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Abstract

This paper conducts a parametric trade study to establish and understand the rela-
tionship between the sonic boom/aerodynamic efficiency and the design parameters for
supersonic bi-directional flying wing(SBiDir-FW). The mission requirements for this su-
personic plane include the cruise Mach number of 1.6, range of 4000 nm, payload of 100
passenger and flight altitude of 50k ft. An advanced geometry model is employed to con-
struct the SBiDir-FW configurations. The geometry model can freely vary airfoil meanline
angle distribution to control the expansion and shock waves on the airplane surface in order
to mitigate sonic boom and improve aerodynamic efficiency. The trade study has several
very important findings: 1) The far field ground sonic boom signature is directly related
to the smoothness of the wave distribution on the airplane surface. The meanline angle
distribution is a very effective control methodology to mitigate surface shock and expan-
sion wave strength, and mitigate compression wave coalescing by achieving smooth loading
distribution chord-wise. Compared with a linear meanline angle distribution, a design us-
ing non-monotonic meanline angle distribution with reversed cambering in the mid-chord
region is able to reduce the sonic boom ground loudness by over 20PLdB. 2) Decreasing
sweep angle within the Mach cone will increase L/D as well as sonic boom. A design with
variable sweep from 84◦ at the very leading edge to 68◦ at the tip achieves a very high
L/D of 10.4 at Mach number 1.6 due to the low wave drag. If no sonic boom constraint is
considered, the L/D can be further increased. 3) The round leading edge and trailing edge
under high sweep angle are beneficial to improve aerodynamic performance, sonic boom,
and to increase volume of the airplane.

The qualitative and quantitative findings in this paper give better understanding of
physics and provide the path to achieve the ultimate high performance design. The final
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design with refined mesh achieves sonic boom ground loudness of 72PldB and aerodynamic
dynamic efficiency L/D of 8.3. If increasing the cruise altitude from 50kft to 56kft, the
ground sonic boom loudness will be decreased to 68PLdB and 65PLdB respectively. All
the design in this study are created manually. It is believed that a systematic automated
design optimization will significantly improve the design.
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1 Introduction

Supersonic transports (SSTs) have two major problems: sonic boom and aerodynamic effi-
ciency. Sonic boom is the noise that propagates to ground as an N-wave created by the shock
waves of a supersonic airplane. The N-wave represents the sharp pressure rise from the front
shock wave, followed by a series of expansion waves, and ends with a shock wave to restore the
pressure back to ambient value. The amplitude of N-wave determines the strength of the sonic
boom and the annoyance to people. The measured ground N-wave over-pressure amplitude of
SR71 propagating from 80,000 ft at Mach 3 is 0.9 psf. Concord has the ground N-wave ampli-
tude of 1.94psf propagating from 52,000 ft altitude at Mach 2. Due to the sonic boom, FAA
has banned supersonic flight over land. It is not economic viable for airlines if they can only fly
supersonically over sea. Resolving sonic boom issue is hence essential for civil supersonic flight,
whereas the aerodynamic efficiency, even though very important, becomes secondary.

One factor affecting aerodynamic efficiency is the extra drag contribution during supersonic
flight: the wave drag caused by the entropy increase of strong shock waves. Wave drag does
not exist for subsonic airplanes and is not a serious problem for transonic flight due to the
low supersonic Mach number. The second factor that affects efficiency is the large flight speed
disparity between take-off/landing and cruise. At take-off and landing, the low flight speed
requires a high aspect ratio (AR) and low wing sweep angle. High-speed cruise however requires
the opposite characteristics. A compromise between low speed take-off/landing and high-speed
cruise efficiency is required.

1.1 Overview on Sonic Boom Mitigation

The shock waves contributing to sonic boom are formed by two mechanisms, volume blockage
and lift. A solid blockage in a supersonic flow will generate a front shock, followed by an
expansion wave due to the diminishing blockage with reduced pressure, which needs to return
to ambient pressure through a shock at the end. The pressure variation forms a N-wave that
propagates to the ground and produces the sonic boom. However, the strength of the shock
waves is determined by the area-weighted distribution of the blockage. The more slender the
volume blockage is distributed, the weaker the shock. A very slender body will therefore generate
shock waves as weak as isentropic compression wave.

In addition to volume blockage, an airplane must generate lift, which requires high pressure
on the lower surface (pressure surface) and low pressure on the upper surface (suction surface).
The high pressure will generate compression wave and the low pressure will generate expansion
wave. They both propagate downstream within their Mach cone. The compression wave will
have slightly higher temperature than the expansion and hence faster wave speed, which is the
speed of sound. Away from the airplane in the near field, the pressure wave thus will be measured
as the high pressure compression wave in the front and the expansion wave reducing the pressure
will follow. Usually, due to the higher curvature on suction surface, the pressure reduction extent
by the expansion wave is more than the pressure rise extent of the front compression wave. The
pressure downstream of the front compression wave hence will be lower than the ambient pressure.
To return the pressure back to ambient pressure, compression waves at the end of the aircraft are
needed. Since a compression wave in the downstream always has a higher wave speed and Mach
cone angle than the one in the upstream, they have the tendency to merge in the mid-field or
far-field to form a shock wave. If both the front and tail compression waves become shock waves,
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they appear on the ground as an N-wave. The longer and smoother the lift is distributed, the less
intense the compression waves will coalesce. It is possible that the compression waves will not
have enough time to coalesce when they reach ground if the pressure compression is smooth and
gradual. In that case, we will obtain smooth Sine wave shape pressure wave on ground instead
of N-wave.

To weaken the shock effect and minimize sonic boom, the dominantly used method at present is
to follow the mid-field over pressure signatures suggested by Seebass and George[1, 2, 3] and later
further advanced by Darden[4], a flat rooftop shape or a ramp shape. The former is to achieve low
ground over-pressure signature and the latter is to achieve weak shock. The flat rooftop shape
mid-field over-pressure signature may be achieved by implementing nose bluntness following the
area rule theory[5, 6, 3, 2, 7], which is based on linear model for axisymmetric body of revolution
and is applied to airplane lifting surface by using equivalent area. 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 method also induces substantial wave drag since the
entropy increase due to the strong shock waves is irreversible. Darden investigated nose-blunt
relaxation as a compromise between the blunt nosed low-boom aircraft and sharp nosed low drag
design[8]. McLean found that the pressure signature that reaches the ground from a long slender
aircraft with minimal weight change may not fully develop into the far-field N-wave form[9].

