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Abstract

In this paper, a parametric study is conducted to optimize a business jet using supersonic bi-directional
(SBiDir) flying wing (FW)aiming at achieving high aerodynamic efficiency and low sonic boom. The
SBiDir-FW concept has a symmetric planform about both longitudinal and span axes, allowing the
plane to achieve high efficiency at both supersonic and subsonic by rotating by 90o in flight. With this
parametric study, the L/Dp achieves 15 at M=1.6, 16 at M=2.0, whereas the sonic boom remains smooth
without N-wave. The smooth peak over pressure value is 0.3 psf at M=1.6, 0.4 psf at M=2.0. It indicates
that the conventional N-wave could be replaced by a strong acoustic wave, which generates a much less
impulsive force and hence noise. The supersonic aspect ratio of the present configuration is 0.33 and
the subsonic aspect ratio is 33, which ensures high performance at both supersonic and subsonic. The
study shows that the sharp and long nose configuration with ultra-slender body is favorable to both high
aerodynamic efficiency and low sonic boom. The numerical results demonstrate that the SbiDir-FW
could be a very promising concept for supersonic flight. Further improvement can still be made by using
systematic automated design optimization.

1 Introduction

Supersonic commercial flight has always been of great interest, due to its potential to reduce inter-
continental travel time. However efforts to make supersonic commercial flight both economically and envi-
ronmentally viable have yet to be made.

Supersonic transports have two major problems: efficiency and noise. Efficiency is first affected by the
wave drag due to the strong shock waved created during supersonic flight. The second factor that affects
efficiency is the large flight speed disparity between take-off/landing and cruise. In fact, for any airplane
configuration at take-off and landing, the low flight speed favors a high aspect ratio and low wing sweep
angle. High-speed supersonic cruise however requires the opposite characteristics. For a conventional wing-
tube configuration, a compromise between low speed take-off/landing and high-speed cruise efficiency is
required. As for the noise issue, it is caused by the sonic boom that propagates to ground from the shock
waves created by a supersonic airplane and its components. Plotkin and Maglieri [1] gave an overview of the
sonic boom research on the state of the art and the problems that need to be solved.

The flying wing concept that avoids the conventional tube fuselage and wing can result in improved
aerodynamic efficiency during a supersonic flight. However the use of a supersonic flying wing for civil
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transport has rarely been studied. Jones’ concept of a supersonic oblique flying wing (OFW)[2] brings an
advantage: the sweep angle can be varied during the flight mission. It hence can obtain a high aspect ratio
at low speed and a low aspect ratio at high speed [3, 4]. However the asymmetric configuration of OFW
about the flight direction can create some difficulties. First it creates some problems concerning stability and
control [5, 6]. Second, in order to comfortably accommodate the passengers with enough overhead space,
the airfoil needs to be thick and it creates large wave drag. Nevertheless this configuration, even though it
might increase the aerodynamic efficiency, does not take into account the problem of sonic boom, which is
a major problem to make a supersonic commercial flight environmentally viable.

To minimize sonic boom, there are in general two strategies: The first strategy is to implement nose
bluntness following the area rule suggested by Jones, Seebass, and George [7, 8, 9, 10]. A blunt nose design
creates a shock distribution in which the greatest shock strengths are near the aircraft and the shocks are
weakened gradually due to interaction with expansion waves as the shock waves travel from the aircraft to
the ground. Unfortunately, this design also induces substantial wave drag since the entropy increase due
to the strong shock waves is irreversible. The second strategy is to use a sharp nose in order to generate
weak shock or isentropic compression to minimize or cancel shock waves and sonic boom. The sharp nose
strategy is aerodynamically efficient but may produce a strong shock at mid-field and far-field distances
from the aircraft. The Gulfstream Quiet Spike TM is an example using a sharp nose spike to reduce sonic
boom [11]. However, the long and thin spike of Gulfstream Quiet Spike TM may create some structure
stability problems. In principle, a sharp nose with isentropic compression is more likely to achieve both high
aerodynamic efficiency and low sonic boom than the nose bluntness method.

