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Nonaxisymmetrical Fuselage Shape Modi� cation
for Drag Reduction of Low-Sonic-Boom Airplane

Yoshikazu Makino,¤ Ken’ichiro Suzuki,† Masayoshi Noguchi,‡ and Kenji Yoshida§

National Aerospace Laboratory, Tokyo 182-8522, Japan

The effects of nonaxisymmetrical fuselage design for reducing the drag of a low-sonic-boom airplane are inves-
tigated by computational� uid dynamics (CFD) analyses and veri� ed in wind-tunnel tests. The nonaxisymmetrical
fuselage design, in which the upper side of a fuselage is designed for low drag whereas the lower side is designed
for low sonic boom, is applied to the design of a Mach 1.7 scaled supersonic experimental airplane. The designed
airplane is compared with a low-drag airplaneand a low-sonic-boomairplanewith an axisymmetrical fuselage. The
CFD analyses show the nonaxisymmetrical fuselage design can signi� cantly reduce the drag of a low-sonic-boom
airplane with an axisymmetrical fuselage without losing its low-sonic-boom characteristics. The CFD results are
veri� ed by force and near-� eld pressure measurements in supersonic wind-tunnel tests.

Nomenclature
Ae = equivalent-areadistribution of airplane
CD = drag coef� cient
CDp = pressure drag coef� cient
CL = lift coef� cient
C p = pressure coef� cient
F.¿ / = F function
H = normal distance from airplane
K R = ground re� ection factor of sonic boom
L = airplane length
M = Mach number
p = static pressure
p1 = freestream static pressure
x = axial coordinate of airplane
y f = nose bluntness relaxation parameter
® = angle of attack
¯ =

p
.M 2 ¡ 1/

° = speci� c heat ratio
1p = shock overpressure
¹ = Mach angle

Introduction

T HE National Aerospace Laboratory (NAL) of Japan started
a scaled supersonic experimental airplane program1 in 1996.

The main objective of this project is to establish advanced airplane
drag reduction technologies including computational � uid dynam-
ics (CFD)-based total design tools for an economicallyfeasiblenext
generation supersonic transport (SST). As well as the drag mini-
mum design, the design for reducing the sonic-boom caused by su-
personicoverland� ight is important for an environmentallyfeasible
SST. Manykindsof low-sonic-boomdesignmethodshavebeenpub-
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lished.Seebass andGeorge2 determinedtheequivalentarea distribu-
tion of the airplane that minimized the sonic-boom intensity. How-
ever, the area distributionhas an extremely blunt nose shape, which
produces large drag. Therefore, a tradeoff between airplane drag
and sonic-boomintensity is needed.Darden3 modi� ed the Seebass–
George2 sonic-boom minimization method to reduce the drag by
controlling the bluntness of the area distribution near the nose.

In this study, a nonaxisymmetrical fuselage design is used in
the low-sonic-boom design to avoid the drag penalty. The major
objective of this paper is a veri� cation of the nonaxisymmetrical
fuselage design concept for reducing the drag of a low-sonic-boom
airplane with an axisymmetrical fuselage without losing its low
sonic-boom characteristics.

Low-Drag/Low-Boom Design Method
Darden’s low-boom design3 is based on the F-functionmethod,4

which is a modi� ed linear theory developed by Whitham for pre-
dicting the sonic boom. In the F -function method, the perturbation
pressure is given by

.p ¡ p1/=p1 D
£
° M 2

¯p
2¯.H=L/

¤
F.¿ / (1)

The F function F.¿ / can be expressed as
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¿
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p
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In Darden’s low-boom design method,3 the F function is de� ned
by several parameters that have an in� uence on the shape of the
ground pressure signature or the sonic-boomintensity.One of these
parameters, y f , controls the nose bluntness of the airplane. The air-
plane has a blunt nose when y f is small. Darden’s low-boom design
method only provides the total equivalent area distribution of the
airplane, which consists of two basic components: the actual area
of the con� guration and the equivalent area due to the distribution
of lift. The actual area at a given point on the � ight-path axis is
determined by a frontal projection of the cross-sectional area of
the con� guration intercepted by a cutting plane inclined forward
at the angle of ¼=2 ¡ ¹ from the cutting plane normal to the body
axis. The equivalentarea due to the distributionof lift is determined
by a summation of a local force per unit longitudinal distance.5