The ramp shape mid-field over-pressure signature to mitigate sonic boom is to generate weak
leading edge(LE) and trailing edge(TE) shocks, or multiple weak shocks, or ideally isentropic
compression waves, to minimize or remove N-wave ground over-pressure signature. For example,
designs with sharp nose is for this purpose, which is aerodynamically efficient, but may produce a
strong shock at mid-field and far-field distances from the aircraft. In principle, a sharp nose with
weak shock or isentropic compression is more likely to achieve both high aerodynamic efficiency
and low sonic boom than the nose bluntness method.

In 2008, NASA has outlined the requirements of N+2 (year 2020-2025) and N+3 (year 2030-
2035) goal of supersonic civil transport[10]. For N+2, the range ≥ 4000nm, Mach number
=1.6-2.0, passenger 25-100. For N+3, the range ≥ 4000nm, Mach number =1.3-2.0, passenger
100-200. The challenging requirement for both N+2 and N+3 is the sonic boom noise level
(based on linear theory) should be between 65 to 70 PLdB. NASA contracted Boeing [11, 12]
and Lockheed Martin [13] to conduct design of N+2 supersonic airplane. Both the designs have
good aerodynamic performance, but the sonic boom level is at about 80PLdB and are considered
as a significant progress on low boom supersonic airplane design.

Automated design optimization plays a very important role in the supersonic airplane design
refinement. For example, both the N+2 designs of Boeing[12] and Lockheed Martin[13] are
completed with Design of Experiment, which forms a responsive surface based on previous design
samples and extracts the optimum. An important progress on design optimization of supersonic
airplane is to use adjoint method for gradient calculation originally suggested by Jameson [14, 15].
The research efforts using adjoint method to mitigate sonic boom were first made by Alonson et al
[16, 17]. Rallabhandi et al [18] extends the adjoint equation method of NASA FUN3D CFD code
to directly calculate the gradient from ground boom signature instead of the near field signature.
Rallabhandi further developed a reversed approach to shape an aircraft to equivalent area using
discrete adjoint approach. Design optimization can seek an optimum solution efficiently under
the design space defined by a design concept. However, it may be difficult to rely on design
optimization to find a breaking through new concept.
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Zha et al [19, 20, 21, 22] proposed a novel Supersonic Bi-Directional Flying Wing concept
(SBiDir-FW) aimed at achieving low sonic boom, minimizing wave drag, maximizing the super-
sonic and subsonic aerodynamic efficiency and performance. The concept is intended to break
through the technical barriers of conventional supersonic tube-wing configurations. The key idea
is to render the airplane to achieve ultra-high slenderness at supersonic and high aspect ratio at
subsonic low speed to remove the aerodynamic conflict due to speed disparity.

However, since SBiDir-FW is a new concept, no prior knowledge on the correlation between
the geometry and sonic boom and aerodynamic performance is available. The purpose of this
paper is to conduct parametric trade study to develop such a correlation. A trade study is to vary
one design parameter a time and keep all other parameters unchanged to see the effect of that
particular parameter. Trade study in general is not able to achieve the global optimum design.
However, it is important to conduct the manual trade study to understand the physics and the
relationship between the geometry parameters, sonic boom and aerodynamic performance. The
trade study will lay a good foundation for further design optimization

2 Supersonic Bi-Directional Flying Wing

The Supersonic Bi-Directional Flying Wing [20, 21, 22] is aimed at breaking through the tech-
nical barriers of high sonic boom, poor subsonic performance, and high wave drag of conventional
supersonic tube-wing configurations.

Figure 1: Sketch of a SBiDir-FW Planform
flying in supersonic mode (not to scale)

Figure 2: Sketch of a SBiDir-FW Planform
flying in subsonic mode (not to scale)
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To achieve high aerodynamic efficiency for both supersonic and subsonic, the airplane is 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 90◦. At subsonic flight, the planform will
rotate 90◦ from the supersonic mode shown in Fig. 1 to the subsonic mode as shown in Fig.
2. Fig. 4 shows the 3D supersonic flight direction and the thin airfoil highlighted to form the
flying wing to achieve low wave drag. Fig. 3 shows the subsonic mode after 90◦ rotation from
the supersonic mode also with the subsonic airfoil highlighted. A reversed rotation will be done
when the mode is changed from subsonic to supersonic. Since the span is significantly shorter
than the length, the subsonic airfoil will be significantly thicker than the supersonic airfoil as
shown in Fig. 3 to provide high lift coefficient needed for subsonic flight.

The engines will not be rotated and will be always aligned with the flight direction. The
rotating turbomachinery inside the jet engines also provide the gyroscope effect to enhance the
engine stability. The yaw moment to rotate the airframe will be generated by ailerons or flaps on
the two sides of the flying wing. No powered driving system like that for swing wing is needed to
rotate the airframe and hence the weight penalty and system complication can be avoided. 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 subsonic aspect ratio will be substantially increased by (L
b
)2 based on the following rela-

tion:

ARM<1 = ((
L

b
)2) ∗ ARM>1 (1)

where L is the airplane length and b its span.

Moreover, the sweep angle at subsonic will be largely reduced as the following:

δM<1 = 90o − δM>1 (2)

Fig. 3 shows the subsonic flight mode with high aspect ratio and Fig. 4 shows the supersonic
flight with a very low aspect ratio after rotation 90o. To make the flying wing symmetric about
both axes, the airfoil stacked is also symmetric as highlighted in Fig. 3 and 4. The symmetric
planform will let the trailing edge become leading during the rotation and generate lift to stabilize
the mode transition similar to a flying Frisbee. Even though a thin airfoil is used to stack the
flying wing in the supersonic direction, sufficient volume can be easily achieved due to the long
length of the flying wing body, which is also the chord of the flying wing airfoil.

The SBiDir-FW has the following inherent aerodynamic advantages over the conventional wing-
tube configurations.

2.1 Significantly higher slenderness and longer length at Supersonic

Here we define the slenderness coefficient of an object Cs as the following, the greater the
value, the higher the slenderness:

Cs = V/Amaxb (3)

where V is the total volume, Amax is the maximum cross section area normal to the flight
direction, and b is the wing span.
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Figure 3: A SBiDir-FW civil transport in
subsonic mode flying toward right, subsonic

thick airfoil highlighted in the middle.

Figure 4: A SBiDir-FW civil transport in
supersonic mode flying toward right,

supersonic thin airfoil highlighted in the
middle.

