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Abstract

In supersonic flight, airfoils generate strong
sonic booms and wave drags accompanied by
shock waves and expansion waves. Busemann
biplane is the representative airfoil which has
possibility of realizing low-boom and low-drag.
Aiming to realize a new concept supersonic
transport, aerodynamic design and analysis are
discussed based on Computational Fluid
Dynamics (CFD).

Traditional biplane airfoils were extended
to 3-D wings. Design Mach number is 1.7. Euler
simulations were conducted. 3-D biplane wings
do not have appropriate performance at areas
affected by Mach cones. Tapered wings were
considered to settle the issue. A tapered wing
has areas which achieve better performance
than 2-D biplane airfoils. Aerodynamic design
of a 3-D tapered biplane wing, the taper ratio
and the aspect ratio of which were 0.25 and
5.12, was conducted. A designed biplane wing
accomplished lower drag than the 2-D flat-plate
airfoil at C;>0.17. Flow choking and its
hysteresis which yield much amount of drag
occurs at off-design conditions. A wing form
from take-off to cruise state is introduced taking
the issues of the drag penalty and the hysteresis
into account.

1 Introduction

For the next generation of supersonic transport
(SST), attaining low noise and high fuel
efficiency are critical issues. The Concorde,
which was the first but also the last commercial
SST ever built, finished its service in 2003 due

to these problems. It is necessary to develop an
airplane which has low-boom and low-drag.

Busemann proposed a biplane
configuration with the potential for satisfying
these two conditions, by utilizing favorable
interactions between the two wing elements
[1,2]. The wave drag due to airfoil thickness can
be nearly eliminated by a biplane configuration
that promotes favorable wave interactions
between the two neighboring airfoil elements
(here, wave drag being defined as the resistant
force on the airfoil due to the generation of
shock-waves.). Licher extended the idea to
reduce the wave drag due to lift [3].

In 2004, a project of supersonic transport
based on those biplanes started at Tohoku
University. The project has been led by Dr.
Kusunose [4-6]. Fundamental analysis as well
as several trials to obtain a biplane configuration
has been going on [7,8].

There are many problems in realizing
supersonic biplanes for a practical flight. The
theories of the supersonic biplanes are based on
2-D flows. There is a possibility of not realizing
optimal performance in extension to 3-D wings
[9,10]. At off-design conditions, it was
confirmed that the flow is choked and the
choking continues to Mach numbers greater
than the design Mach number in the acceleration
stage. The choked flow causes very high drag
compared with the cruise condition [11,12].

In this paper, the aerodynamic design of
supersonic biplane wing including its off-design
conditions is discussed. Beginning with the
extension of 2-D supersonic biplane airfoils to
3-D wings, a 3-D biplane configuration is
designed using an inverse problem approach.
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Next, off-design characteristics of 3-D wings
and the avoidance of choked flow are shown.
Finally, a practical 3-D wing form from take-off
to cruise conditions is introduced.

2 Reviews of 2-D Supersonic Biplane Airfoils

2.1 Busemann Biplane

The Busemann biplane is an airfoil which has
possibility of realizing low-boom and low-drag
supersonic flight. It was proposed by A.
Busemann in 1935 [1,2]. As mentioned in the
introduction, the wave-drag is divided into
mainly two components. One is the wave-drag
due to airfoil thickness (or volume), the other is
that due to lift. The wave-drag due to airfoil
thickness can be significantly reduced by using
the concept of the Busemann biplane.

Figure 1 shows the theory of the Busemann
biplane with a zero-lifted diamond airfoil. The
diamond airfoil has zero-lift, but has the wave-
drag due to airfoil thickness corresponding to its
thickness-chord ratio. Busemann showed that
the wave-drag of the diamond airfoil can be
eliminated by simply splitting the diamond
airfoil into two elements and locating them in a
way such that the waves generated by those
elements cancel each other out.