Zha recently suggested a novel concept of supersonic bi-directional flying wing (SBiDir-FW) aimed at
achieving high aerodynamic efficiency at both supersonic and subsonic, and reduce sonic boom at the same
time [12, 13, 14]. The SBiDir-FW will rotate 90o between subsonic and supersonic mode to achieve high
aerodynamic performance for both subsonic and supersonic. The ultra-slender supersonic configuration and
isentropic compression pressure surface will reduce the sonic boom and replace the conventional N-wave by
a smooth wave. As the first numerical simulation effort in [14] with Mach number of 1.6, Zha et al achieved
a smooth ground sonic boom signature with the peak value of 0.3psf at zero angle of attack, which is very
encouraging not just because of the low over pressure, but also because the conventional N-shape shock wave
is removed. However, the L/Dp of 5.3 achieved at zero angle of attack is not outstanding. In [15], Espinal
et al conduct a preliminary design using SbiDir-FW for a supersonic civil transport.

The purpose of this paper is to perform a parametric study to improve L/D of SBiDir-FW while main-
taining the smooth sonic boom signature and low over pressure value. Even though the propulsion system is
not included in the simulation, the high L/Dp and smooth and low sonic boom indicate that the SBiDir-FW
is a very promising concept for supersonic flight.

2 The SBIDIR-FW Concept

The fundamental concept of SBiDir-FW consists of a flying wing or blended wing-body configuration with
a symmetric planform about both the longitudinal and span axes with two flight directions altered by 90o.
For supersonic flight, the planform will rotate 90o from the subsonic mode.

The subsonic aspect ratio will be increased by (L
b
)2 , where L is the airplane length and b its span:

ARM<1 = ((
L

b
)2) ∗ ARM>1

Fig. 1 shows the subsonic flight mode with high aspect ratio and Fig. 2 shows the supersonic flight with a
very low aspect ratio after rotation 90o. Moreover, the sweep angle at subsonic will be largely reduced :

δM<1 = 90o
− δM>1

Another characteristic that will help achieve high aerodynamic efficiency at both subsonic and supersonic
speed is the thickness of the airfoil. Because a thin airfoil is preferred for supersonic flight, the circular-arc
airfoil was designed to have a thickness equal to 3% of the local chord length. This 3% thickness was kept
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constant for the supersonic configuration throughout the span. Due to the fact that the span is significantly
shorter than the length in the subsonic flight direction, the thickness is significantly increased at subsonic
mode, as highlighted in Fig. 3, therefore bringing the flying wing to achieve high lift coefficient at subsonic.
Fig.4 shows the supersonic mode after 90o rotation from the subsonic mode with the thin supersonic airfoil
highlighted.

The symmetric planform will let the trailing edge become leading edge during the rotation and generate
lift to stabilize the mode transition similar to a flying Frisbee. The desirable transition mode Mach number
is high subsonic such as about 0.8 to avoid the unsteady force introduced by shock waves at supersonic. The
yaw moment to rotate the airframe will be generated by ailerons or flaps on the two sides of the flying wing.
This concept therefore does not require a power driven system to rotate, not adding a weight penalty nor
a system complication to the design. With this concept of rotating a symmetric flying wing, the conflict
between supersonic and subsonic aerodynamic performance for a conventional tube-wing configuration is
hence removed. High subsonic performance will be translated to high supersonic performance as the planform
rotates.

The other important purpose of SBiDir-FW is to reduce downward shock and therefore sonic boom by
using a sharp nose and an isentropic compression pressure surface. At AoA = 0, the flat pressure surface of
the airplane will cancel the shock responsible for sonic boom propagated to the ground [14]. However, the
L/D is not high enough at AoA =0◦. This paper is to seek higher L/D at higher AoA while maintain the
low sonic boom with smooth ground signature.