For a SBiDir-FW configuration, usually the maximum cross section area is at the wing span
location at 50% of the airplane length. Amax and V may be evaluated as the following:

Amax = b ∗ tavgb
, V = S ∗ tavgall

(4)

where tavgb
is the averaged thickness at the wing span location, tavgall

is the averaged thickness
of the whole airplane.

Cs = S/b2(
tavgall

tavgb

) =
tR
AR

, tR =
tavgall

tavgb

(5)

where tR is the averaged thickness ratio of the overall airplane to the one at span location. Once
the thickness of the configuration is chosen, the slenderness is determined by the planform aspect
ratio. The smaller the aspect ratio, the higher the slenderness coefficient.

For the same sweep angle, planform area, and thickness distribution, a diamond wing as
sketched in Fig. 4 will have an aspect ratio half of a delta wing, which represents a wing
planform of a conventional wing-tube configuration. A diamond wing will have the length

√
2

(1.414) time longer than that of a delta wing and the wing span is
√

2/2 time shorter. Note
that this comparison only includes the wing planform. For a SBiDir-FW configuration, the wing
planform is the whole airplane. For a conventional wing-tube airplane, the fuselage takes a
substantial volume and is also the maximum length. The slenderness coefficient of a SBiDir-FW
configuration hence will be more than 2 times greater than that of a conventional wing-body
configuration. The lift distribution length of a SBiDir-FW configuration is the whole airplane
length from head to tail, the maximum possible length of an airplane. The higher slenderness
(smaller aspect ratio) and longer length are all beneficial to reduce shock strength, mitigate
coalescing of compression wave in the mid-field, and ultimately minimize the sonic boom and
wave drag. Furthermore, the flying wing configuration uses the whole body area as the lifting
surface. In other words, it uses the maximum possible length and least possible area, which will
satisfy the required volume of the mission with minimum weight. Attributed to the supersonic
flow characteristics that disturbance only travels downstream, a small aspect ratio brings little
induced drag penalty that occurs at subsonic.
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2.2 Favorable Aspect Ratio at All Speeds

As indicated by Eq. 1 and 5.2, the smaller the supersonic aspect ratio, the higher the subsonic
aspect ratio; the larger the supersonic sweep angle, the smaller the subsonic sweep angle. The
conflict of subsonic and supersonic aerodynamic performance of conventional tube-wing config-
uration is hence removed by rotating the airplane 90◦. In other words, designers can favor the
supersonic aerodynamic performance as much as needed and do not have to compromise for
subsonic performance. High supersonic aerodynamic performance could be naturally translated
to high subsonic performance. Conventional supersonic wing-tube configuration usually do not
use aspect ratio smaller than 2. Otherwise, they will have difficulty during takeoff and landing
at low speed. For SBiDir-FW, a typical supersonic aspect ratio is about 0.5, which translate to
subsonic aspect ratio over 10. As an example of conventional design, the Concorde has excellent
supersonic aerodynamic efficiency of L/D=7, but its subsonic L/D is only 4. For SBiDir-FW
with high aspect ratio and higher maximum lift coefficient at subsonic, the take-off and landing
performance at low speed is outstanding.

2.3 Efficient Use of Area to Reduce Weight

For the SBiDir-FW without a non-lifting fuselage, all area and volume contributes to lifting
surface. For the same payload, the overall size of the airplane hence is smaller and lighter. In
fact, the supersonic longitudinal symmetric airfoil section, which is equivalent to the “fuselage”
of the conventional wing-tube configuration that generates little lift but drag, plays the most
important role to produce lift, reduce shock strength, and the associated sonic boom and wave
drag. Hence the design philosophy is very different from the conventional design.

2.4 Applicable to Hypersonic Vehicles

The same principle and advantages of SBiDir-FW also apply to hypersonic flight such as
one-stage to orbit reusable vehicles to have low wave drag at hypersonic and high lift and con-
trollability at take off/landing at regular airports.

3 Geometry Model

A geometry model is crucial to provide the required controllability to achieve the aerodynamic
performance, specifically to minimize shock strength in this research. An ideal geometry model
will allow designers to explore the design space with minimal design parameters to achieve the
optimum design either manually or using automated design optimization. In this research, an
advanced geometry model for this purpose is developed following the strategy for transonic and
supersonic aircraft engine compressor/fan blades[23].

The wing is created by stacking a series of airfoil along leading edge. In our designs, we use 5
to 8 airfoil sections to form a flying wing. A leading edge sweep and dihedral angle distribution
can be specified at any leading edge point. Once the sweep and dihedral angle distribution are
determined, the flying wing planform is determined, so are the planform area and aspect ratio.
Since a SBiDir-FW has a symmetric planform, the airfoil needs to be symmetric about the 50%
chord location. Hence the maximum thickness location is at 50% of the chord. After the planform
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is determined, the next most important step is to generate the meanline angle distribution of
each airfoil.

Once the meanline angle is determined, the actual meanline curves are generated by using
a spline technique. Then the airfoil is formed by adding the thickness circles along the airfoil
meanlines. Again, due to the symmetric requirement, the meanline angle distribution is symmet-
ric about 50% chord location. Our geometry model allows designers freely adjust the meanline
angel distribution of each airfoil. The meanline angle is to control the incidence angle of the
flow approaching the airfoil, the total flow turning that controls the aifoil loading, and local flow
turning that control the local expansion and shock waves.

The definition of flow incidence is similar to angle of attack of an airfoil, but not the same. The
flow is defined as the angle between the flow velocity vector and the meanline angle at leading
edge. If the flow velocity has the same direction as the airfoil meanline angle, the incidence is
zero. If the flow angle is greater than the LE meanline angle, the incidence is positive, otherwise,
the incidence is negative. For a supersonic thin airfoil, a zero incidence will generate a weak
LE shock since the flow is aligned with the LE. A positive incidence is expected to generated
a stronger LE shock going downward and a local expansion on the suction surface LE region.
A negative incidence would be opposite to generate a stronger shock going upward and a local
expansion on the pressure surface LE region.

The airfoil thickness distribution from the leading edge to the maximum thickness is deter-
mined following a quarter-sine wave distribution. For leading and trailing edge, the designers
also need to specify the thickness. An ellipse at leading edge(LE) and trailing edge (TE) will
then be formed based on the thickness and the ratio of the major and minor axes ratio. A graph-
ical user interface (GUI) is developed using Java language to allow designers directly adjust the
meanline angle distributions point by point using mouse click. The meanline angle distribution
adjustment is based on the airfoil surface isentropic Mach number distributions predicted by
CFD, which indicates the flow incidence, shock location, and shock strength. The principle is to
give the airfoil a moderate incidence to weaken the front shock and a favorable turning on the
airfoil to minimize the shock strength. How to create desirable meanline angle distributions for
each airfoil section to minimize the sonic boom and maximize ratio of lift to drag is the critical
part of the design, which will be elaborated more in the later section when we explain the designs
achieved. The designers can instantly see the airfoil shape change on the screen when they vary
the meanline angle distribution of each airfoil using the GUI.

