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Numerical Optimization of Fuselage Geometry
to Modify Sonic-Boom Signature
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A low-sonic-boom design method is developed by combining a three-dimensional Euler computational � uid
dynamics code with a least-squares optimization technique. In this design method, the fuselage geometry of an
aircraft is modi� ed to minimize the pressure discrepancies between a target low-boom pressure signature and a
calculated signature. The aircraft con� gurations that generate three types of low-boom pressure signatures, i.e.,
� attop type, ramp type, and hybrid type, are successfully designed by this method. It is shown that the sonic-boom
intensity of the aircraft designed by linear theory is reduced and the � attop-type ground pressure signature is
obtained by this method. The results of the study suggest that this method is a useful tool for low-boom design.

Nomenclature
Ae = equivalent-areadistribution of aircraft
CDp = pressure drag coef� cient
CL = lift coef� cient
F.¿ / = F function
H = normal distance from aircraft
J = object function in optimization process
K = number of design variables used in optimization process
L = aircraft length
M = freestream Mach number
Pb = baseline pressure in optimization process
Pt = target pressure in optimization process
p1 = freestream static pressure
x = streamwise location
y = spanwise location
¯ =

p
M2 ¡ 1

° = speci� c heat ratio
1p = shock overpressure
1S = element length of pressure signature
1TR = rise time of shock overpressure
±k = kth design variable

Subscript

i = i th element of pressure signature in optimization process

Introduction

T HE sonic boom caused by supersonic overland � ight is one of
the biggest environmental problems for the supersonic trans-

port (SST). A lot of predictionmethodsfor the sonicboomhavebeen
already developed. Whitham1 developed a modi� ed linear theory
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called the F-function method. This method was originally appli-
cable for only a body of revolution, but it was extended for a wing
bodylaterbyWalkden.2 Thomas3 presentedacomputationalmethod
to extrapolate a near-� eld pressure signature out to the far � eld,
which is called the waveform parameter method. The F-function
method and the waveform parameter method are mathematically
equivalent because both methods utilize geometric acoustics and
isentropic wave theory. The waveform parameter method needs a
near-� eld pressure signature as input data. Computational � uid dy-
namics (CFD) is one suitable approach to simulate the near-� eld
pressure signature4;5 because it is applicable to cases that include
strong shock waves. In this study, a � nite-difference Euler code is
used to predict the near-� eld pressure signature and the waveform
parameter method is applied to extrapolate the near-� eld pressure
signature to the ground.

Many kinds of methods to reduce the sonic-boom intensity have
been published. Seebass and George6 determined the area distri-
bution that minimized the sonic-boom intensity. However, the area
distribution has an extremely blunt nose shape that produces large
drag.Darden7 modi� ed this minimizationmethod in order to reduce
the drag by controlling the bluntness of the area distribution near
the nose. Compared with these low-boom design methods based
on linear theory, a low-boom design method for which numerical
optimization is used is presented in this study.

Low-Boom Design Method Based on Linear Theory
Figure 1 shows the concept of Darden’s low-boom design.7 This

method is based on the F-function method. In the F-functionmeth-
od, the perturbationpressure is given by

p ¡ p1

p1
D ° M2

2¯.H=L/
F.¿ / (1)

The F function F.¿ / can be expressed as

F.¿ / D
1

2¼

¿

0

Ae00
p

¿ ¡ t
dt (2)

In Darden’s low-boom design method, the F function is de� ned
by several parameters, shown in Fig. 1, and each parameter has an
in� uenceon the shape of the ground pressure signatureor the sonic-
boom intensity. Figure 2 shows three types of low-boom pressure
signatures: a � attop-type, a ramp-type, and a hybrid-type pressure
signature.Darden’s low-boom design method can consider the � rst
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Table 1 Aircraft dimensions
and � ight conditions

Aircraft length 91.4 m
Weight 3175 tons
Wing planform area 1115 m2

Design Mach number 1.4
Flight altitude 12.8 km

Fig. 1 Concept of low-boom design.7

Fig. 2 Low-boom pressure signatures.

