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Abstract

A biplane wing / twin-body fuselage
configuration is discussed for next-gemeration
supersonic  transport  configuration.  Its
aerodynamic performance as well as sonic
boom performance is investigated by using
numerical approaches in this study. Thanks to
the successful interactions of shock waves
between the biplane wing as well as the twin-
body fuselages, remarkable drag reduction and
better sonic boom performance have been
achieved at our design Mach number of 1.7. The
superiority of the proposed SST configuration
over conventional configurations is clearly
demonstrated.

1 Introduction

A fundamental problem preventing large
commercial aircraft from supersonic flight is the
creation of strong shock waves, whose effects

are felt at the ground in the form of sonic booms.

Since the poor fuel efficiency as well as the
sonic boom noise at supersonic flight is mainly
due to the effect of strong shock waves, the
reduction of shock strength is very important to
realize low-drag / low-boom supersonic
transport (SST) configurations. A reduction
method of the shock strength due to the lifted
wing has been discussed in literature [1-4] by
introducing a supersonic biplane wing concept.
In this concept, the strength of wave drag has
been successfully reduced by the interference of
shock waves between the biplane. According to
Ref.[1], the wave drag at zero lift of the biplane
airfoil was reduced by nearly 90% compared to

an equal volume diamond-wedge airfoil in two
dimensional inviscid simulations.

Inspired by the supersonic biplane wing
concept, a twin-body fuselage concept has also
been proposed by the present authors for more
advanced SST configurations [5-6]. A same
kind of twin-fuselage concept has been
investigated in Ref.[7] in which fundamental
wind tunnel experiments have been performed
at Mach number of 2.7. The main purpose of
our concept of the twin-body fuselage is to
reduce the wave drag due to the volume of
aircraft’s fuselage. Furthermore, unnecessary
wave interactions between the fuselages were
minimized by using a shape optimization
approach. According to Ref.[5], over 20% total
drag reduction was achieved by the optimized
twin-body fuselage compared with the Sears-
Haack (SH) single-body fuselage under the
constraint of fixed fuselage volume. The SH
body [8] is well-known as the supersonic single-
body configuration that has the lowest wave
drag for specified volume and length.

The fusion of the two advanced concepts
yields an innovative SST configuration which is
a Dbiplane wing / twin-body fuselage
configuration. In this research, therefore, the
wave drag characteristics as well as the sonic
boom characteristics of the innovative SST
configurations are investigated by utilizing
computational fluid dynamics (CFD)
approaches. The freestream Mach number (A ,)

in this study is set to our design Mach number
of 1.7.



2 Computational Methodologies

In this section, the computational methodologies

utilized in this research are concisely introduced.

2.1 CFD Approaches

Three-dimensional supersonic inviscid flows are
analyzed by an unstructured mesh CFD solver
of TAS (Tohoku University Aerodynamic
Simulation)-code [9-10]. Compressible Euler
equations are solved by a finite-volume cell-
vertex scheme. The numerical flux normal to
the control volume boundary is computed using
the approximate Riemann solver of Harten-Lax-
van Leer-Einfelds-Wada (HLLEW) [11]. The
second-order spatial accuracy is achieved by the
Unstructured MUSCL (U-MUSCL) approach
[10,12] with Venkatakrishnan’s limiter [13].
The LU-SGS implicit method for unstructured
meshes [14] is used for the time integration.
Three-dimensional unstructured meshes are
generated using the TAS-mesh package, which
includes surface mesh generation by an
advancing front approach [15-16] and
tetrahedral volume mesh generation by a
Delaunay approach [17]. The high accuracy of
this unstructured mesh CFD approach has
already been confirmed in literature [10,18].