3 Flight Mission

The flight mission is a 10 passenger business jet with range of 4000 nm at altitude of 60,000 ft. The full
length of the plane is 78m at supersonic. However in order to decrease the space due to the wing span at
take off and landing, the tip part of the wings will be retracted in subsonic mode. The passenger weight
including baggage is assumed to be 250 lbs per passenger for a total payload of 2.5 Klb. The estimated fuel
weight required for the mission is 3.8 Klb.

4 CFD Model Validation

The in house FASIP(Flow Acoustics Structural Interaction Package) CFD code is used for the simula-
tion. FASIP has been intensively validated for various 2D and 3D steady and unsteady flows. FASIP has
implemented advanced numerical algorithms including various approximate Riemman solvers [16, 17, 18],
3rd order MUSCL Schemes, high order WENO schemes and central differencing schemes [19, 20, 21, 22],
non reflective boundary conditions [23],implicit unfactored Gauss-Seidel dual time stepping for unsteady
calculation [24, 25], fluid structural interaction[26, 27, 28], RANS turbulence models[29, 30, 31], DES and
LES [32, 33, 34, 35], preconditioning for incompressible flows[22], and high scalability parallel computing[36].

As the first step, it is necessary to validate our sonic boom simulation tools[14]. Simulation of sonic boom
using CFD needs to emphasize on the off body phenomenon, which has different mesh requirement from
predicting aerodynamic forces of an airplane[37]. The cone Model 1 in the NASA sonic boom wind tunnel
testing [38] is used to validate the CFD mesh setup and numerical schemes selection. The half cone angle is
3.24◦, the cone length is 2inch. The tested Mach number of 2.01 is calculated numerically for its near field
sonic boom signature. The computed results are compared with the experiment [38] and the CFD results
of Wintzer et al [39]. The far field sonic boom signature is extrapolated using the NASA NF Boom code
[40] based on the method of Thomas [41]. The mesh is inclined at the Mach angle to resolve the oblique
shock waves. The computational domain size is extended one chord upstream, two and a half chords above
and below the cone, and four and half chords downstream of the cone. The inlet boundary conditions is
to fix all the variables at the freestream conditions. The upper, lower, and downstream conditions are zero
gradient extrapolation. As the initial trails, the RANS model with Baldwin-Lomax model was used and the
near field sonic boom was significantly over-predicted due to the boundary layer thickness. The calculation
is then switched to inviscid calculation as the methods used by other groups [37, 39, 42, 43]. For our CFD
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solver, the inviscid calculation is conducted with Reynolds number set to 1016 in the Navier-Stokes solver
and slip wall boundary conditions enforced. The predicted pressure signatures of the NASA cone Model 1
agree very well with the experiment and the numerical results of other research group[14].

5 Parametric Study

Mesh

The mesh used for a SBiDir-FW configuration is 161×83×61 in the streamwise, radial and circumferential
direction respectively as shown on Fig. 5. It is then divided in 16 blocks of 21 × 83 × 61 for parallel
computation. The mesh is inclined at the Mach angle to resolve the oblique shock waves. Our mesh will
therefore be different when the Mach number of the study is changed. This dependency is shown on Fig. 6.
Several boundary conditions are applied. The inlet boundary condition is set to fixed freestream conditions.
Upper, lower and the side of the mesh are set with zero gradient interpolation. The plane is divided into 6
blocks which are set to wall boundary conditions. A symmetry boundary condition also has to be defined
in order to create the results for the other half part of our design. Fig. 7 is the mesh refinement results and
shows that the over pressure signature is not affected by mesh that has 1.5 more point in all the directions.
It indicated that the over pressure signature computed using this mesh is converged. Fig. 8 shows the
convergence history obtained with this mesh. It shows that the mean residual is decreased by 3 order of
magnitude and the calculation is converged after 5000 iterations.