Fig. 3 Low-boom con� guration.8

two types. A � attop-type pressure signature is generated when pa-
rameter B in Fig. 1 is 0.0, and a ramp-type pressure signature is
generated when B has a positive value. The F function shown in
Fig. 1 hasa spikedpart in thenose region,and the parameter y f is the
width of the spiked part. This parameter controls the nose bluntness
of the aircraft. The aircraft has a blunt nose when y f is small.

The sonic-boomintensityof the low-boomaircraftcon� guration8

(Fig. 3) designedby Darden’s method was predicted in our previous
study.9 The dimensions of this aircraft and � ight conditions are
shown in Table 1. Darden’s low-boomdesign method providesonly
the total equivalent-area distribution, which consists of two basic
components: the actual area of the con� guration and the equivalent

area that is due to the distribution of lift. The actual area at a given
point on the � ight-path axis is determined by a frontal projectionof
the body component areas intercepted by a cutting plane inclined
at a Mach angle with respect to the body axis. The equivalent area
that is due to the distribution of lift is determined by a summation
of a local force per unit longitudinal distance. Therefore in� nite
combinations of fuselage and wing geometry that have the same
totalequivalent-areadistributionare possible.In the caseof this low-
boom aircraft con� guration, the wing planform is � rst determined
by a supersonic theory for drag reduction and the wing is warped
to reduce induced drag. The fuselage geometry is next determined
for boom minimization. The con� guration is designed to generate
a � attop-typepressure signature on the ground by Darden’s theory.
The initial peak pressure level estimated by linear theory is 42 Pa.
The value of the parameter y f =L for this con� guration is set at
0.00001, which means a blunt nose.

The near-� eld pressure signature for the low-boom con� guration
is obtainedwith a fully three-dimensionalEuler code.The numerical
method used to solve the governing equations is an implicit � nite-
difference scheme. The diagonalized alternative-direction-implicit
scheme,whichutilizesan upwind� ux-splittechnique,is used for the
implicit left-hand side. In addition, a higher-order upwind scheme
based on the total-variation-diminishing scheme by Chakravarthy
and Osher10 is applied to the inviscidterms of the explicit right-hand
side. This numericalcode has been used to calculatenear-� eld pres-
sure signaturesof several SST con� gurations in Refs. 9 and 11. The
calculated near-� eld pressure signatures showed good agreement
with experimental data. The computational grid generated around
the low-boom con� guration is shown in Fig. 4. It is generated by
stacking two-dimensional plane grids that are normal to the body
axis. The grid outer boundary and the downstream grid surface are
extendedoutward from thebodyaxis in order to captureshockwaves
sharply at some distancefrom the aircraft. Figure 5 shows the calcu-
latednear-� eld pressure signaturesfor this low-boomcon� guration.
In the nose region of the signature, a spiked part that is a feature
of the low-boom pressure signature is shown at H=L D 1:0, and
this spiked part becomes a � attop shape at H=L D 6:0. In the rear
part of the signature, some pressure peaks are shown at H=L D 1:0.
The highest-pressurepeak of them is due to the strong shocks from
the outer-wing leading edges. These peaks coalesce into one high-
pressure peak as the distance from the aircraft becomes large.

Figure 6 shows the equivalent-areadistributionsof the low-boom
con� guration. In this � gure, Volume and Lift mean the actual area
of the con� guration and the equivalent area that is due to the distri-
bution of lift calculated from the CFD result, respectively.The total
equivalent-area distribution, which is a summation of the above
two components, and the equivalent-area distribution designed by
Darden’s method are represented by Volume C Lift and Designed,

Fig. 4 Computational grid (53 £ 130 £ 140).
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Fig. 5 Calculated near-� eld pressure signatures.

Fig. 6 Equivalent-area distributions.