Therefore, there are in� nite combinations of the fuselage and wing
geometries that have the same total equivalent area distribution. In
the low-boom design of the experimental airplane in this study, the
main wing is determined for drag reduction, and only the fuselage
geometry is modi� ed for boom minimization. The equivalent area
due to the distribution of lift and the actual areas of the airplane
components except the fuselage are subtracted from the target low-
boom area distribution determined by Darden’s method.3 The rest
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of the area distribution is for the low-boom designed fuselage. If
the fuselage is axisymmetrical, its geometry is directly determined
from the area distribution.The fuselagegeometry consideredin this
study, however, is not directlydetermined from the area distribution
because the design space of the fuselage is expanded to a nonax-
isymmetrical geometry for low-drag/low-boom concept. The idea
of the nonaxisymmetricalfuselage is that the lower side of the fuse-
lage of the airplane, which seems to have a big in� uence on the
sonic boom, is designed for low-boom, whereas the upper side of
the fuselage is designed for low drag.

Design Result
Airplane Con� guration Without Nacelles

The experimental airplane in the preliminary design phase is
shown in Fig. 1. The nacelles are big for such a scaled airplane be-
cause we plan to use two existing engines for its propulsionsystem.
The airplane length is 11.5 m, and the span is 4.93 m. For a simple
design test, the nacelles are not considered in this section. The low-
drag/low-boom design method is applied to a main wing, fuselage,
and tail wing con� guration shown in Fig. 2. The main wing and
tail wing geometries are the same as shown in Fig. 1. The baseline
con� guration shown in Fig. 2a is called the low-drag con� guration
and is compared with the other two con� gurations in this section.
The axisymmetrical fuselage of the low-drag con� guration, which
is extendedto 12 m, is newly designedfor this case by an area rule so
that its circumferentiallyaveraged area distribution6 coincides with
a Sears–Haack body area distribution shown in Fig. 3. The fuse-
lage of the low-drag con� guration is replaced by a low-sonic-boom
designed fuselage to de� ne the low-boom con� guration shown in
Fig. 2b. In the low-sonic-boom design, a � attop-type low-sonic-
boom signature is prescribedas a target pressure signature, and the
nose bluntness of a fuselage is relaxed to suppress drag increase
by setting the parameter y f at 0.1. The total equivalent area distri-
bution of the low-boom con� guration is shown in Fig. 4 compared
with the target area distribution de� ned by Darden’s method.3 The
total equivalent area distribution shows good agreement with the
target before x D 8 m. However, it is different from the target in the
rear part because the wing planform is not designedfor a low-sonic-
boom concept, that is, the equivalent area distribution due to lift is
about the same as that of the low-drag con� guration. It means that
the reduction of a rear shock intensity of the sonic-boom signature
is not taken into account in this low-sonic-boomdesign. Therefore,
sonic-boom intensities are de� ned by the initial pressure rises of
the ground pressure signatures in this study. A nonaxisymmetrical
fuselage design is applied to the low-boom con� guration. In the de-
sign, a fuselage geometry is de� ned by the upper, side, and lower
fuselage radius distributions along an airplane axis. Therefore, a
cross section of the fuselage is composed of upper- and lower-half
ellipses.The sideand lower radiusdistributionsare determinedfrom
the same low-sonic-boom target area distribution as the low-boom
con� guration, whereas the upper radius distribution is � xed to that
of the low-drag con� guration.The designedcon� guration is shown
in Fig. 2c and is called the low-drag/low-boom con� guration.

Fig. 1 Jet-powered experimental airplane.

A three-dimensionalEuler CFD code estimates pressuredrag co-
ef� cients of these three con� gurations. As an example, the CFD
analysis for the low-drag con� guration is shown in Fig. 5. The
number of grid points used in this CFD analysis is about 3.5 mil-
lion. The grid outer boundary and the downstream grid surface are
extended outward from the body axis to capture shock waves as
sharply as possible at some distance from the airplane. Details of
the CFD code used in this study are given in Ref. 7, and the CFD
results are comparedwith experimentaldata for validationin Ref. 8.
In the near-� eld pressure � eld shown in Fig. 5b, two shocks from

a) Low-drag con� guration

b) Low-boom con� guration

c) Low-drag/low-boom con� guration

Fig. 2 Airplane con� gurations without nacelles.
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Fig. 3 Area distribution of low-drag con� guration without nacelles.