4 Numerical Approach

The in house high order accuracy CFD code FASIP, which is intensively validated with var-
ious 2D and 3D steady and unsteady flows including sonic boom[24, 25, 26, 27, 28], is used
for the CFD analysis. To accurately capture shock waves and sonic boom, high order shock
capturing schemes, including 3rd order MUSCL scheme[29], 3rd, 5th and 7th order WENO
schemes and a finite compact scheme combining a shock detector and 6th order Pade scheme,
are utilized in the code[26, 27, 28, 30]. A set of 4th order and 6th order central differencing
schemes are devised to match the same stencil width of the WENO schemes for the viscous
terms[31, 32]. The Roe’s scheme [33] and a low diffusion E-CUSP scheme developed by Zha
et al[34] are used as the approximate Riemann solver with the MUSCL and WENO shock
capturing schemes. For turbulent simulations, FASIP has implemented Detached Eddy Sim-
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ulation (DES)[35, 36, 37, 38, 39, 40, 41], Large Eddy Simulation(LES)[32, 42], and Reynolds
averaged Navier-Stokes (RANS)[43, 31, 44, 45, 46, 47, 48, 49]. An implicit 2nd order time ac-
curate scheme with pseudo time and unfactored Gauss-Seidel line relaxation is employed for
time marching. For aeroelasticity problems, a fully coupled fluid-structural interaction model is
implemented[50, 41, 49, 37, 43, 45, 46, 36]. The MPI parallel computing is utilized and a high
scalability is achieved[51].

The Euler inviscid solver using the high resolution 3rd order weighted essentially non-oscillatory
(WENO) scheme with Roe’s approximate Riemann solver, which is validated with accurate pre-
diction of sonic boom, is used for design iterations at supersonic mode. The Euler solver also
predicts lift and pressure drag accurately. The only drag missing from an Euler solver is the su-
personic surface friction drag. Winter and Smith [52] conducted rigorous experimental study of
supersonic friction drag for delta wings, which has the airfoil maximum thickness of 8.3%, Mach
number from 1.5 to 2.6 and angle of attack (AoA0 up to 10◦. The delta wing is tappered and
twisted. His conclusion is that despite the wide variations in skin friction on the wing surface,
the total skin-friction drag is probably only some 5 to 10 per cent less than that on a flat plate
due to the adverse pressure gradient. The drag shows little variation with incidence.

Since the SBiDir-FW configurations simulated in this initial research do not include the propul-
sion systems, and the ranges of Mach number, sweep angle, AoA and airfoil thickness are all
within the same range of Winter- Smith experiment[52], we hence adopt the flat plate surface
friction coefficient modified for different altitude as the surface friction coefficient of SBiDir,
which is on the conservative side of the drag estimate. The utilization of flat plate surface fric-
tion coefficient for SBiDir-FW design iteration not only saves tremendous CPU time of CFD
simulation, it is also more reliable than the friction prediction from Reynolds averaged Navier-
Stokes (RANS) solvers[53], which often have difficulty in accurately predicting drag. The same
way using flat plate friction coefficient for supersonic wing is also adopted by Seebass[54].

The viscous Navier-Stokes solver is used to predict the lift, drag (with both pressure and
friction drag) and moments for the subsonic mode of SBiDir-FW, which has thick airfoil and
flow separation. A flat plate friction coefficient would not be as accurate as for supersonic mode
with thickness less than 3% and no flow separation.

In most of the trade studies, the far field sonic boom propagation to ground is simulated using
the the NASA NF Boom code[55]. In the final study with refined mesh to be presented in Section
6, the sBOOM code recently developed in NASA with non-linearity, molecular relaxation and
thermo-viscous absorption[] is utilized.

4.1 Mission Requirement

To implement realistic constraints for this conceptual design using SBiDir-FW, the mission
requirement include cruise Mach number of 1.6, pay load of 100 passenger with standard luggage,
and range of 4000nm. The text book Design of Aircraft by Corke [56] provides an excellent
aircraft conceptual design methodology, which is adopted for the SBiDir design. A FORTRAN
code was written based on this methodology in order to facilitate the design iterations.

To maximize the benefit of SBiDir-FW concept, a length of 100m is selected so that we can use
thin airfoil with the thickness less than 3%, which will give sufficient headroom space and volume
to hold passengers and fuel. It turns out that the volume is in general easy to achieve due to the
inherent advantage of flying wing. Once the sweep and dihedral angles distributions are specified,
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the planform area is determined. When the complete SBIDir-FW geometry is determined and
CFD analysis is completed, the coefficients of lift, drag, moment and the ratio of lift to drag are
available. With all these geometry and aerodynamic performance parameters including engine
fuel consumption, structure factor, and flight altitude as the input to the mission analysis code,
an estimate of the aircraft weight at different flight stages is iterated by using standard estimates
of the weight of passengers and crew, luggage, cockpit, engines, and other components. The
range is one of the output results from the mission analysis.

In this design, the SBiDir configuration is expected to provide a very low wing loading, and
thus short take-off and landing distances are expected. To choose the propulsion system, a
computation of the overall aircraft drag is performed to ensure that the plane has sufficient
thrust, and then engines that meet the thrust requirements are sized based on a reference engine.

5 Trade Study

To reduce the CPU simulation time, most of the trade studies use coarse meshes of about
3.3 million to see the trend. The final design iterations uses refined mesh of 10.3 million to
ensure that high resolution of shock location and strength are resolved. All the meshes have
local refinement around the shock to capture the correct shock profile. In other words, the sonic
boom value of the trade study may not be reliable due to the coarse mesh used, but the trend
is correct. The aerodynamic lift and drag from the coarse meshes are accurate and have little
difference from the refined mesh. The optimum design from the trade study is analyzed using
refine mesh and is presented in Section 6, which gives reliable ground pressure signature and
noise level.

5.1 Mesh

Since SBiDir-FW is symmetric about mid-span, only half of the airplane is simulated with
symmetric boundary condition used at mid-span plane. The mesh is constructed using the H-
mesh topology in order to achieve high quality around the sharp LE and TE of the airfoils. The
coarse mesh displayed Fig. 5 uses a total of 251 points in the streamwise direction, 81 in the
spanwise direction, and 161 points in the direction normal to the wing surface. Total coarse mesh
size is 3.27 million points, partitioned into 40 blocks for the parallel computation. A refined grid
is constructed using 1.5 time more points in each direction with the total grid points of 10.3
million.

