fig. 8 Signature mold line definition.
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Fig. 9 Sonic-boom minimization using signature mold line evaluation.
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correlation with human responses as well as the Stevens perceived
noise level (PLdB) [12]. The optimized low-boom signature under
the flight path shown in Fig. 5a is a sensitive signature similar to the
previous design case. The first pressure rise of 0.53 psf comprises
two pressure rises of 0.28 and 0.25 psf at an interval of 0.03 ms. The
pressure rise around T � 40 ms also comprises two pressure rises of
0.3 and 0.27 psf at an interval of 0.6 ms. This design result suggests
that the sonic-boom minimization for dBA tends to divide a large
pressure peak into several small pressure peaks at short intervals.
Figure 5b shows the sonic-boom loudness distribution across the
boom carpet. It shows that the dBA value is minimized only just
under theflight path, and it increases about 6 dBA about 3miles aside
of the flight path because the short intervals as shown in Fig. 4
disappear and some large pressure rises are formed in the signature.

Two handlings are needed to avoid these sensitive signatures
shown in the previous design examples. One handling is to use the
maximum sonic-boom intensity across the boom carpet as an
objective function. But still the sensitive signature may appear
somewhere in the boom carpet. Another handling is to use a certain
robust sonic-boom metric as an objective function, which cannot
accept any sensitive signatures. Such robust sonic-boom metrics are
described in the next section.

V. New Sonic-Boom Metrics for Robust
Sonic-Boom Minimization

A. dBA with Sensitive Signature Penalty

One simple way to avoid the sensitive signatures is to use the dBA
value with a certain penalty for a very short interval between two
consecutive pressure peaks. In this study, such a penalty is
considered by modifying a signature before the dBA evaluation. A
sonic-boom signature predicted by the Thomas method is modified
with the estimated rise time as shown in the leftfigure of Fig. 6.When
the interval of two consecutive pressure peaks in the signature is
shorter than the average rise time for the peaks, they are regarded as
one pressure peak and are modified as shown in the right figure of
Fig. 6. The result of the sonic-boom minimization just under the
flight path using this dBA evaluation with the penalty effects is
shown in Fig. 7. Compared to the case of using the normal dBA, the
optimized signature with this dBA evaluation shows robustness for
the sensitive signature. Because this signature modification like
shock merging is very simplified, the dBA value itself should not be
used for human acceptability study. The other modification based on
physical shock thickening mechanisms such as a molecular
relaxation absorption theory should be used for such a purpose.

B. Signature Mold Line Evaluation

In [4], Chan suggested that minimizing the difference between the
maximum and the minimum pressure in a signature is more robust
metric than the normal dBA. This evaluation is equivalent to
minimize the distance between the imaginary walls above and below
the sonic-boom signature and a flat-top type low-boom signature is
one of the optimized signatures for this metric. A signature mold line
evaluation proposed in this section as another robust sonic-boom
metric is an extended version of this metric by changing the wall
shapes to represent the other types of low-boom signatures.
Compared to the dBA with the sensitive signature penalty, the
signature mold line evaluation has an advantage of specifying a
target low-boom signature. The signature mold line shown by the
dashed line in Fig. 8 is defined by two parameters specified by a
designer. Slope B is used to represent the ramp and hybrid-type low-
boom signatures and Tflat top is used for the hybrid-type low-boom
signature. Although this signature mold line method is robust at the
initial and final parts of a signature, the maximum pressure rise in the
signature may increase the dBA value of the signature if it is larger
than �pSMLinitial

and �pSMLfinal
. Therefore the following objective

function is used in the signature mold line evaluation.

I ��pSMLinitial
��pSMLfinal

�max�0;�pmax ��pSMLinitial
;�pmax

��pSMLfinal
� (5)

Additionally, the signature modification described in the previ-
ous section is used to avoid sensitive signatures around the maxi-
mum pressure rise. Because this objective function tends to reduce
the maximum pressure rise in the signature, it seems to reduce
the dBA value of the signature. The detail of the correlation be-
tween this signature mold line metric and the sonic-boom impact
should be studied in future work. The results of sonic-boom
minimization using this objective function evaluated just under
the flight path are shown in Fig. 9. The target three types of low-
boom signatures, flat-top type (B� 0, Tflat top � 0 ms), ramp type
(B� 0:5 psf=20 ms, Tflat top � 0 ms), and hybrid type (B�
0:5 psf=20 ms, Tflat top � 20 ms) are successfully generated on the
ground by this objective function. In the figure, each airplane
configuration is shown with its airplane drag in drag counts
(1 drag count� 0:0001) at cruise CL.

VI. Sonic-Boom Minimization Across
the Boom Carpet

As previously suggested, the sonic boom should be minimized
across the boom carpet for robust low-boom design even if the
previous robust metrics are used as objective functions. Figure 10
compares the low-boom design result across the boom carpet with
the one minimized just under the flight path. The lateral distribution
of dBA minimized across the boom carpet becomes flat whereas the
dBA distribution obtained by the low-boom design just under the
flight path has a smaller dBA value only at the center line
(Y � 0 mile).

VII. Conclusion

Some new sonic-boom metrics are studied to avoid sensitive low-
boom signatures obtained in sonic-boom minimization using
conventional sonic-boom metrics. The low-boom design examples
show that the sensitive signature penalty makes the dBA evalua-
tion robust. The signature mold line evaluation in which a designer
can specify a target low-boom signature is also a robust metric and
three types of low-boom signatures are successfully obtained in the
low-boom design of an SSBJ configuration. The sonic-boom
minimization across the boom carpet instead of just under the flight
path is important for robust low-boom design. Although the sonic-
boom metrics proposed here showed the importance of analytical
robustness of the objective functions in sonic-boom minimization,
they do not necessarily guarantee the minimum boom impact.
Further studies of correlation between the metrics and the sonic-
boom impact are needed.
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