Expansion Wave
Compression Wave

Fig. 1 Busemann Biplane

2.2 Licher Biplane

The Busemann biplane can not reduce the wave-
drag due to lift although it can do that due to
airfoil thickness. In 1955, Licher extended the
idea of the Busemann biplane to reduce the
wave-drag due to lift [3]. Generally in
supersonic flight, when a biplane airfoil has no
interference with waves between its two
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elements, it can reduce the wave-drag due to lift
to half compared with a monoplane airfoil.
Figure 2 shows the theory of the Licher
biplane. It is obtained by combining a lifted
biplane airfoil which has partial interference of
waves between its two elements (only
interference of the shock wave at the leading of
the upper element and the expansion wave at the
mid chord of the lower element) with the
Busemann biplane. As the result of it, the Licher
biplane can reduce the wave-drag due to lift to
two-third in addition to the reduction of that due
to airfoil thickness (effects of Buseman biplane).

Lift Thickness

X

:\:“\ —-]t?—— \Ec_
M + o = :

a a+E

Fig. 2 Licher Biplane

2.3 Design of Biplane Airfoils

The Busemann biplane and the Licher biplane
airfoils were modified to achieve higher
aerodynamic performance. An inverse problem
method was utilized as a design method. This
method can determine an airfoil which has a
specified C, distribution. Details of the theory
are described in Section 4.1.

In this research, a flow solver named TAS
code (Tohoku  University  Aerodynamic
Simulation code) using a three-dimensional
unstructured grid [13,14], was used to evaluate
aerodynamic performance. In simulation, the
Euler/Navier-Stokes equations are solved by a
finite-volume  cell-vertex  scheme.  The
lower/upper symmetric Gauss-Seidel (LU-SGS)
implicit method for an unstructured grid [15] is
used for the time integration. In this research, all
analyses were conducted using the Euler
equations.

The Busemann biplane as baseline model,
the total thickness-chord ratio of the upper and
lower elements was set of 0.10 (each element is
0.05). Therefore, ¢ in Fig. 1 was determined to
5.71 deg. Under the condition of the free-stream
Mach number 1.7, the gap between the two
elements was set of 0.5. The Licher biplane
airfoil has almost the same parameters as the
Busemann biplane airfoil. The « in Fig. 2 was
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set of 1 deg. ¢ was 5.71 deg. The aerodynamic
performance of the Busemann biplane airfoil is
C=0.000, C,=0.00218 and that of the Licher
biplane airfoil is C=0.0812, C,=0.00449 and
L/D=18.1.

The Licher biplane airfoil was modified by
the inverse design method. Figure 3 shows
geometries and C, distributions of the designed
biplane airfoil and the Licher biplane airfoil as
an initial model. The designed biplane airfoil
was termed as ‘2-D Designed Airfoil’. The
aerodynamic performance of the ‘2-D Designed
Airfoil” is C=0.115, C,=0.00531 and L/D=21.7.
The deference of C, distributions between these
two airfoils is pressure peaks at mid-chords on
both elements and the C, distributions around
the trailing edge on the upper element. The
latter is the most important factor in creating
more lift without large increase of wave-drag.

Figure 4 shows a drag polar diagram of
various 2-D airfoils. The yellow line indicates
the characteristics of the 2-D zero-thickness
single flat-plate airfoil. It has the lowest drag in
monoplanes in this Mach number (M.,=1.7) and
has only wave-drag due to lift as drag. The ‘2-D
Designed Airfoil’ achieved lower wave-drag
than the flat-plate airfoil at C;>0.14. The details
of the biplane are shown in Reference [6,7]
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Fig. 3 Geometries and C, Distributions of ‘2-D Designed
Airfoil’
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Fig. 4 Drag Polar Diagram of 2-D Airfoils