2.2 Sonic Boom Analysis

The sonic booms on the ground are predicted by
a nonlinear acoustic propagation solver of
Xnoise [19-20] which has been developed by
Japan Aerospace Exploration Agency (JAXA).
An augmented Burgers equation is numerically
solved by using the operator split method,
which takes into account the effects of
nonlinearity, geometrical spreading,
inhomogeneity of atmosphere, thermo-viscous
attenuation and molecular vibration relaxation.
In this approach, initial (input) pressure
distributions are extracted from CFD solutions
on the lower side of SST configurations
(typically two fuselage lengths below). Then the
propagation of the pressure distribution to the
ground is solved by the augmented Burgers
equation.
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2.3 Skin Friction Drag Estimation

In this research, skin friction drags of various
SST configurations are estimated by introducing
simple algebraic skin friction models. Assuming
that the boundary layer along the body is fully
turbulent, the skin friction drag coefficient can
be estimated as:

S
wet 1
: (1)

ref
where C, is the averaged turbulent skin friction
coefficient on the wetted area of the body, and
S, and S, are respectively the wetted area of
the body and reference area. The skin friction
coefficient for turbulent boundary layer
conditions can be calculated by the following

Cpr =Cy

Prandtl-Schlichting flat-plate  skin friction
formula [21-23]:
0.455
Cyp= 0.65 @

) (logyo Re)2'58(1 + 0.144M;)

where Re and M, are respectively the
Reynolds number and freestream Mach number.
In this research, the Reynolds number is given
at the cruise condition of Concorde (total length
of 62[m]). Since the speed of sound (a,) and
kinematic viscosity ( v, ) at the altitude of
18,000[m] are respectively 295.069[m/s] and
1.1686 x 10*[m%/s] according to Ref[23], the
Reynolds number for the fuselage body is
calculated as:

M

Re = Mol + 966510 ©)
Vv

The Reynolds number for the main wing is
calculated in the same manner with its mean
chord length. The skin friction drag coefficients
of the fuselage and wing are separately
estimated with the corresponding Reynolds
numbers by using Egs.(1-2). In Refs.[1,2,24],
predicted friction drags based on the algebraic
skin friction models are compared with those
based on viscous CFD computations. It has been
concluded that the simple algebraic skin friction
models are reasonably accurate for the
prediction of friction drag in supersonic flows.



INNOVATIVE SUPERSONIC TRANSPORT CONFIGURATION

2.4 Validation Study

The wvalidity of the present computational
approaches is concisely discussed in this
subsection. The sonic booms generated from the
N-wave model (NWM) and low-boom model
(LBM) at M, of 1.58-1.59 are discussed, that

are the test cases of D-SEND#1 project of
JAXA [25-26]. In its experiments, the sonic
boom distributions were measured at about
3,500[m] away from the models. In this
validation study, the CFD analyses are
performed at the freestream Mach numbers to
extract the initial pressure distributions as
shown in Fig.l. Then the sonic boom
propagations are solved to compare with the
experimental sonic boom distributions, whose
results are shown in Fig.2. The fluctuations of
the experimental data in the range of
0.03<t<0.05[s] are considered to be the effect of
atmospheric turbulences. Qualitative
agreements with the experimental data can be
confirmed in the both NWM and LBM cases,
which indicates the wvalidity of the present
computational methods.
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3 Twin-Body Fuselage Concept

In this section, the supersonic twin-body
fuselage concept [5] 1is briefly reviewed.
According to Refs.[27-28], the supersonic wave
drag due to the volume of an fuselage body is
expressed as follows:
V2

e = 0k O
where ¢ and k are respectively the dynamic
pressure and a constant. The wave drag due to
the volume is proportional to the square of its
volume ¥ while it is inversely proportional to
the fourth power of its length of aircraft /. The
first approach to reduce the drag is to increase /
while it is restricted by both operational and
structural concerns. The other approach is to
reduce ¥ while it is also a difficult task for a
large-sized SST. When both / and V are
predetermined, it is well known that the SH
body is the theoretical optimal configuration to
minimize the wave drag.

Since the wave drag of the airplane’s
fuselage is proportional to the square of its
volume when the body length is fixed, if we
split a large single-body fuselage into two
individual small bodies, the wave drag of each
split body will reduce to 1/4 of that of the
original one. The total drag of the twin-body
configuration, then, becomes 1/2 of the original
single-body fuselage under the constant-volume
and constant-length conditions. This is the
major point of view of the supersonic twin-body
fuselage concept and is inspired by the wave
reduction effect of the supersonic biplane
airfoils. It is, however, important to note that
this estimated wave drag for the twin-body
configuration is reasonable only when the wave
interactions between these individual bodies do
not exist. In order to make a realistic airplane’s
fuselage, those two split bodies should be
located reasonably close to each other.
Therefore, unnecessary wave interactions
between the bodies will always exist, resulting
in an additional wave drag. To minimize the
unnecessary wave interactions, the twin-body
fuselage configuration was designed by using an
optimization approach [29] with constraints of a
fixed volume and fixed distance ratio between
the twin bodies. As the result, a non-

D
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axisymmetrical  twin-body  fuselage was
proposed as the optimal configuration.