Fig. 4 Equivalentarea distributionof low-boomcon� gurationwithout
nacelles.

the nose and wing are clearly seen under the airplane. These two
shocks generatetwo peaks in the near-� eld pressuresignatureat two
times the airplane length under the airplane shown in Fig. 6. On the
other hand, pressure signaturesfor the low-boomand low-drag/low-
boom con� gurations show the � attop-like shape in the front part,
and the peaks due to the wing shock are much lower than that for
the low-drag con� guration.These near-� eld pressure signaturesare
extrapolated to the ground by the waveform parameter method9 to
predictsonic-boompressuresignatures.The F-functionmethodand
the waveform parameter method are mathematically equivalent be-
cause both methods utilize geometric acoustics and isentropicwave
theory. The waveformparametermethod requires several input data
such as � ight conditions and atmosphericproperties.The following
input data are used here: � ight Mach number of 1.7, � ight altitude
of 15 km, and standard no-wind atmospheric conditions. A re� ec-
tion factor K R on the ground is 1.9 in this study. The position of a
near-� eld pressure signature used as an input data for the waveform
parameter method is important for predicting sonic-boom intensity
on the ground. It is needed to use the near-� eld signatureat a certain
distance from an airplane to take into account the three-dimensional
airplane con� guration effects, although the shock wave itself is dif-
� cult to be captured sharply in the CFD analysis. In this study, a
near-� eld pressure signature at H=L D 2:0 (two times the airplane
length under the airplane) is selected for an input signature because
it is shown that the ground pressure signatures extrapolated from
the near-� eld pressure signatures at H=L D 2:0 or farther are about
the same.

The extrapolated ground pressure signatures for the three con-
� gurations are also shown in Fig. 6. The ground signature for
the low-drag con� guration becomes a typical N-shaped signature,
whose initial pressure rise is about 22.5 Pa (0.47 psf) and duration
time is about 53 ms. The predicted sonic-boom signature is much
weaker than that for the Concorde(initialpressurerise 100 » 150 Pa
with durationtime 200ms) becausethe scaledairplaneisabout1/5as

a) Computational grid

b) Cp contours

Fig. 5 CFD result for low-drag con� guration without nacelles.

large as the Concordeand about 1/70 as heavy as the Concorde.The
signatures for the other two con� gurations still keep non-N-shaped
signatures on the ground, and the initial peak pressure levels are
about 7.2 Pa smaller than that for the low-drag con� guration.These
two low-boom signatures, however, do not become exact � attop
shape signatures because the � ight altitude to the airplane length
ratio for these scaled airplanes are too large (H=L D 1250). There-
fore, the extrapolated signatures at H=L D 300, which seems to be
suitablefor a real sizeSST, are also shownin Fig. 6. The pressuresig-
natures for low-boom and low-drag/low-boom con� gurations show
more of a � attop-type shape, whereas that for the low-drag con� g-
uration has already become an N-shaped signature.

Figure 7 shows the drag polars (CDp ¡ CL curves) for the con-
� gurations estimated by the CFD analyses. The curve for the low-
boom con� gurationshifts upwardby the axisymmetrical low-sonic-
boom design from that for the low-drag con� guration. The drag
polar for the low-drag/low-boom con� guration is located between
the other two curves. Pressure drag coef� cients at the � ight con-
dition (CL D 0:1) and the sonic-boom intensities for these con� g-
urations are shown in Table 1. The drag of the low-boom con� g-
uration is 96 drag counts (1 drag count is CDp D 0:0001), which
is 20 counts larger than that of the low-drag con� guration. The
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Fig. 6 Near-� eld and far-� eld pressure signatures for airplane con� gurations without nacelles.