A large amount of trade studies are carried out. The following sections only show some of
them to demonstrate the features of SBiDir-FW concept.

5.2 Sweep and Dihedral Angle

The sweep angle needs to be determined first to form the planform shape, which decides the
aspect ratio at supersonic and subsonic. Aspect ratio is critical to determine the lift, drag, and
aerodynamic efficiency of L/D. For supersonic flight, a high sweep angle is always desirable since
it generates low shock strength, sonic boom, and wave drag. As an example of extreme, a sweep
angle of 89◦ will be basically a 2D airfoil slice with tiny span width and will generate acoustic
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Figure 5: SBiDir mesh topology, outside mesh (left), suction surface (middle) and wing tip
(right).

wave with no sonic boom. However, it is useless since there is no volume to hold passengers and
fuel. In general, decreasing the sweep angle within the Mach cone will increase supersonic aspect
ratio, planform area, volume, lift, wave drag, ratio of lift to drag, shock wave strength, and sonic
boom. To satisfy the mission requirement, a high L/D and sufficient lift coefficient is required,
and a lower sweep angle is preferred. However, a lower sweep angle will increase the aspect ratio,
make the planform less slender, and increase sonic boom. In simple words, a very slim planform
is beneficial to reduce sonic boom, but being too slim will not have enough lift and volume to
fly the mission. So there is a balance between the required aerodynamic performance for the
mission target and the low sonic boom goal.

The table in Fig. 6 gives two different sweep angle design examples at the early stage of this
research, namely D84TW and D82S4. The two designs have constant sweep angle of 84◦ and 82◦

respectively with diamond shape planform.

Figure 6: Performance of Design D84TW and D82S4.

Fig. 7 shows the Mach number contours on the suction and pressure surface, which also
displays the slim planform shape. Fig. 8 is the Mach number contours at different span, indicates
that there is a shock wave going upward on the suction surface and an expansion wave going
downward. The airfoil used to stack the wing is simple circular arc airfoil with linear meanline
angle distribution. The thickness varies from 2.2% in the 0% span to 0.5% span in the tip.
The surface isentropic Mach number distributions at different span shown in Fig. 9 indicates
that the region near tip is highly loaded and near center is lightly loaded. A more even loading
distribution will be more desirable.

Fig. 10 is the lift and pressure drag coefficient variation with AoA. The lift is almost linearly
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increased with increasing AoA. The pressure drag grows slower at low AoA and increases more
rapidly at high AoA. The pressure drag is over a order of magnitude smaller than the lift and
yields a L/Dp about 19 (Fig.6) at AoA=3◦. However, since the surface friction drag primarily
depends on Mach number and Reynolds number, the friction drag is more dominant and brings
the overall L/D down to about 5.5 as shown in Fig. 7. The volume of D84TW only allows it
to carry 60 passenger and the range is 2500nm due to the moderate L/D. The flight altitude is
35kft to gain freestream density to compensate the low lift coefficient.

Figure 7: Isentropic Mach number contours of D84TW at AoA=3◦, top: suction surface,
bottom: pressure surface.

Decreasing the sweep angle to certain extent within the Mach cone will increase aspect ratio,
the slope of lift vs AoA, and hence lift coefficient and L/D at the same AoA. Since the D84TW’s
lift coefficient and L/D are not sufficient to carry 100 passengers for the range of 4000nm, a
design with sweep angle of 82◦, D82S4, is conducted.

As shown by Fig. 6, decreasing the sweep angle by 2◦ from 84◦, the aspect ratio is increased
by 40% from 0.2 to 0.28, the planform area increased by 34%. At the same AoA=3◦, the lift
coefficient is increased by 23%, L/D increased by 18%. The volume increase is sufficient to carry
100 passengers with the range increased to 3000nm. Even though the ground boom signature
shape is still Sine shape wave. The ground boom loudness is increased to 81PLdB from flight
altitude of 42kft. In general, a low sweep angle will give better L/D, but stronger sonic boom.

To further increase L/D without considering much the sonic boom, a variable sweep is more
beneficial to have lower boom and low wave drag as shown by design D84-68.11 in Fig. 11, which
has a variable sweep distribution from 84◦ at the very leading edge to 78◦ at the wing tip. The
supersonic aspect ratio is increased to 0.632 with the lift coefficient of 0.086 as shown in Table
1. The L/D is very high up to 10.45. Due to the increased L/D, volume, and planform area,
this airplane can carry 200 passengers for 5000nm at altitude of 56kft with a strong ground sonic
boom loudness of 101.64PLdB and a N-wave.
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1.56 1.59 1.62 1.65 1.68 1.71

MACH

Figure 8: Isentropic Mach number contours of D84TW at different span location, AoA=3◦.

Due to the time limitation, no optimization of sweep angle is conducted. This trade study is
to understand the sensitivity of sweep angle to the aerodynamic and sonic boom performance.
The general conclusion is that a lower sweep angle will give high L/D and high sonic boom.
The L/D of 10.45 and the sonic boom achieved in this study still has a lot of room to go and is
definitely not the limit. More effort to improve this design will be continued. An optimal sweep
angle distribution needs to be studied next step.
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Figure 10: D84TW lift and drag coefficient vs
angle of attack.

1.30 1.36 1.42 1.48 1.54 1.60 1.66

o

D84_68.11
M=1.6
AoA=3.0
Bottom surface

Mis

1.50 1.57 1.65 1.73 1.80 1.88 1.95

o

Mis D84_68.11
M=1.6
AoA=3.0
Top surface

Figure 11: Isentropic Mach number contours
of D84-68 at AoA=3◦

Table 1: Geometry information

Length(m) Span(m) Area(m2) Volume(m3) AR(subsonic) AR(supersonic)
100 23.7 891 585 11.23 0.632
Cl Cd Cl/Cd

0.08613 0.00824 10.453
Altitude(ft) 30000 40000 50000 56000
Noise(PLdB) 111.12 106.38 101.64 99.08
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5.3 Meanline Angle Distribution

To further reduce sonic boom with increased L/D, the meanline angle distribution is found
to be the most effective way to control shock strength. The meanline angle distribution can be
varied for each airfoil section to adjust the flow incidence at leading edge, control the loading
distribution along the chord, and hence control the shock strength. The basic strategy is to
minimize the surface shock strength in order to provide a favorable near field over-pressure
signature, which will further reduce the ground sonic boom level. The total meanline angle
variation from LE to TE stands for how much the flow is turned by the airfoil, which determines
the total lift or loading of the airfoil.