Fig. 7 Ground pressure signature.

respectively.The agreementbetweenVolumeC Lift andDesigned is
quite good. Therefore this low-boom aircraft is accuratelydesigned
in accordance with Darden’s low-boom design method.

The waveform parameter method is used to extrapolate the near-
� eld pressure signature to the ground.This method requires several
input data such as aircraft � ight conditions and atmospheric prop-
erties. The following input data are used here: � ight Mach number
of 1.4, � ight altitudeof 12.8 km, and standard no-wind atmospheric
conditions.Figure 7 shows the extrapolatedground pressure signa-
ture for the low-boom con� guration compared with the design sig-
nature. To include the three-dimensional effect of the aircraft, it is
necessary to use a near-� eld pressure signatureat some distancebe-
low the aircraft as input data of the waveform parameter method. In
the case of this aircraft, the near-� eld pressuresignatureat a distance
of H=L D 6:0 is used. The distance is determined by a preliminary

sensitivity study. In Fig. 7, the predicted pressure signature shows
a � attop shape in the front part and the initial peak pressure level is
approximately46 Pa, which is approximately the same as the initial
design value of 42 Pa. However, there are signi� cant discrepancies
between the predicted ground pressure signatureand the design sig-
nature,and the maximum pressure level in the predictedsignatureis
approximately100 Pa. One reasonfor thesediscrepanciesis thought
to be the three-dimensional effect of the aircraft con� guration be-
cause the axisymmetrical nose of the aircraft achieves the � attop
shape in the front part of the ground pressure signature.

Low-Boom Design Method by Use
of Numerical Optimization

In this section, a new low-boom design method that couples the
three-dimensionalEuler CFD code and a least-squaresoptimization
technique12 is presented to modify the predicted ground pressure
signature in Fig. 7.

The fuselage geometry of the aircraft is modi� ed axisymmet-
rically in the optimization process to minimize the discrepancies
between the calculated near-� eld pressure signature and the target
signature.The axial distributionof radial perturbation is de� ned by
a B-spline curve controlled by K points, whose radial coordinates
±k are design variables in the optimization process.

The optimization method used in this study is based on a least-
squares technique. The differences between the target and baseline
pressures are reduced when perturbationsare added to the baseline
fuselage geometry iteratively. The object function to be minimized
through the optimization is

J D
I

i D 1

Pti ¡ Pbi ¡
K

k D 1

@ Pi

@±k
±k

2

1Si (3)

where the quantity @ Pi =@±k is the response of the � ow� eld to the
small radial perturbation±k . The unknown ±k is to be determinedby
a least-squaresmethod.

The target pressure signature is given in the near � eld of the air-
craft. This target near-� eld pressure signature is determined so that
the ground pressure signature extrapolatedfrom it by the waveform
parameter method becomes the target low-boom ground pressure
signature.

Design Results
Some low-boom design examples are shown to validate this low-

boom design method. Figure 8 shows an aircraft con� guration that
is used as an initial con� guration for the validation.The aircraft has
a 4.57-m-diam cylindrical fuselage with a sharp nose and a delta
wing whose swept-back-angle is 77.5 deg. The pro� le of the delta
wing is a 1.37-m-thick � at plate with the leading and the trailing
edges with half angles of 10 deg.

In the validation, the low-boom pressure signatures shown in
Fig. 2 are used as target ground pressure signatures. The � attop-
type pressure signature is selected for case 1, the ramp type for
case 2, and the hybrid type for case 3. The target near-� eld pressure
signature for each case is de� ned at a distance of H=L D 2:0 be-
low the aircraft so that the extrapolated ground pressure signature
becomes the corresponding target low-boom ground pressure sig-
nature. The distance of H=L D 2:0 is determined to be the required
locationof the near � eld based on a preliminarysensitivitystudy for
this simple aircraft con� guration. The number of design variables
represented by K , which is the number of controlling points for
the B-spline curve, equals eight in these design examples. In these
design processes, most of the computation time is consumed in the
CFD analysis, because it is needed to calculate the � ow� eld K C 1
times in one optimization cycle to � nd � ow� eld responses to the
geometry perturbations.Figure 9a shows the initial, the target, and
the optimized near-� eld pressure signatures for case 1. The ground
pressure signatures extrapolated from these are shown in Fig. 9b,
and the optimized fuselage geometry and the initial geometry are
shown in Fig. 9c. Similar � gures for cases 2 and 3 correspondingto
ramp and hybrid pressure signatures are shown in Figs. 10 and 11,