In Fig.3, the pressure contours around
single/twin-body fuselage configurations are
shown. These inviscid computations are
performed at M, of 1.7 and angle of attack («)

of 2 degrees. The aerodynamic performance of
these configurations is summarized in Table 1.
A same reference area is used in the all cases for
the evaluation of all drag coefficients, which is
the projected area of a main wing (it is defined
in the next section). It is important to note that
the all configurations have the same volume of
fuselage in total. Although the twin-body
configurations have larger skin friction drag
than the single-body configuration, the total
drag coefficients of them are lower than that of
the single-body configuration. The optimal
configuration has the lowest total drag among
the four cases, which is about 23% lower than
the single-body SH configuration. The non-
axisymmetrical optimal shape is relatively flat
at the inner side of the bodies. Since the wave
interactions between bodies should be
minimized with the cut SH twin-body
configuration, it can be confirmed that the
optimal configuration achieves successful wave
interactions between the twin-bodies.

Body Fuselage Configurations
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Table 1 Aerodynamic Performance of
Single/Twin-Body Fuselage Configurations

Inviscid Drag  Friction Drag Total Drag
SH, Single 215.0 42.8 257.9
SH, Twin 147.9 60.3 208.2
Cut SH, Twin 154.7 70.0 224.7
Optimal, Twin 135.9 61.5 197.4

(Drag coefficientsin drag count, 1 drag count = 0.0001)

4 Aerodynamic Performance of Wing-Body
Configurations

In this section, the aerodynamic performance of
biplane wing / twin-body fuselage SST
configurations is discussed. Unswept tapered
biplane wing configurations are designed for
this research. The aspect and taper ratios are
respectively set to about 7 and 0.25. The chord
length of the main wing at the root section is
about //6. A vertical wingtip plate is arranged
between the wings to increase the two-
dimensionality of the flow around the biplane
wing. For appropriate shock interactions, the
vertical distance between the wings is shortened
at the outer wing by adding a dihedral angle to
the lower wing. The Busemann-type as well as
Licher-type [30,1] biplane wing configurations
are discussed in this research. The section airfoil
thickness ratios of the Busemann-type biplane
are set to 5% of the chord length in both the
upper and lower wings. The thickness ratios of
the Licher-type biplane (different between the
upper/lower wings) are determined to have the
same sectional area with the Busemann-type
biplane wing. The mounting angle (A in Fig.4)
of the Licher-type wing is set to 2 degrees. The
outlines of the biplane wings are shown in Fig.4.
For comparison purpose, an unswept tapered
conventional wing configuration is also
designed whose section shape is a diamond-
wedge airfoil. The thickness ratio is set to 10%,
which has the same volume as the biplane wing
configurations. The outline of this wing is also
included in Fig.4. These wings are respectively
merged with the single and twin-body fuselages
to make SST wing-body configurations. The
trihedral figure of the wing-body configuration
from the Busemann-type biplane wing and the
optimal twin-body configuration is shown in

4
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Fig.5. The following combinations are
investigated in this research:

- SH single-body with diamond-wedge wing

- SH single-body with Busemann biplane wing

- SH twin-body with diamond-wedge wing

- SH twin-body with Busemann biplane wing

- Optimal twin-body with biplane wings

The unstructured mesh around a wing-body
configuration is visualized in Fig.6.

In Figs.7-8, the pressure contours around
the SST configurations are shown at the
condition of M, of 1.7 and lift coefficient (C,)
of 0.15. We can observe (successful) shock
interactions between the wings as well as the
twin bodies. The inviscid drag polar curves of
these configurations at M, of 1.7 are shown in
Fig.9. A same reference area is used in the all
cases for the evaluation of lift/drag coefficients,
which is the projected area of the main wing
(same in the all wing configurations). It can be
understood that the biplane wing concept and
the twin-body fuselage concept respectively
have individual drag reduction effects. We can
summarize that about 150cts drag reduction was
achieved by the adoption of the biplane wing
configuration, and then separately, about
60~80cts another drag reduction was achieved
by the adoption of the twin-body fuselage
configuration. The  best  aerodynamic
performance is achieved by the optimal twin-
body fuselage configurations. In detail, the
Licher biplane wing configuration has better
aerodynamic performance than the Busemann
biplane wing configuration at the conditions of
c,>0.1.