In this study, all other design parameters including sweep angles, dihedral angles, airfoil
thickness, leading edge (LE) and trailing edge (TE) thickness are held unchanged. A variable
sweep from 84◦ to 78◦ is adopted to increase the aspect ratio to 0.355 in order to further increase
L/D up to 8.4. Again, many design trails are conducted and only three of them are presented in
this section to demonstrate the effect.

As comparison, Fig. 12 presents three different meanline angle distributions at different span
locations. The zero span meanline angle is found to have the most impact on the sonic boom
due to its longest chord length in the flying wing planform. The discussion in this subsection is
hence mostly on the zero span airfoil. All meanline angle distributions are symmetric about the
50% chord location to ensure the symmetry requirement of SBiDir-FW concept.

The left plot in Fig. 12 is a linear distribution from LE to TE, which represents a circular arc
airfoil. For an ideal 2D supersonic flow, a linear meanline angle distribution means the flow on
the suction surface will have uniform expansion from LE to TE, and the flow on pressure surface
will have uniform compression. For 3D wing with high sweep angle, the flow has some similar
feature, but is altered significantly since the flow pressure needs to return to ambient pressure
after TE.

The middle plot in Fig. 12 has a nonlinear distribution with half of the total turning imposed
on the first 25% of the chord, almost no turning from 25% to 75% chord, and another half
turning imposed at the last 25% chord due to the symmetry requirement of the airfoil geome-
try. Removing the flow turning in the chord of 25-75% is to weaken the suction surface shock
strength by reducing the peak Mach number. Even though the middle plot has nonlinear loading
distribution, the turning is reduced monotonically from LE to TE. The right plot in Fig. 12
also has nonlinear distribution similar to the middle plot, but with more enhanced turning effect
in the first and last 25% of chord that the meanline angle distribution becomes non-monotonic.
The flow turning from 25-75% is actually increasing and creates the reversed cambering. Similar
to the zero turning meanline angle distribution in the middle plot, the reversed cambering is to
further enhance the peak Mach number reduction by mitigating the expansion on suction surface.
Such non-monotonic meanline angle distribution is successfully applied to remove shock waves
for a transonic compressor blade with supersonic inlet Mach number by Hu et al[23].

Fig. 13 is the comparison of surface isentropic Mach number distribution at different span,
the black line is for the linear meanline angle, red for the monotonic, and blue for the non-
monotonic. The typical surface isentropic Mach number distribution on the suction surface and
pressure surface appears to be fairly symmetric as shown by the linear distribution case(black
line). That is, while the flow on the suction surface expands and accelerates , the flow on the
pressure surface is compressed and decelerates. They reach the highest and lowest peak at the
same location. Then the flow on suction surface goes through a shock wave and the flow on
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Figure 12: Three different meanline angle distributions, left: linear; middle: monotonic; right:
non-monotonic.

pressure surface goes through a rapid expansion wave. The flow on suction and pressure surface
meets the ambient pressure at the trailing edge.

Changing the meanline angle distribution from the linear to the monotonic (red line) drasti-
cally changes the loading distribution, which is more uniform from LE to TE along the chord.
The strength of shock wave on suction surface and expansion wave on pressure surface are sig-
nificantly reduced. The non-monotonic meanline angle distribution(blue line) further reduces
the peak Mach number compared with the monotonic one. The non-monotonic distribution has
the same LE meanline angle as the linear one, but the flow incidence is less due to the rapid
decrease of the meanline angle after the LE. The more important effect is that the high peak
Mach number on suction surface is reduced and the low peak Mach number on pressure surface
is increased. In other words, the shock wave on suction surface and expansion wave on pressure
surface are both reduced. Such effect is maintained in most of the span until near tip, where the
linear meanline angle distribution has lower peak Mach number. Applying linear meanline angle
distribution near tip is hence expected to further improve the results. Table 2 to 4 summarize
the performance of the three designs. Compared with the linear meanline angle distribution, the
non-monotonic one reduces the lift by 10%, but gain the L/D by 3% with the value of 8.4 due
to reduced wave drag by weaking the shock waves.

Fig. 14 compares the suction and pressure surface Mach number contours of the linear and
non-monotonic meanline angle distribution with the exact same planform shape determined by
the variable sweep. For the linear one on the left, there is a strong shock wave on the suction
surface emanating from the tip. At the same location on the pressure surface, there is a strong
expansion wave. The shock wave on the suction surface and the expansion wave on the pressure
surface always go hand in hand to balance the pressure. For the non-monotonic one on the right,
both the shock wave and expansion wave are significantly weakened.

Fig. 15 displays the Mach contours at different span showing the wave structures propagating
in the near field. The front 60% of the airplane generates the compression wave propagating
downward and expansion wave travling upward. Even though the non-monotonic meanline angle
design has almost no strong waves on the wing surface, there is still an oblique shock formed on
upper surface going upward and an expansion wave propagating downward because the flow has
to match the pressure of ambient.

Such a wave pattern is determined by the lift requirement. In other words, as long as an
object generates lift regardless of the specific configuration, the wave propagating downward will
have compression in front, followed by an expansion, and end with an aft compression wave to

18

D
ow

nl
oa

de
d 

by
 G

ec
he

ng
 Z

ha
 o

n 
Ju

ly
 1

5,
 2

01
4 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

4-
21

06
 



return the flow pressure to ambient. The hope is not to let the compression in the front and
aft coalesce into two shock waves in order to avoid the N-wave, which has sharp pressure rise
within a very short time that generates strong noise and annoyance. It is hence beneficial to let
the compression occurs in a longer distance in a more graduate way to have less compression
coalesce in far field. The high slenderness of SBiDir-FW provides an advantage to prolong the
compression and expansion with smaller slope. The mitigation of strong shock wave on suction
surface and compression wave on pressure surface is to achieve a graduate variation.

The most important benefit of changing the meanline angle distribution from linear to nonlin-
ear and non-monotonic is it drastically reduces the ground sonic boom noise. Fig. 16 shows the
over pressure signature at 2-body below and the propagation to ground. The nonlinear meanline
angle distribution has a much lower compression and expansion peak than the linear one in the
near field and the pattern is maintained to far field. However, the linear design’s high compres-
sion peak coalesce to a strong shock in the far field, whereas the nonlinear one remain as smooth
wave. Table 2 to 4 indicates that the nonlinear meanline angle distributions reduce the ground
boom loudness by as much as 24-25PLdB at the flight altitude of 56kft from the linear design
of 91PLdB to 67-66PLdB. At the same time, the planform shape is unchanged and the L/D is
increased by 3% to 8.4.