Table 1 Characteristics for the con� gurations (without nacelles)

Low drag/
Con� guration Low drag Low boom Low boom

Fuselage volume, m3 2.45 2.49 2.45
Pressure drag 75.9 96.0 84.1

at design CL D 0.1, counts
Sonic-boom intensity 22.5 13.9 14.8

(initial pressure rise), Pa

nonaxisymmetrical fuselage design reduces the pressure drag of
the low-boom con� guration about 12 counts without increasing
its sonic-boom intensity. The results show the effect of the non-
axisymmetrical fuselage design for reducing pressure drag of a
low-sonic-boom airplane, although the pressure drag of the low-
drag/low-boomcon� guration is still larger than that of the low-drag
con� guration about 8 counts.

Airplane Con� guration with Nacelles
Numerical Investigation

Next, the jet-powered experimental airplane shown in Fig. 1 is
considered in the design of a low-sonic-boomcon� guration. In this
case,thebaselinecon� gurationshownin Fig. 1 is calledthe low-drag
con� guration. The area distribution of this low-drag con� guration
shown in Fig. 8 is not an exact Sears–Haack body area distribution.
In thedesignprocessof the low-dragcon� guration,� rstwe designed
an area-ruled con� guration whose area distribution coincided with
theSears–Haackbodyshownbya dashedline in Fig. 8.The designed
area-ruled fuselage has a very thick forebody because the areas of
two large nacelles are concentrated in the rear part of the airplane.
Therefore, we de� ned a slender fuselage shown in Fig. 1 to reduce
the fuselage volume as long as the fuselage keeps the minimum ra-
dius at x D 7 m where the cross-sectionalareas for two nacelles are
very large.The drag predictionby a linear theoryshows that thepres-
suredragof 115countsfor the low-dragcon� gurationis smaller than
thatof 136counts for the originalarea-ruledcon� guration.The CFD
analysis is conducted for the low-drag con� guration by the Euler
CFD code with an overset grids technique.10 The minor grid gener-
ated around a nacelle is overlapped to the main grid around a wing–
body con� guration as shown in Fig. 9a. The number of major grid
points is the same as the earlierdesigncase, and the numberof minor
grid points around a nacelle is about one million. The surface and
near-� eld pressure contours around the low-drag con� guration is

Fig. 7 Drag polars predicted by CFD analyses for airplane con� gura-
tions without nacelles.

Fig. 8 Area distribution of low-drag con� guration with nacelles.

shown in Fig. 9b. The equivalentarea due to lift of the con� guration
is calculatedby the CFD result and added to the area due to volume.

The total equivalent area distribution of the low-drag con� gura-
tion is shown in Fig. 10. The design lift coef� cient is determined
from the � ight conditionof the scaledexperimentalairplane.For the
low-boomdesign demonstration,it needs to � y as low as possibleto
generate a low-boom pressure signature on the ground. The lowest
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a) Overset grids

b) Cp contours

Fig. 9 CFD result for low-drag con� guration with nacelles.

� ight altitudedetermined from the structurallimit of the experimen-
tal airplane at Mach 1.7 is about 11 km, and the airplane weight is
about2.5 tons.The design lift coef� cientbecomesCL D 0:05,which
seems to be smaller than that for the real SST. Therefore, the study
in this case places emphasis on the veri� cation of the nonaxisym-
metrical fuselage design whose advantageous effects are shown in
the preceding wing–body case. The peak value of the area distribu-
tion is about 1.0 m2 at x D 7 m, and the target low sonic-boom area
distributionshown in Fig. 10 is determinedby Darden’s method3 so
that its peak value becomes about the same as that of the low-drag
con� guration.Because the total equivalentarea distributionand the
target low-sonic-boom area distribution are quite different in the
fore part, the low-boom con� guration seems to have a very thick
forebody to meet the target area distribution.

To avoid excessive volume increase, a wing strake as shown in
Fig. 11a is added to the inner wing. Figure 11a shows the low-boom
con� guration with an axisymmetrical fuselage and Fig. 11b shows
its total equivalent area distribution compared with the target low-
sonic-boom area distribution. Although the equivalent area distri-
bution due to lift of the low-boom con� guration increases a little in
the fore part compared with that of the low-drag con� guration, the
axisymmetrical forebodyof the low-boomcon� guration is still very

Fig. 10 Equivalent area distribution for low-drag con� guration with
nacelles.

a) Top view

b) Equivalent area distribution

Fig. 11 Low-boom con� guration with nacelles.