3 Aerodynamic Characteristics of 3-D
Busemann Biplane Wings

3.1 Background of 3-D Busemann Biplane
Wing
For a practical flight, 3-D wings should be
considered. In this chapter, the drag with
changes of planform of a 3-D supersonic
biplane is discussed, fixing the airfoil
configuration to the zero-lifted Busemann
biplane airfoil. Therefore, all analyses in
Chapter 3 are discussed at zero-lift conditions.
Figure 5 shows surface C, visualization of
a 3-D rectangular Busemann biplane wing. The
reference area is 1. Therefore, the semi-span
length is 1. The airfoil configuration is the same
as the Busemann biplane airfoil shown in
Section 2.3 (The total thickness-chord ratio is
0.10.). The airfoil configuration is fixed in all
cases in this chapter. The number of nodes is
about 1.10 million. Mach cones effects can be
seen around the wing tips in Fig. 5 and they
cause increase of the wave-drag. The Cp of the
wing is 0.00685. It is very high compared with
the C, of the 2-D result.
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Fig. 5 Surface C, and Mesh Visualization of Rectangular
Busemann Biplane Wing (Reference Area 1)

In order to reduce the Mach cone effects
around the wing tips, a tapered wing was
considered. Figure 6 shows surface C,
visualization of a 3-D tapered Busemann
biplane wing. The reference area and taper ratio
are 1 and 0.25, respectively. Therefore, the
semi-span length is 1.6. The aspect ratio is 5.12.
The C)p of the wing is 0.00300. Figure 7 shows
section C, distributions of spanwise. Mach cone
effects around the wing tips were significantly
reduced by using the taper although the weak
Mach cones were generated around the wing
symmetry section. The tapered wing has another
merit in section C;. The C,s at the areas not
affected by Mach cones are lower than that of
the 2-D result.

Top view b

X

e 2
—_—

Front view y X

Fig. 6 Orthographic Drawing, Surface C, and Mesh
Visualization of Tapered Busemann Biplane Wing
(Reference Area 1)
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3.2 Tapered Busemann Biplane Wing

3.2.1 Selection of Swept Angle

In this section, aerodynamic characteristics of
various tapered wings. The airfoil configuration
and the reference area are fixed in all cases in
Section 3.2. The reference area is 1. First,
characteristics with changes of a swept angle of
a tapered wing is discussed, fixing the taper
ratio to 0.25. Figure 8 shows Cp characteristics
with changes of the swept angle. The swept
angle was evaluated by a coordinate of the mid
chord apex at the wing tip (Cpid/Cro0r). The
tapered wing, the C,,;4/C,,, Of which is around
0.5 or less, achieved lowest wave-drag.

Figure 9 illustrates simple diagrams and C,
distributions of spanwise of two wings. Casel
has no sweep (Cpuia/Cr00=0.125). Case2 has
some swept angle and its mid-chord line is
vertical to the free-stream direction (Cpia/Croor
=0.5). The drag reduction effect shown in
Section 3.1 was not seen in Casel. Figure 10
shows C, visualizations of the inner surfaces of
Casel and Case2, and comparison of C,
distributions of two wings at 50% semi-span
stations. It can be seen that there exist the
unbalance areas of the first half and the latter
half about pressure levels due to 3-D effects in
both cases. They determine increase and
decrease of C; of the sections not affected by
Mach cones.
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3.2.2 Selection of Taper Ratio

The characteristics of the Cp and the aspect ratio
of a tapered wing were examined. The mid-
chord of the wing was fixed to being vertical to
the free-stream direction (C,.d/Cr00: =0.5 in Fig.
8). Figure 11 shows Cp and the aspect ratio
characteristics with changes of the taper ratio.
The smaller the taper ratio is, the lower Cp is.
The aspect ratio also increases with the decrease
of the taper ratio. However, Cp does not
decrease with the increase of the aspect ratio at
less than 0.25 of it. Therefore, a taper ratio of
0.25 was selected to avoid the increase of the
aspect ratio. The aspect ratio is 5.12. In the next
chapter, design of a 3-D biplane wing, the
planform of which is the taper, is discussed
using an inverse design approach.
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Fig. 11 Cp and Aspect Ratio Characteristics with Changes
of Taper Ratio (Zero-Lift Conditions)

4 Design of 3-D Supersonic Biplane Wing

4.1 Inverse Design Method

An inverse problem approach will, in general,
determine the geometry of a wing section, given
a specified (target) pressure distribution. An
inverse design system using the small
perturbation form of the second order equation
to relate pressure to local flow deflection angles
has been developed.