Results

The geometry model in [14] was composed of two sweep angles and one deflection location as shown on
Fig. 9. The baseline configuration of the SBiDir-FW in [14] is composed of two sweep angles of 60o and 80o

with the supersonic aspect ratio of 1 and subsonic aspect ratio of 7. In order to smoothen the profile and
increase the control parameters of the configuration, the geometry model is modified to consist of 4 sweep
angles and 3 axial deflection locations as shown in Fig. 10, which is a quarter of the whole geometry. The
deflection is defined as the location percentage of the airplane half length and measured from the airplane
leading edge.

The supersonic airfoil used to construct the flying wing is a simple circular arc and the airfoil thickness is
3%. The aspect ratio at supersonic is 0.33 and subsonic is 33.

The parametric study varies the sweep angles and deflection locations in order to find the configuration
with the good aerodynamic performance and low sonic boom. In order to compare the efficiency of the
different configurations tested, we introduce a measure of merit (MoM), taking into account the ratio of lift
to drag, sonic boom and volume of the design, defined as below:

MoM = w1 ∗ (
L
D

L
D baseline

) + w2 ∗ (
1

( dp

dpbaseline

) + w3 ∗ (
V

Vbaseline

)

where w1, w2 and w3 are the equal weights with the value 1

3
, L is the lift, D the drag, dp the over-pressure,

V the volume of the airplane. This MoM is to include the aerodynamic efficiency, sonic boom and aircraft
volume in an equal manner. The higher the MoM, the more merit is the design. Tables 1 and 2 show the
different MoM obtained for different sweep angles and deflection locations. Plots 11 and 12shows the values
of L/D, dPmax, volume (normalized with baseline value)and MoM.

Design 1 to 20 use the configuration of 2 sweep angles. Design21 to 38 use the new parametric configuration
with 4 sweep angles and 3 deflection locations. Design 38 achieves the best MoM. This parametric study
shows that a thinner and longer nose will give a better sonic boom as reflected in Design 38. However the
downstream sweep angle also has a very important role to play. In fact changing the downstream part will
have a significant effect not only on the sonic boom as shown on Fig. 13 but also on the L/D ratio. On Fig.
13, all the configurations have the same 4 sweep angles and only the deflection point of the downstream part
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are varied. For design 38, last deflection is located at 90% of the half length of the airplane, for design 39
it is of 80% and finally for design40, 75%. The L/D drops from 15.58 for design 38 to 15.06 for design39
to finally 14.63 for design40. The best configuration therefore appears to be a plane with a long nose and
a very slender body. According to the MoM, Design38 is the highest merit configuration obtained in this
parametric study with high L/D, low sonic boom, and high internal volume. The sweep angles used for this
new design are 88o, 85o, 82o and 73o. The axis distances are 45%, 65% and 90% of half the total length.
Both the results of Mach 1.6 and Mach 2 will be analyzed for Design 38.

Fig. 14 gives the value of lift and drag depending on the angle of attack at M=1.6 and M=2.0. Fig.
15 shows the lift to drag ratio of the airplane vs AoA at M=1.6 and 2.0 compared to the baseline. The
results suggest that the aerodynamic efficiency of the SBiDir-FW Design38 reaches its peak at AoA = 2 at
both Mach numbers. Moreover, it shows that at M=2.0, the lift to drag ratio rises up to 15.58 at AoA of
2◦ whereas it is of 15.08 at M=1.6. Compared to the baseline value of 11.32, Design 38 is therefore much
more aerodynamically efficient than the initial SBiDir 80-60 design, and at the same time, the sonic boom
is significantly lower.

The airplane configuration of Design38 has better aerodynamic efficiency at M=2.0 than at Mach=1.6.
However, at Mach 2, the overpressure is higher than that at Mach 1.6 as shown in Fig. 16 for the two body
length below the airplane. Nonetheless, compared to the baseline configuration, the dP is still very low even
at Mach M=2.0.