MAKINO ET AL. 671

Fig. 8 Aircraft con� guration for the validation of the low-boom design.

a) Near-� eld pressure signature

b) Ground pressure signature

c) Fuselage con� guration

Fig. 9 Low-boom design example: case 1, � attop-type low-boom pres-
sure signature; M = 2.0.

a) Near-� eld pressure signature

b) Ground pressure signature

c) Fuselage con� guration

Fig. 10 Low-boom design example: case 2, ramp-type low-boom pres-
sure signature; M = 2.0.
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a) Near-� eld pressure signature

b) Ground pressure signature

c) Fuselage con� guration

Fig. 11 Low-boom design example: case 3, hybrid-type low-boom
pressure signature; M = 2.0.

respectively.It is shown in these � gures that optimizedaircraft con-
� gurationscan be developedthat correspondto the target low-boom
pressure signatureson the ground.These examples suggest that this
design method is useful for low-boom design.

Next, the initial low-boom con� guration shown in Fig. 3 is mod-
i� ed to generate a � attop-type pressure signature on the ground,
shown in Fig. 7 (dashed line). The target pressure signature is given
at a distance of H=L D 6:0 below the aircraft. The number of the
controllingpoints for a B-spline curve is eight, and the range of the
point distribution is changed as follows:

0:1 < x=L < 0:9 .1 · N < 6/

0:1 < x=L < 0:6 .6 · N < 9/

0:2 < x=L < 0:7 .9 · N < 11/

0:3 < x=L < 0:8 .11 · N < 13/

0:4 < x=L < 0:9 .13 · N · 14/

where N is the iteration number of the design cycle. In the � rst
� ve cycles, the controlling points are distributed over the aircraft
axis, except the axisymmetrical part of the con� guration, and after

Fig. 12 Optimized near-� eld pressure signature at H/L = 6.0.

Fig. 13 Near-� eld pressure signatures for optimized low-boom con� g-
uration.

that they are distributed in narrower part of the axis for detailed
modi� cation of the fuselage geometry.

Figure 12 shows the optimized near-� eld pressure signature with
the target and initial pressure signatures at H=L D 6:0. The � gure
shows that the optimized pressure signature is � atter than the ini-
tial signature and in better agreement with the target. Figure 13
shows the optimizedpressure signatures at H=L D 1:0, 3.0, and 6.0
comparedwith Fig. 5. In the rear part of the signatureat H=L D 1:0,
the pressurelevelbefore the highestpeakbecomes lower than thatof
the initial signature.As the distancefrom the aircraft becomes large,
the pressurepeaks in the rear part coalesceand form a � attop shape.

Figure 14 shows the convergence history of the optimization
process. A convergenceparameter is de� ned as

C P D

T

i D 1

.Pti ¡ Pbi /
21Si

T

i D 1

1Si

1
2

(4)

It is noted that the differences between the target and the initial
pressures are reduced by the optimization.

Figure 15 shows the ground pressure signatures extrapolated
from the near-� eld pressure signatures at H=L D 6:0 in Fig. 12.
Comparing the optimized and the initial pressure signatures,we see
that the maximum peak pressure level drops from 100 to 60 Pa.
Sonic-boom intensities have historically been de� ned by the lev-
els of their peak overpressure for typical N-wave signatures. For
low-boompressure signatures,however, it is not a suf� ciently accu-
rate indicatorof human response, and some other noise metric such
as an A-weighted sound pressure level or perceived noise level is
needed.13 In Ref. 14, a loudness of 72 dBA or less is proposed as an
acceptance criterion from an analysis of available human-response
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Table 2 Sonic-boom intensities

Initial, Target, Optimized,
Series dBA dBA dBA

A 89.1 86.9 87.1
B 84.0 81.6 81.9
C 79.4 76.7 77.4

Fig. 14 Convergence history.