In this design system, an airfoil’s geometry
f(x) is related to its pressure distribution by the
following local oblique shock relation [2]:



C,=c,0+c,0 (@D)]

where 0 and C, represent the local flow
deflection angle (df/dx-a) and pressure
coefficient, respectively. Along the airfoil
surface it is assumed that the local flow is
tangential to the airfoil surface contour. The
symbols ¢; and ¢, are the Busemann coefficients,
given as

oo 2 P S
' T 2, -2

And a is the angle of attack of the airfoil,
respectively. Also, x and y represent the airfoil-
chord direction (see Fig. 12) and the ratio of
specific heats.

Figure 13 illustrates the method’s iterative
process. First, the flow field around an initial
configuration is analyzed to obtain its initial
pressure distribution. Next, an inverse-problem
solver is employed to calculate the x-derivative
of the correction value for the airfoil geometry,
dAf+/dx; this x-derivative is related to the
difference between the target and the current
pressure distributions, denoted as AC, (C,-
residual). Specifically, the geometry correction
term Af'(see Fig. 12) comes from AC,, using the
small-perturbation forms (C,—C,+4C, and f —

[+ 4) of Eq. (1).

ACp, = (*L) @
+ 26, (L0 o) L),
oy (P

ACp. = () )

26,1 SR

dA
e (L0
X
Here, + and — indicate the upper and lower
surfaces, respectively. The airfoil geometry is

updated by integrating the geometry correction
terms:
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update _ * dAf

) = L0+ [ S @
where the symbol 0 indicates the x coordinate of
the airfoil’s leading edge. In this approach,
however, it is obvious that there is no guarantee
to obtain an airfoil that has a closed trailing
edge. Therefore it may be needed that a further
(but minor) modification to the specified target
pressure distribution to make the trailing edge
closed. Finally, the flow-field of the updated
airfoil geometry is analyzed. An optimal airfoil
design can be found through the repetition of
this process.

fx)  +  f)+Afx)
Jsj —
Flow——

AOA=¢«
Fig. 12 Airfoil Geometries and Perturbed Geometries
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Fig. 13 Design Cycle of Inverse Problem Method
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4.2 Design of Biplane Wing

4.2.1 Evaluation of Initial Model

Practical design of a 3-D supersonic biplane
wing by using the inverse problem method is
discussed in this section. Based on the ‘2-D
Designed Airfoil” shown in Section 2.3 and the
tapered wing as a planform determined in Sub-
Section 3.2.2, a 3-D supersonic biplane wing
with higher aerodynamic performance than
them is designed.

The thickness chord ratios (#/c) are about
0.10 at all span stations. The wing reference
area and the taper ratio are 1 and 0.25,
respectively. Therefore the semi-span length is
1.6. The aspect ratio is 5.12. Under this
condition, the Busemann biplane wing with
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angle of attack of 2 deg. has values of C;=0.110,
Cp=0.00706 and L/D=15.6. The 2-D airfoil
configuration designed by the inverse problem
method (see Fig. 3) was applied at all span
stations. The biplane wing was termed ‘2-D
Designed Wing’ and has values of C;=0.111,
Cp=0.00621 and L/D=17.9. The number of
nodes is about 1.10 million in all analyses in
this section.

Figure 14 shows C, visualizations of the
inner surfaces and C, distributions of the upper

and lower elements of the ‘2-D Designed Wing’.

Compared with the C, distributions of the ‘2-D
Designed Airfoil’, large pressure peaks were

confirmed on both the upper and lower elements.

The values of them are very different by those
of the area affected by Mach cones and those of
the area not affected by Mach cones. In the
upper element, the form of the C, distribution
from the pressure peak to the trailing edge is
different from that of the *2-D Designed Airfoil’
at each span station.