The skin friction drag coefficients of the
SST configurations are estimated by the
algebraic model of Egs.(1-2). The total (inviscid
+ skin friction) drag polar curves of these

configurations at M, of 1.7 are shown in Fig.10.

Since the twin-body / biplane wing
configurations have larger wetted areas than the
single-body / diamond-wedge wing
configurations, the drag reduction effect
shortens by taking into account the viscous
contributions. But the superiorities of the twin-
body / biplane wing configurations can be still
observed. The aerodynamic performance at M,
of 1.7 and €, of 0.15 is summarized in Table 2.
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Although the all configurations have the same
volume of fuselage/wing, the optimal twin-body
/ Licher biplane wing configuration achieves a
38% total drag reduction compared with the SH
single-body / diamond-wedge wing
conventional configuration.

Busemann
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Fig.4 Outlines of Wing Configurations

/4
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A
A

Fig.5 Trihedral Figure of a Twin-Body / Biplane
Wing SST Configuration

Fig.6 Unstructured Volume/Surface Mesh
around SST Configuration
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Table 2 Aerodynamic Performance of SST
Configurations at M, of 1.7 and C, of 0.15

a[deg] Inviscid Drag Friction Drag  Total Drag

SH Single + 2.66 511.8 74.8 586.7
Diamond
SH Single + 2.35 328.4 112.1 440.5
Busemann
SH Twin + 2.57 428.4 89.1 517.5
Diamond
SH Twin + 2.47 276.7 128.1 404.8
Busemann
Optimal Twin + 2.50 245.6 128.6 374.2
Busemann
thlmal Twin + 0.16 234.8 128.4 363.2
Licher

(Drag coefficientsin drag count, 1 drag count = 0.0001)

Fig.8 Pressure Contours at 60% semi-span
Section of SST Configurations
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Concorde

Fig.11 Comparison with Concorde at Same
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Fig.12 Drag Polar of Wing Only Configurations
at M, of 1.7

Readers may notice the low L/D value of
the proposed SST configuration which is less
than 5 while that of Concorde is known to be as
about 7~8 (at M, of 2.0). The one of the major
reasons is its larger fuselage volume than
Concorde. In Fig.11, the both configurations are
compared with the same fuselage length. The
fuselage volume of our proposed configuration
is approximately four times more than that of
Concorde, which yields the lower L/D value
than Concorde in this study. The Busemann /
Licher wing only configurations are also
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analyzed at M, of 1.7, whose results are shown
in Fig.12. In the Licher wing only configuration,
its L/D is over 9 even when taking into account
the viscous effect. It is, therefore, confirmed
that the proposed twin-body / biplane wing
configuration is a promising candidate for the
next-generation large-sized SST.

5 Sonic Boom Performance of Wing-Body
Configurations

The sonic boom performance of the proposed
SST configurations is also investigated at M,
of 1.7 and C, of 0.15. In this study, the pressure
distributions are extracted at two fuselage
lengths lower from the SST configurations on
the symmetry plane as is shown in Fig.13. In the
sonic boom propagation analyses, standard
atmosphere temperature/humidity profiles are
utilized. The fuselage length and the cruise
altitude are respectively set to 62[m] and
18,000[m], that are given from the conditions of
Concorde.