Fig. 17 and 18 are the ground sonic boom at various angles of attack. This results were obtained by
extrapolation using NASA NF Boom code [40] with a ground reflection factor of 1.9. At M=1.6, all AoA
ground sonic boom signature preserves the smooth near field pressure shapes, whereas the baseline forms
the N-wave with two shock waves pulses at higher than zero AoA [14]. However, at M=2.0 and AoA=4, the
N-wave on the ground is formed. Fig. 19 is the ground sonic boom signature of M=1.6 and M=2.0 compared
to the baseline at AoA=2. The baseline configuration achieves a smooth sonic boom signature at AoA=0
with the peak value of 0.3psf [14], but it has a typical N-wave shape at AoA=2 with the peak value of 1.1
psf.

The typical N-wave is a shock wave with two shock pulses whereas a smoothen curve is considered as an
acoustic wave. Assuming the over-pressure wave sweeps across an infinitesimal fluid control volume , the
impulsive force acting on the control volume would be:

∆F = ∆m · a (1)

where, ∆F is the impulsive force, ∆m is the mass flow of the control volume and a is the acceleration.
Given that the acceleration a is the derivative from velocity V, Eq. 1 becomes:

∆F = ∆m ·

dV

dt
(2)

According to Euler’s equation, dp = −ρV dV , by replacing dV in Eq. 2 :

∆F = −∆m
dp

ρV dV
(3)

The mass flow rate can also be given as : ∆m = ρV ∆S where ∆S is the capture area of the control
volume. Equation 3 thus becomes:

∆F = −∆S
dp

dt
= −∆S

∆p

∆t
(4)

From equation 4, it is clear that ∆F depends on the pressure variation rate. For a N-wave shape, the ∆t
is an instant and is very small, the ∆P

∆t
will thus be very large. The N-wave could hence create a significant

impulsive force F. On the contrary, for the smooth wave, the pressure rise time is much longer and therefore
diminishes the force induced by the overpressure wave tremendously. For an overpressure wave of same
amplitude, a smooth wave will have a much smaller impulsive force. It means that the noise created by
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the smooth wave will be much weaker than a N-wave with the same amplitude. Thus, obtaining a smooth
ground overpressure signature is very important in order to achieve the lowest sonic boom possible.

Design38 achieves a smooth ground sonic boom signature at Mach number of 1.6 with the peak value of
0.3 psf at AoA=2 while the L/Dp is 15.06. At Mach 2, the over pressure peack is 0.4psf and the L/Dp is
15.58.Please note that the peak over-pressure value is from the smooth waves instead of the N-waves. This
significant improvement of the low boom and high L/Dp is attributed to the low supersonic aspect ratio of
0.33 and high sweep angle. Such a low aspect ratio is beyond the limit of conventional supersonic planform
design for take-off/landing performance. However, for SBiDir-FW configuration, the low supersonic aspect
ratio of 0.33 is translated to high subsonic aspect ratio of 33, which will provide the airplane with high
performance at both supersonic and subsonic.

Fig. 20 and 21 show the Mach number contours on the upper surface at respectively M=1.6 and M=2.0,
which indicates a clear upward shock on the rear of the plane. It also shows the planform shape at AoA = 2,
which presents a sharp, long nose and a very slender body. Fig. 22 and 23 show the mach number contour
on the lower surface at M=1.6 and M=2.0, which indicate that the pressure is fairly uniform in most of the
area.

Fig. 24 and 25 is the Mach number contours at 0%span (mid-plane). At the leading edge, the shock is
mostly an acoustic wave at the angle of Mach cone. Interestingly, the front oblique shock has a slight concave
shape and is very weak therefore minimizing wave drag. On the suction surface, a tail shock is formed at
two third of the plane length. On the pressure surface, a shock is also formed at the same location mostly
due to the propagation of the shock from the suction surface.