4.2.2 Design Using Inverse Problem Method
The inverse design method was applied at 10
span stations (per 10% from 0 to 90% of
spanwise) at the same time. The configuration
of the wing tip (100% of spanwise) was set to
be the same as the initial configuration. The
wing shape is defined by using the linear
interpolation between each section
configuration.

On the design process, some design
iterations are firstly conducted on the upper
element, fixing the wing configuration of the
lower element (The designed wing is termed as
‘Upper Designed Wing’.). Then, the lower
element was designed fixing the configuration
of the new designed upper element (The new
designed wing is termed as ‘Lower Designed
Wing’). After the design process, in case the
aerodynamic performance at a new designed
section is worse than that of the initial, the
designed section is substitute for the initial one.

Figure 15 shows target C, distributions of
the upper and lower elements and obtained C,
distributions after 14 iterations on each element.
First of all, the target C, distributions are
focused on. There are two concepts in setting

FOR LOW WAVE-DRAG SUPERSONIC FLIGHT

target C, distributions. One is to set up the
similar C, distributions to that of the ‘2-D
Designed Airfoil’ again. The other is to creating
more lift and to have higher L/D around the area
affected by Mach cones (around the symmetry
section) on the upper element. To put them
more concretely, the first concept is for C,
distribution of each span station of the upper
element to have no pressure peak and to have
the similar C, distribution of the trailing edge to
that of the leading edge (see Fig. 15(a)).
Concerning the lower element, only removing
the pressure peak at each span station was
conducted (see Fig. 15(b)). The second concept
is for C, distributions on the area affected by
Mach cones (at the symmetry sections) of the
upper element to be almost the same pressure
levels from the mid-chords to trailing edges as
those not affected by Mach cones (see Fig.
15(a)). The second concept was only applied to
the upper element.

Next, the obtained C, distributions are
focused on. In each design case, design
iterations were conducted on 14 times. C,
distributions of the upper element successfully
converged at target ones. However, C,
distributions of the lower element did not
completely converged at target ones, especially
those around the wing symmetry section.
Convergence at target C, distributions were not
confirmed with more iterations. It is quite likely
that configurations which realize the target C,
distributions does not exist. The ‘Upper
Designed Wing’ (the wing that only the upper
element was designed in the initial model) has
values of C;=0.120, Cp=0.00662 and L/D=18.1.
The “Lower Designed Wing’ (the wing that the
lower element was designed after the design of
the upper element) has values of C;=0.122,
Cp=0.00664 and L/D=18.3.
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Figures 16 and 17 show designed
geometries at some span stations and section Cj,
C,; and L/D distributions of spanwise of the
‘Upper Designed Wing’ and the ‘Lower
Designed Wing’.

First, the ‘Upper Designed Wing’ is
focused on. In Fig. 16(a), the geometries around
the wing symmetry section were modified to
have more angles of attack. In Fig. 17, section
Cis at the areas affected by Mach cones

increased without reductions of the section L/Ds.

Next, the ‘Lower Designed Wing’ is
focused on. In Fig. 16(b), the geometry of the
symmetry section was modified to have less
angle of attack. In Fig. 17, section C; and L/D
got worse than those of the initial although
those at the other sections were well improved.
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Fig. 17 Section C;, C; and L/D Distributions of Spanwise
of ‘Upper Designed Wing’ and ‘Lower Designed Wing’

The configuration at the symmetry section
of the lower element was returned to the initial
one. The wing was termed as ‘3-D Designed
Wing’. Figure 18 shows section C;, C; and L/D
distributions of spanwise, and C, visualizations
of the inner surfaces of the ‘3-D Designed
Wing’. Maintaining higher L/D at all span
station, more lift was created at the areas
affected by Mach cones. The ‘3-D Designed
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Wing’ has values of C;=0.125, Cp=0.00678 and
L/D=18.4. Table 1 shows the aerodynamic
performance of the various 3-D biplane wings.
The designed biplane wings have higher
aerodynamic performances with lower angle of
attack than the Busemann biplane wing.