thick. The low-drag/low-boom con� guration shown in Fig. 12a is
designedby replacing the upper fuselagegeometryof the low-boom
con� guration with that of the low-drag con� guration. The side ra-
dius distributionof the low-drag/low-boom con� guration,however,
remains the low-boomgeometry in the nose part of the fuselage,and
it is smoothly connected to the low-drag side radius distribution on
the upper side of the strake. The total area distribution of the low-
drag/low-boom con� guration shown in Fig. 12b becomes different
from the targetbecauseof the decreaseof area due to volumeby cut-
ting the upper side of the fuselage. It means that this low-drag/low-
boom con� guration is not a low-sonic-boomdesignedairplaneany-
more in linear theory. Therefore, only the nonlinear analyses using
CFD or wind-tunnel tests can indicate that this con� guration main-
tain low-boom characteristics. The differences among these three
con� gurations are clearly seen in the front views shown in Fig. 13.
The low-drag/low-boom con� guration has the thin upper side fuse-
lage the same as that of the low-drag con� guration, and the thick
lower side fuselage,the same as that of the low-boomcon� guration.
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a) Top view

b) Equivalent area distribution

Fig. 12 Low-drag/low-boom con� guration with nacelles.

a) Low-drag con� guration

b) Low-boom con� guration

c) Low-drag/low-boom con� guration

Fig. 13 Front views.

The drag polars for the three con� gurationspredictedby the Euler
CFD analyses are shown in Fig. 14. The drag polar for the low-
boom con� guration shifts about 50 counts upward from that for
the low-drag con� guration. On the other hand, the pressure drag
level of the low-drag/low-boom con� guration is about the same as
that of the low-drag con� guration, although its fuselage volume
is much larger than that of the low-drag con� guration shown in
Table 2.

Table 2 Characteristics for the con� gurations (with nacelles)

Low drag/
Con� guration Low drag Low boom Low boom

Fuselage volume, m3 2.16 3.33 2.81
Wetted area, m2 51.1 54.5 53.7
Pressure drag (CFD) 137.7 187.2 136.8

at design CL D 0.05, counts
Drag (measurement) 285.2 338.6 286.7

at design CL D 0.05, counts
Sonic-boom intensity 41.7 38.8 38.3

(initial pressure rise), Pa

Fig. 14 Drag polars predicted by CFD analyses for airplane
con� gurations with nacelles.

The predicted near-� eld pressure signatures at H=L D 2:0 under
the airplane for the con� gurations are shown in Fig. 15. A high
peak due to the nacelle shocks is shown in the signature for the
low-drag con� guration. The near-� eld pressure signatures for the
low-boom and low-drag/low-boom con� gurations are very similar.
Although the pressure peaks due to the nose shock for these two
con� gurations are larger than that for the low-drag con� guration,
the pressurepeaks due to the nacelle shocksare smaller than that for
the low-drag con� guration. The pressure signatures at H=L D 150
and on the ground extrapolated from these near-� eld pressure sig-
naturesare also shown in Fig. 15 in the � ight conditionof the scaled
experimental airplane. The pressure signatures for the low-boom
and low-drag/low-boom con� gurations at H=L D 150 keep non-
N -shaped signatures, whereas that for the low-drag con� guration
becomes an N-shaped signature.On the other hand, the ground sig-
natures show typical N-shape for all three con� gurations not only
due to the large � ight altitude to airplane length ratio (H=L D 956)
but also due to the strong nacelle shocks that cannot be canceled by
the expansionwaves from the thick lower side fuselages.The initial
pressure rises of the low-boom and low-drag/low-boom con� gura-
tions,however,are about the samevalueof 38.8Pa (0.8 psf),which is
smaller than thatof the low-boomcon� gurationof 41.7 Pa (0.87psf)
as shown in Table 2. These numerical analyses show the nonax-
isymmetrical fuselage design can reduce the pressure drag level
of a low sonic-boom airplane without losing its low-sonic-boom
characteristics.

Experimental Veri� cation
Although the pressure drag of the low-drag/low-boom con� gu-

ration predicted by the Euler CFD analysis at design lift coef� cient
(CL D 0:05) is about1 countsmaller than thatof the low-dragcon� g-
uration, the wetted area of the low-drag/low-boom con� guration is
larger than that of the low-drag con� guration due to the thick lower
side fuselage as shown in Table 2. When the friction drag is consid-
ered, the veri� cation of the nonaxisymmetrical fuselage design by
wind-tunnel tests is needed. We conducted some wind-tunnel tests
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Fig. 15 Near-� eld and far-� eld pressure signatures for airplane con� gurations with nacelles.