The most important and encouraging finding from this meanline angle distribution study is the
qualitative trend instead of the quantitative values, which need to be confirmed by refined mesh,
wind tunnel experiment and eventually flight testing. This qualitative direction establishes an
effective control relationship between the far field ground sonic boom with the aircraft geometry
parameters based on a clear aerodynamic physics principle, which is to generate the loading
distribution along a slender body with as smooth distribution as possible without strong shock
and expansion waves. An optimal design can be eventually achieved with detailed efforts such
as design optimization under an effective qualitative guideline.

Table 2: Linear meanline angle distribution

Length(m) Span(m) Area(m2) Volume(m3) AR(subsonic) AR(supersonic)
100 15.7 690 462 14.492 0.355
Cl Cd Cl/Cd

0.06284 0.00762 8.14
Altitude(ft) 36000 40000 50000 56000 60000
Noise(PLdB) 99.68 98.45 95.28 91.14 88.38

Table 3: Monotonic meanline angle distribution

Length(m) Span(m) Area(m2) Volume(m3) AR(subsonic) AR(supersonic)
100 15.7 690 544 14.492 0.355
Cl Cd Cl/Cd

0.05810 0.00698 8.324
Altitude(ft) 36000 40000 50000 56000 60000
Noise(PLdB) 72.40 71.75 68.85 67.28 66.16
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Figure 13: Wall Isentropic Mach numbers distribution along the chord at different spans.

Table 4: Non-Monotonic meanline angle distribution

Length(m) Span(m) Area(m2) Volume(m3) AR(subsonic) AR(supersonic)
100 15.7 690 511 14.492 0.355
Cl Cd Cl/Cd

0.05628 0.00671 8.3875
Altitude(ft) 36000 40000 50000 56000 60000
Noise(PLdB) 71.12 70.70 67.99 66.41 65.41
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Figure 14: Comparison of surface Mach number contours. Left: linear; Right: Non-monotonic
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Figure 15: Comparison of Mach number contours at different spans
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Figure 16: Comparison of overpressure signature. Left: 2 body length below; Right: ground
sonic boom signature

23

D
ow

nl
oa

de
d 

by
 G

ec
he

ng
 Z

ha
 o

n 
Ju

ly
 1

5,
 2

01
4 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

4-
21

06
 



5.4 Angle of Attack

The same design D84-78.19 analyzed in above section 5.3, which has the meanline angle
distributions tailored for AoA=3◦ to weaken the surface shock wave, is conducted for trade
study with AoA 1◦, 2◦ and 4◦ to see their aerodynamic and sonic boom performance. Table 5,
6, and 7 summary the results, which can be compared with the results of D84-78.19 in Table 4.

Table 5 indicates that reducing the AoA to 1◦ decrease the L/D as expected. Fig. 18 displays
the surface isentropic Mach number distributions at different span location for each AoA. At
AoA=1◦, the closed LE shape of the Mach number distribution at 0% span shows that the
flow has a negative incidence at that location as expected. The meanline angle producing fairly
smooth surface isentropic Mach number distributions at AoA=3◦ does generate a shock wave on
the suction surface at about 60% chord location and a strong expansion wave on the pressure
surface at the same location. Such a wave structure produces a stronger ground sonic boom than
at AoA=3◦ even though the lift at AoA=1◦ is lower. When the AoA is increased to 2◦ from 1◦,
the lift and L/D are increased and the sonic boom is reduced since the Mach number distribution
is closer to AoA = 3◦, but the boom strength is still slightly higher than the AoA=3◦. When the
AoA is increased to 4◦, the increased incidence generates a strong leading edge downward shock
that increases the boom strength. In other words, when the AoA is off the designed value, the
sonic boom increases even when the AoA is reduced with the lift coefficient.

Fig. 19 and 20 are the over-pressure signature 2-body below and its propagation to ground.
Again, the near field shape is well preserved. Interestingly, the AoA=1◦ has the lowest wave
peak, but not the least boom loudness due to the small shock wave interrupting the expansion
and generates a higher noise level than that at AoA=3◦, which has a higher wave peak but a
smoother wave.

As aforementioned that lifting body will necessarily generate a wave signature with a com-
pression in front, followed by an expansion, and ended with another compression. In general,
the higher the lift, the higher the wave peak. This study gives an important conclusion that a
higher lift at higher AoA with higher peak does not necessarily generates a louder sonic boom.
If the higher peak wave is smoother with longer pressure rising time, the noise could be weaker
as the case of AoA=3◦ compared to AoA=1◦.

Fig. 21 shows the Mach number contours at different span locations for different AoA. At zero
span, the overall upward shock on suction surface and downward expansion on pressure surface
for the AoA=1◦ is weaker than the one of AoA=3◦. However, on the wall surface, the AoA=1◦

has a stronger root of the waves than the AoA=3◦ case, which generates a weaker ground sonic
boom loudness.

Table 5: AoA=1◦

Length(m) Span(m) Area(m2) Volume(m3) AR(subsonic) AR(supersonic)
100 15.7 690 462 14.492 0.355
Cl Cd Cl/Cd

0.02602 0.00448 5.808
Altitude(ft) 36000 40000 50000 56000 60000
Noise(PLdB) 76.88 76.64 74.73 73.41 72.44
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Figure 17: Meanline angle distribution.

Table 6: AoA=2◦

Length(m) Span(m) Area(m2) Volume(m3) AR(subsonic) AR(supersonic)
100 15.7 690 511 14.492 0.355
Cl Cd Cl/Cd

0.03994 0.00529 7.55
Altitude(ft) 36000 40000 50000 56000 60000
Noise(PLdB) 73.62 72.96 70.24 68.69 67.68

Table 7: AoA=4◦

Length(m) Span(m) Area(m2) Volume(m3) AR(subsonic) AR(supersonic)
100 15.7 690 511 14.492 0.355
Cl Cd Cl/Cd

0.07493 0.0089 8.419
Altitude(ft) 36000 40000 50000 56000 60000
Noise(PLdB) 83.65 84.95 84.87 84.79 84.49
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Figure 18: Surface isentropic Mach numbers at different spans for different AoA.
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Figure 21: Mach number contours at different AoA

27

D
ow

nl
oa

de
d 

by
 G

ec
he

ng
 Z

ha
 o

n 
Ju

ly
 1

5,
 2

01
4 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

4-
21

06
 



5.5 Leading/Trailing Edge Roundness Study

A sharp leading edge is generally preferred for supersonic airfoil to generate weak attached
shock. However, sharp leading edge is difficult to handle variation of AoA. In particular for
SBiDir-FW, it needs to fly at subsonic and a round LE is desirable. This trade study is to
investigate what influence will a round LE has on sonic boom and aerodynamic performance.