Figure 19 shows a drag polar diagram of
the various 3-D biplane wings including the 2-D
zero-thickness single flat-plate airfoil shown in
Section 2.3. The ‘3-D Designed Wing’ has
lower drag than the 2-D flat-plate airfoil at C;
>0.17.

0.16 0014
014 0012
0.12 /\ 0.01
01 0.008
& 008 0006 ¢
0.06 » 0.004
— C/ Initial
004 — C/ 3D Designed Wing 0.002
002 — Cd Initial 0
— Cd 3D Designed Wing
0 -0.002

0 02 04 06 08 1 12 1.4 18
V/0 oot

L/D 2D
5 — L/D Initial
— L/D Designed

0 0.2 04 0.6 08 1 1.2 14 16
V/C oot

Upper Element Lower Element

flow / \ flow

‘-‘" | i
Fig. 18 Section C;, C,; and L/D Distributions of Spanwise,
and C, Visualizations of Inner Surfaces of ‘3-D Designed
Wing’

Table 1 Aerodynamic Performance of 3-D Wings

Cy Cp L/D

Busemann biplane (¢« = 2deg.) | 0.110 0.00706 | 15.6

2-D Designed Wing (= 1deg.) | 0.111 0.00621 | 17.9

3-D Designed Wing («=1deg.) | 0.125 0.00678 | 18.4
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012
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Fig. 19 Drag Polar Diagram of 3-D Wings and 2-D Zero-
Thickness Single Flat-Plate Airfoil

every 0.5deg plotted

5 Off-Design Conditions of 3-D Supersonic
Biplane Wing

5.1 Tapered Busemann Biplane Wing and
The Wing with Hinged Slats and Flaps

As mentioned in the introduction, supersonic
biplane airfoils have very high drag at their off-
design conditions [11,12]. Over a wide range
more than M., of 0.6, C, increase to about 0.1
(which is about 50 times higher than that of the
design point). Flow is choked at these
conditions. Moreover, in acceleration stage, the
choked flow continues to persist even at Mach
numbers greater than the design Mach number
as hysteresis. It is necessary for a supersonic
transport using the biplane concept to settle
these issues.

In the current study, it was confirmed that
the high C; and flow hysteresis were avoided by
utilizing hinged slats and flaps which were
usually used as high-lift devices (see Fig. 20)
[12]. These were applied to all span stations of
the 3-D tapered Busemann biplane wing.

(a) Take-off and Landing

0.3 0.3¢
S R

(b) After Take-off to Cruise

: 1 F -

[ C

Fig. 20 Simple Diagram of Busemann Biplane Equipped
with Hinged Slats and Flaps

Daigo MARUYAMA

Figure 21 shows Cp characteristics of 3-D
biplane wings in the acceleration stage. The
number of nodes is about 1.25 million. For
comparison, characteristics of 2-D biplane
airfoils and 2-D diamond airfoil which has the
same thickness as the 2-D biplane airfoils are
also shown in this figure. It can be seen that the
drag coefficients and the critical Mach numbers
(at which the choking disappeared) were
reduced in both the Busemann biplane wing and
that with the hinged slats and flaps compared
with 2-D cases. Figures 22 and 23 show C,
visualizations of 3-D wings at M.,.=1.6 and 0.8.
It can be observed that the hinged slats were
useful for the reduction the critical Mach
number in Fig. 22 and the hinged flaps were
also useful for avoidance of acceleration to
supersonic speed at the back of the throat (mid-
chord) in Fig. 23.

Zero-Lift Conditions

-~ —=— 3D Busemann
0.14 " ——3D Slat & Flap
-=--2D Busemann
o 012 -+--2D Slat & Flap
S ¥ -+--2D Diamond
5 0.10 sy
g e
S 0.08 i
o
go.oes
Q004
0.02
0.00
0.0 0.5 1.0 15 2.0 25 3.0

Fig. 21 Drag Coefficient Characteristics in Acceleration
Stage (Zero-Lift Conditions)