Fig. 26 and 27 is the surface isentropic Mach number distributions at 0%, 25%, 50% and 75% span against
axial distance normalized by the local chord length. For both the Mach numbers, the distribution shapes
are about the same. It can be seen that even though the absolute lift loading is highest at the mid-span
plane, the loading coefficient is increased toward the outer span. The pressure distribution shape is similar to
transonic condition due to the high sweep angle. The shock location is slightly downstream of the mid-chord
location at the mid-span and is moved more downstream toward outer-span. The overall shock strength is
not very strong with the peak Mach number of 1.35 at M=1.6 and 1.69 at M=2.0 due to the high sweep
angle. The weak tail shock is beneficial to the low wave drag. Similar to the shock wave, the expansion wave
also propagates to the pressure surface as shown by the rapid acceleration downstream of the mid-chord
location.

In order to change the way the plane looks, and especially in effort to increase the volume of our design,
a new kind of approach was considered as shown on Fig. 28. What is interesting with this kind of design is
that one can have a very thin nose without loosing too much volume because the back of the plane has a
high volume due to the sweep angles that are defined. The configuration presented is Design 47. The sweep
angles used for this new design are 88o, 70o, 88o and 70o. The axis distances are 45%, 35%, and 10% of half
the total length.

The aerodynamic characteristics of Design 47 compared with Design 38 at Mach 2 are given in table 3. It
shows that the lift is decreased as well as the L/Dp, which goes down to 13.32. However Fig. ?? shows that
the overpressure is lower than Design 38. The sonic boom on ground at Mach 2 is smooth and achieves a
peak of 0.3psf at angle of attack 2. However what we can see is that even though the MoM suggests that
Design 47 is better than Design 38, the volume , the main objective intended for improving is actually lower
as shown in Table 3. Overall, this configuration indicates that there is a large room for overall improvement
of MoM if a more intelligent and systematic optimization is utilized.

6 Conclusions

This paper conducts a parametric design study for an imaginary supersonic business jet based on supersonic
bi-directional flying wing concept. The supersonic business jet is designed to have a payload of 10 passengers
and range of 4000 nm to cruise at Mach 1.6 and 2.0 at altitude of 60,000 ft. The designed SbiDir-FW
configuration provides a aspect ratio of 0.33 at supersonic and 33 at subsonic to achieve high aerodynamic
performance at both supersonic and subsonic. The study indicates that a sharp and long nose configuration
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with an ultra slender body is favorable to both aerodynamic performance and low sonic boom. The table
below summarizes the results of the best design (Design 38) of the parametric study.

Baseline M=1.6 M=2.0
L/D 11.35 15.06 15.58
dP2Lbelow 0.017 0.0037 0.0053
Pground(psf) 1.1 0.3 0.4

Design 38 achieves a lift to drag ratio of 15 and 15.58 respectively at Mach 1.6 and Mach 2.0. Moreover this
configuration maintains a smooth and low sonic boom of 0.3psf at Mach 1.6 and 0.4psf at M=2.0. It means
that the conventional N-wave could be replaced by a strong acoustic wave, which is expected to generate a
much less impulsive force and hence noise.

The SbiDir-FW concept appears to be a very promising concept for supersonic flight, achieving the very
high aerodynamic efficiency and the low sonic boom needed in order to make it viable. More systematic
research is however needed to optimize the configuration, in particular concerning the integration of the
propulsion system.
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Design Sweep1 Sweep2 Defl MoM Design Sweep1 Sweep2 Defl (%) MoM
1 80 60 25 1.00 11 80 60 20 1.01
2 75 60 25 1.07 12 80 60 15 1.05
3 70 60 25 1.15 13 80 60 40 1.26
4 87 60 25 0.832 16 80 70 30 1.25
5 80 65 25 1.07 17 80 75 35 1.48
6 80 55 25 0.904 18 70 70 25 1.29
7 80 70 25 1.18 19 75 75 25 1.35
8 80 75 25 1.34 20 80 80 25 1.61
9 80 60 30 1.03
10 80 60 35 1.21

Table 1: Definition and MoM of variation 1 to 20 with the model used in [14]
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Figure 1: Sketch of a SBiDir-FW Planform
flying in subsonic mode (not to scale) Figure 2: Sketch of a SBiDir-FW Planform flying in

supersonic mode (not to scale)