Fig. 16 Wind-tunnel test.

for these three con� gurationsin NAL’s supersonicwind tunnel.This
wind tunnel is blowdown type, and its test section is 1 £ 1 m square.

A schematic view of the test is shown in Fig. 16 in which the
low-drag con� guration model is set to the sting. In the tests, aero-
dynamic forces are measured by an internalsix componentbalance,
and near-� eld pressure signatures are measured by a 1.8-m-long
pressure rod installed on the lower wind-tunnel wall. The pressure
rod has about 300 static pressure taps in line on its upper surface.
This 5-cm high pressure rod avoids the shock–boundary-layerinter-
ference on the wind-tunnel wall, and its sharp nose prevents strong
shock–shock interaction. The measured near-� eld pressure signa-
tures in the freestream condition without wind-tunnel models are
subtracted from the measured pressure signatures with models to
eliminate the in� uences of the pressure rod itself. The results of the
force measurementsof three con� gurationscomparedwith the CFD
results are shown in Fig. 17. The measured CL –® curves for three
con� gurations are slightly different from those predicted by CFD
analyses. In the CFD analysis, the CL –® curve for the low-boom
con� guration is similar to that of the low-drag con� guration.On the
otherhand, theCL –® curvefor the low-boomcon� gurationis similar

a) CL –®

b) Drag polars

Fig. 17 Drag polars measured in wind-tunnel tests compared with
CFD results.
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a) Under the airplane

b) Above the airplane

Fig. 18 Measured near-� eld pressure signatures compared with CFD
results.

to that of the low-drag/low-boom con� guration in the wind-tunnel
tests. This suggests that a certain phenomenon, which cannot be
taken into account in the Euler CFD analysis, such as a separation,
could occur in the � ow around the low-boom con� guration. The
shapes of the drag polars for the con� gurations are similar to the
CFD results, although the absolute values of drag coef� cients are
about 150 counts larger than those of CFD results due to the friction
drag. The differencesbetween the measured drag coef� cients of the
low-drag and low-boom con� gurations are about 53 counts, which
are larger than the CFD results.The measured drag coef� cient of the
low-drag/low-boom con� gurationat design CL becomes 1.5 counts
larger than that of the low-drag con� gurationbecauseof the friction
drag.

The near-� eld pressuresignaturesmeasuredat H=L D 0.4715un-
der the modelcomparedwith CFD resultsare shownin Fig. 18a.The
signaturesfor the low-boomand low-drag/low-boomcon� gurations
are very similar. They show spiked shapes at the beginning of the
signatures,which are the features of the low-sonic-boomnear-� eld
pressure signature. Their pressure peaks at x D 100 mm due to na-
celle shocks are lower than that of the low-drag con� guration. The
signatures at H=L D 0.4715 above the model, which are measured

by rotating the model upside down, are shown in Fig. 18b. The
signature for the low-drag/low-boom con� guration at this position
is similar to thatfor the low-boomcon� gurationin the forepart and is
similar to that for the low-drag con� guration in the rear part. In both
graphs (Figs. 18a and 18b), the near-� eld pressure signatures pre-
dicted by CFD analyses show good agreement with the experimen-
tal data. The results of these wind-tunnel tests verify the effects of
the nonaxisymmetricaldesign for reducing the drag of a low-sonic-
boom con� gurationwith an axisymmetricalfuselagewithout losing
its low-sonic-boom characteristics, at least in the near-� eld of an
airplane.

Conclusions
The nonaxisymmetrical fuselage shape modi� cation of a low-

sonic-boom airplane for reducing the drag is investigated by nu-
merical analyses and is veri� ed by wind-tunnel tests. The scaled
supersonic airplane, which is designed for low drag and low boom
using a nonaxisymmetrical fuselage, is compared with a conven-
tional low-drag con� guration and a low-boom con� guration with
an axisymmetrical fuselage. The numerical and experimental re-
sults show the design concept is effective for reducing the airplane
drag without losing low sonic-boom characteristics.
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