The pressure distributions extracted at the
line of Fig.13 are compared in Fig.14. Larger
pressure variations can be observed in the
diamond wedge wing configurations at the
medium of the distributions. The distributions of
“SH Twin + Busemann” and “Optimal Twin +
Busemann” are almost equivalent. The
propagations of the pressure distributions to the
ground are respectively solved by the
augmented Burgers equation, and then the
pressure distributions on the ground are
compared in Fig.15. The sonic boom
characteristics can be primarily classified
according to the wing configurations. The
diamond wedge wing configurations have
typical “N wave” distributions while the other
configurations have two peaks in the
distributions. The three Busemann biplane wing
configurations have approximately the same
distributions at the ground, which implies the
insignificance  of the  fuselage  body
configurations to the sonic boom performance
in this study. Three major sonic boom
performance parameters of maximum pressure
rise ( AP ), sound pressure level ( L, ) and
impulse ( /m ) are calculated from the pressure
distributions on the ground and these parameters
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are summarized in Table 3. The best sonic boom
performance is obtained in the optimal twin-
body fuselage with the Licher biplane wing,
whose maximum pressure rise is 38% lower
than the single-body / diamond wedge wing
configuration. The difference of the sonic boom
performance between the Busemann and Licher
biplane wing configurations with the optimal
twin-body fuselage is primarily due to the angle
of attack. Since the Licher wing has the
mounting angle of 2 degrees, the angle of attack
is lower than that of the Busemann wing
configuration as indicated in Table 2. Therefore,
the apparent angle of attack for the optimal
twin-body fuselage is different between the two
configurations, which yields the large difference
of the sonic boom performance. The sound
pressure level of the optimal twin-body / Licher
biplane wing configuration is not much more
than 124 [dB SPL] while that of Concorde is
known to be over 130 [dB SPL]. According to
Ref.[31], the target value of AP for next-
generation low-boom SST is considered to be
about 24 [Pa], i.e. 121.6[dB SPL]. For the
proposition of more favorable next-generation
SST configuration, therefore, not only the shock
wave interactions between the body/wing, but
also its detailed shape optimization minimizing
sonic-boom will be required.
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Fig.13 Extraction of Pressure Distribution for
Sonic Boom Analysis
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Table 3 Sonic Boom Performance of SST
Configurations at M, of 1.7 and C, of 0.15

AP[Pa] Lo[dB SPL] Im[Pa-*s]

SH Single + 49.19 127.82 5.15
Diamond

SH Sirgler+ 32.72 124.28 3.62
Busemann

SH Twin + 48.58 127.71 5.04
Diamond

SH Tawin 3440 12471 3.75
Busemann

Opfimal Twint 54 g 124.40 3.61
Busemann

Optimal Twint 09 og 123.69 2.95

Licher
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6 Concluding Remarks

In this research, twin-body fuselage / biplane
wing configurations for a large-sized SST have
been discussed. The wave drag characteristics /
reduction by these innovative concepts have
been discussed at our design freestream Mach
number of 1.7 by wusing inviscid CFD
computations. The increment of skin friction
drag has also been discussed utilizing the
standard algebraic (turbulent) skin friction
models based on the wetted areas of SST
configurations. Furthermore, the sonic boom
performance  of the innovative  SST
configurations has also been discussed. As one
of the twin-body fuselage configurations, the
non-axisymmetrical optimal configuration that
we have designed beforehand was also
investigated. As biplane wing configurations,
Busemann / Licher type biplanes were
investigated.

The biplane wing concept and the twin-
body fuselage concept respectively have
individual drag reduction effects. The
combination of the optimal twin-body fuselage
with the Licher biplane wing achieved the best
aerodynamic  performance  among  our
investigated cases. The proposed SST
configuration achieved a 38% total drag
reduction compared with the single-body /
diamond-wedge wing conventional
configuration under constraints of fixed volume
and fixed length of fuselage. This result
indicates  the  remarkable  aerodynamic
superiority of our proposed optimal twin-body /
biplane wing configuration.

The sonic boom characteristics of the SST
configurations were primarily classified
according to the wing configurations. The sonic
boom performance parameters became better by
the adoption of the biplane wing configurations.
On the other hand, the fuselage body
configurations had less effect to the sonic boom
performance. The best sonic boom performance
was also obtained in the optimal twin-body
fuselage with the Licher biplane wing, whose
maximum pressure rise at the ground is 38%
lower than the single-body / diamond wedge
wing conventional configuration.

BY BIPLANE WING / TWIN-BODY FUSELAGE

For more sophisticated SST configuration,
the design (optimization) of a wing/body fairing
should be considered and the supersonic drag
may be reduced more. Furthermore, low-boom
design optimization will be also required for the
proposition of more realistic low-boom / low-
drag SST configurations. Since the fundamental
availability of our proposed concept has been
confirmed from the viewpoints of aerodynamics
/ sonic boom acoustics in this paper, we’ll
continue further development research studies to
demonstrate its inclusive availability by
additional multidisciplinary investigations.
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