Figure 3: Subsonic mode Figure 4: Supersonic mode
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Figure 5: 3D view of the SBiDir mesh
with dimensions

Figure 6: Side view of the mesh with
dependency to the mach angle
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Figure 7: Comparison of the computed
over-pressure at two and a half body

lengths below for mesh refinement study
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Figure 8: Convergence history for Design 38 at
M=2.0

Figure 9: Former parametric definition of
SbiDir-FW edge

Figure 10: New parametric definition of SbiDir-FW
edge

Design Sweep1 Sweep2 Sweep3 Sweep4 Defl1 Defl2 Defl3 MoM
21 85 80 75 70 70 50 25 1.24
22 85 82 79 76 70 50 25 1.52
23 85 75 70 65 70 50 25 1.09
24 80 80 65 60 70 50 25 1.07
25 85 80 75 70 70 50 20 1.26
26 85 80 75 70 70 55 15 1.27
27 85 80 75 70 65 45 20 1.28
28 85 80 75 70 60 35 20 1.30
29 85 80 75 70 55 35 10 1.42
30 85 82 79 73 55 50 10 1.50
31 88 83 78 76 75 35 25 1.38
32 88 83 78 76 55 50 10 1.67
33 88 85 82 79 75 35 10 1.90
34 88 85 82 79 55 35 10 2.07
35 88 82 79 76 55 35 10 1.76
36 88 85 79 76 55 35 10 1.90
37 88 85 76 73 55 35 10 1.60
38 88 85 82 73 55 35 10 2.13

Table 2: Definition and MoM of variation 21 to 38 with the new geometry
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Figure 11: Values of L/D, dPmax, Volume and MoM for variations 1 to 38 at M=1.6

Figure 12: Values of L/D, dPmax, Volume and MoM for variations 38 to 52 at M=2.0
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Figure 13: Computed overpressure two length below the aircraft for Design 38, 39 and 40

Angle of Attack

C
l

C
d

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0

0.002

0.004

0.006

0.008

M= 2.0, Cl
Cd
M=1.6, Cl
Cd

SBiDir - Variation 38

Figure 14: Lift and Drag coefficient vs AoA for
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Figure 15: Lift over Drag ratio for the
baseline and Design 38 at M=1.6 and

M=2.0
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Figure 16: Computed pressure signature at two
lengths below at AoA=2 for Design38 at M=1.6 and

M=2.0 compared to the baseline
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Figure 18: Computed pressure signature on the
ground vs AoA for Design38 at M=2.0
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Figure 19: Computed pressure signature
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Design 38 at M=1.6 and Design 38 at
M=2.0
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Figure 20: Computed Mach number contours at
upper surface of Design38 SbiDir-FW configuration,

AoA =2, M=1.6
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Figure 21: Computed Mach number
contours at upper surface of Design38

SbiDir-FW configuration, AoA =2, M=2.0
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Figure 22: Computed Mach number contours on the
lower surface of Design38 SbiDir-FW configuration,

AoA =2, M=1.6
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Figure 23: Computed Mach number
contours at lower surface of Design38

SbiDir-FW configuration, AoA =2, M=2.0
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Figure 24: Mach number contours at 0% span section
(mid-plane), AoA=2, M=1.6
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Figure 25: Mach number contours at 0%
span section (mid-plane), AoA=2, M=2.0
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Figure 26: Surface Isentropic Mach number
distribution at different span section at M=1.6
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Figure 28: Parametric definition of SbiDir-FW edge for the new design

Cl Cd Cl/Cd V dp2Lbelow MoM
Variation38 0.03610 0.00231 15.58 39.9 0.00528 1
Variation47 0.02996 0.00225 13.32 31.6 0.00337 1.33

Table 3: Characteristics of design 47
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Figure 29: Computed overpressure 2 body length
below
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