Fig. 15 Optimized ground pressure signature.

Fig. 16 Rise-time prediction.16

testing data. The sonic-boom intensities of the ground pressure sig-
natures in Fig. 15 evaluated in terms of A-weighted decibels are
shown in Table 2. The rise time of the shock overpressure in the
ground pressure signature is predicted from the followingempirical
relations between the rise time 1TR and the shock overpressure1p
shown in Fig. 16:

log 1TR D A1 log 1p C A2

A-series: A1 D ¡0:923; A2 D 1:88

B-series: A1 D ¡0:920; A2 D 2:23

C-series: A1 D ¡1:080; A2 D 2:79 (5)

The � rst approximate equation (A-series) is obtained from the
molecular absorption theory.15 The second (B-series) and third (C-
series) equations are the empirical model and the outer boundary
of the � ight data,16 respectively. The sonic-boom intensities of the
target and the optimized ground pressure signatures evaluated in
A-weighted decibels are approximately the same in all series, al-
though there are a few discrepancies among these signatures, as
shown in Fig. 15. The sonic-boom intensity of the optimized low-
boom con� guration is approximately 2 dBA smaller than that of
the initial con� guration in all series. The sonic-boom intensity of
the optimizedgroundpressuresignature,however,does not meet the
loudness criteria of 72 dBA, even in the case of the C-series rise-
time prediction. This is due to the tail shock pressure rise, which
is approximalety 80 Pa. Additional modi� cation of the tail con� g-
uration, including a tail wing, will be needed to reduce the shock
pressure rise.

The optimized fuselage shown in Fig. 17 becomes wider in
the rear part than the initial geometry because a strong expan-
sion wave must be generated from the aircraft tail to reduce the
pressure peak because of the shocks from the outer-wing leading
edges. Because of this wider fuselage, the pressure drag coef� cient

Fig. 17 Optimized fuselage geometry.
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Fig. 18 Optimized equivalent-area distributions.

calculated from the CFD result of the optimized con� guration be-
comes CDp D 0:0121, which is greater than that of the initial con-
� guration of CDp D 0:0103: Some design constraints on fuselage
volume or drag coef� cient will be required in the optimization
process.

Figure 18 shows the equivalent-area distribution of the opti-
mized con� guration compared with Fig. 6. The optimized distri-
bution (Volume C Lift) is different from the designed distribution
(Designed) because the actual area (Volume) of the optimized con-
� guration becomes large in the tail part. The equivalent area that is
due to the distribution of lift (Lift) does not change compared with
that of Fig. 6 because only the fuselage geometry of the initial con-
� guration is modi� ed in the optimization.From the point of view of
the aerodynamic performance, the optimization of the distribution
of lift will be an important topic in low-boom design.

Conclusions
Aircraft con� gurations with minimized sonic-boom signatures

are de� ned with the linear theory and a numerical optimization ap-
proach. The numerical low-boom design method combines a three-
dimensionalEulerCFD codewith a least-squaresoptimizationtech-
nique. It is shown that aircraft con� gurations that generate three
types of low-boom pressure signatures, � attop type, ramp type, and
hybrid type, can be successfullydesignedby this method. The fuse-
lage geometry of the low-boom con� guration designed by the lin-
ear theory is modi� ed by the numerical optimization in order to

minimize the pressure discrepancies between a target � attop-type
low-boom signature and the calculated signature. The sonic-boom
intensity of the optimized con� guration is lower than that obtained
from linear theory.Therefore it is suggestedthat thismethod is a use-
ful tool for low-boomdesign.Further efforts will be required for the
numerical low-boom design method for improving the sonic-boom
acceptability and the aerodynamic performance of aircraft.
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