Original

flow
il

Original = |

flow,

Slat & Flap

flow

L

Fig. 23 Surface C, and Contour Visualizations at /,,=0.8
10



AERODYNAMIC DESIGN OF THREE-DIMENSIONAL BIPLANE WINGS

0.7

— Sufficient CL
m Slat & Flap

0.6

FOR LOW WAVE-DRAG SUPERSONIC FLIGHT

with sufficient C_

014 ——< -+ Busemann biplane (zero lift)
b “\4{- Slat & Flap
012 f-~-+-f~-2[Lom Slat
| | 1 1 1 1
0.10 | 1 :
| | | | |
008 |-Lf- Mg e
[a) | | | (=] | | |
Soos Ll Ta
[ ow L Bg 1R
| | | =] BN
004 /- [ I A
| | ' ' | |
0.02 Lo Cruise ‘;hnu g !
' Lo condition Dol
0.00 L | \\“ bt
0.5 1 15 I 2

M o Cruise Mach # 1.7 M & Cr.uise Mach # 1.7
A'O'Spl\a:tf;(éilizeg. A.o.A?|$Odeg. 3-D Designed Wing *=0deg.
: o % \,f > \»-A,////
' /,/.—«\\\\ ....... > P «4//‘“;‘\-\\ ------- / P /F—\\\ T T T T T P /A\\\
Lo~ )y ] 0
| T | | I |
0.2 0.8 1.0 1.7

1.?1
Choking disappears

Fig. 24 Wing Form from Take-off to Cruise Conditions, C; vs M, and Cp vs M,

5.2 Practical Biplane Form from Take-off to
Cruise Condition

In order to demonstrate an actual flight cycle of
the idealized 3-D biplane wing, the concept of
the hinged slats and flaps were applied to the ‘3-
D Designed Wing’. In the present, a sufficient
amount of lift was required for each flight
condition. In Fig. 24, a list of biplane
configurations from take-off to cruise conditions

utilizing the hinged slats and flaps are illustrated.

Their corresponding C;-M,, and Cp—M.,
characteristics are also given in Fig. 24.
Required aerodynamic performances at
take-off and landing conditions can be assured
by utilizing the hinged slats and flaps as high-
lift devices. In high-subsonic flight, the hinged
slats and flaps are used. This biplane wing
requires some degrees of angle of attack from
2.5 to 4.0 to create a sufficient amount of lift.
Then, in supersonic flight, the flaps are returned
to their original positions. A biplane wing
equipped with only hinged slats flies with no
additional angle of attack. Thus, the biplane
wing is reconfigured back to the form of the
traditional biplane wing to produce good

aerodynamic performance at the cruise
condition, at which time hysteresis of choking
disappears at M,,=1.51.

6 Conclusions

To attain low-boom and low-drag SST, the
concept of Busemann biplane was adopted. The
extension of biplane airfoils to 3-D wings was
attempted based on the study of 2-D biplane
analysis. Design Mach number is 1.7, and total
thickness-chord ratio is about 0.10. Euler
simulations were conducted in this study. There
are areas affected by Mach cones in 3-D biplane
wings. The Mach cones produce a large amount
of drag. Tapered wings were considered to
reduce the effect of them. In addition, some
sections not affected by Mach cones of a
tapered biplane  wing achieve  Dbetter
aerodynamic performance than 2-D biplane
airfoils.

A tapered biplane wing, the taper ratio and
the aspect ratio of which were 0.25 and 5.12,
was selected for an inverse design approach.
The designed wing has shown lower drag than
the 2-D zero-thickness single flat-plate airfoil



(or the 3-D flat-plate wing with an infinite span)
at C;>0.17.

Aerodynamic performance at off-design
conditions was also investigated. In the
acceleration stage, it was observed that flow
chocking occurred over a wide range of free-
stream Mach numbers including the design
Mach number (0.6<M,<1.84). They cause a
large amount of drags. As a countermeasure of
the choked flow and its hysteresis, hinged slats
and flaps were utilized. The high drags were
significantly reduced, as well as their range of
Mach numbers. Finally, a wing form from take-
off to cruise conditions was proposed. The
biplane can flies with low drag and the choking
disappears at M,,=1.51.
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