The same design of D84-78.19 studied in section 5.3 and 5.4 is compared with different LE
radius from completely sharp (RLE = 0) to dLE/tmax = 0.36 for all the airfoil. For a maximum
thickness of 2.2% used in D84-78.19 at zero span, the dLE/chord is about 0.008.

The overall conclusion is that a round LE and TE up to dLE/tmax = 0.36 has little harm, a
small benefit for both sonic boom and aerodynamic performance as demonstrated in Table 8 and
9 with the L/D slightly increased and the sonic boom loudness slightly reduced by 1PLdB.

The more important advantages for using round LE and TE are the following:

1) For the same planform area of the design D84-78.19 , the round LE/TE with dLE/tmax =
0.36 increases the volume significantly by 18%. This is very important to hold more fuel and
payload. Increaseing so much volume without hurting the sonic boom and aerodynamic perfor-
mance is definitely very desirable. The high sweep angle avoids the penalty that a round LE
may create in supersonic flow since the Mach number normal to the LE is subsonc.

2)It significantly increases the AoA range that a SBiDir-FW can operate efficiently and effec-
tively.

Fig. 22 compares the surface isentropic Mach number distributions between the configurations
using sharp and round LE/TE with the exact same meanline angle distributions and all other
geometry parameters. At zero span, the round LE gives incidence whereas the sharp LE has
near zero incidence even though the overall Mach number distribution is similar. The peak
Mach number generated by the round LE is also slightly lower. The round LE advantage is more
shown for the outer span near tip. The sharp LE generates very high incidence and the round LE
accommodate the flow much better with a smaller positive incidence. The peak Mach number
generated by the round LE is significantly lower than that of the sharp LE at 90% span.

Table 8: Sharp LE/TE edge

Length(m) Span(m) Area(m2) Volume(m3) AR(subsonic) AR(supersonic)
100 15.7 690 462 14.492 0.355
Cl Cd Cl/Cd

0.05772 0.00727 7.94
Altitude(ft) 30000 40000 50000 56000
Noise(PLdB) 73.67 71.24 68.95 67.57
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Table 9: Round LE and TE with dLE/tmax = 0.36

Length(m) Span(m) Area(m2) Volume(m3) AR(subsonic) AR(supersonic)
100 15.7 690 544 14.492 0.355
Cl Cd Cl/Cd

0.05628 0.00671 8.3875
Altitude(ft) 30000 40000 50000 56000
Noise(PLdB) 73.63 71.96 67.99 66.41
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Figure 22: Wall Isentropic Mach numbers at different spans. Left: base design, Right:
dLE/tmax = 0.36

x/l, V3

dp
/p

1 2 3 4
-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

Sharp edge
Round edge

D84-78
AoA=3.0
M=1.6

0
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Figure 25: Surface Mach number
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6 Optimum Design with Refined Mesh

For SbiDir-FW configuration, the trade studies above demonstrate that both the aerodynamic
performance(e.g. CL, CD, Cm) and sonic boom can be directly controlled by smoothing the
surface wave distribution using the geometric parameters. However, the sonic boom is much
more sensitive to the mesh resolution than the aerodynamic forces. To generate the sonic boom
results as accurate as possible, the optimum designs from the trade studies are analyzed using
the refined mesh with intensively enhanced resolution in the shock wave regions. The D84-78.39
is the design selected for the final analysis with refined mesh for its excellent overall performance.

Fig. 26 shows the distribution meanline angle of D84-78.39. The non-monotonic meanline
angle distribution with reversed camber in the mid-chord region is used within 50% span to
mitigate the shock wave strength. The outerspan airfoil mid-chord adopts the near zero turning
for the same purpose. The outer span LE meanline angle is about 3◦ less than the inner span
to accommodate the upwash near tip region in supersonic flow. The airfoil thickness in the zero
span is 2.2% and is 0.4% at the tip. Fig. 27is the airfoil thickness distribution along the span.
Fig. 28 shows the airfoil shapes in different span. The inner span airfoil with reversed cambering
can be clearly seen.
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Figure 26: Meanline angle distribution of D84-78.39

The refined mesh has total 72 blocks with 385 points in streamwise, 129 points in spanwise
and 197 points in the direction normal to the wing surface, which results in 9.78 million grid
points. Fig. 29 and 30 show the zoomed mesh in the zero span plane and on suction surface.
The mesh is refined following the shocks waves propagating to far field and along the span.

Fig. 31 is the pressure distribution two body length below the plane, which indicates that the
front shock generated from leading edge is very week, virtually a compression isentropic wave.
Both the coarse mesh of 3.7million and the refined mesh resolve the front shock wave very well.
However, the refined mesh resolves two small shocks during the rapid expansion, which ends up
with a very strong shock, much stronger than the coarse mesh predicts.

As another effort to make the ground sonic boom prediction more reliable, the sBOOM [57]
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Figure 27: Airfoil maximum thickness distribution along the span.
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Figure 28: Airfoil shape at different span for Design D84-78.39
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code recently developed at NASA is used to predict the pressure wave propagation through
atmosphere to ground. Compared with the NASA NFBoom code[55], the sBOOM solves the
augmented Burgers equation numerically and takes into account the effects such as non-linearity,
molecular relaxation and thermo-viscous absorption into the propagation process. Since the
sBOOM has no direct output of the ground sound level in PLdB, the PLdB function in NFBoom
is called to obtain the ground perceived level loudness. Since the propagation process is solved
numerically in sBOOM, grid convergence test is also conducted. The default number of points
used in the wave propagation is 10000. Fig. 32 is the mesh refinement study for sBOOM code,
which shows that the ground loudness becomes about constant when the total number of the
points is greater than 50,000, which is then adopted in our analysis.

Fig. 33 is the ground sonic boom over-pressure signature for different flight altitude calculated
by sBOOM. The front shock remains as a smooth acoustic Sine wave shape propagating to
ground. The strong rear shock also remains mostly the same shape, but the amplitude is largely
dissipated. It makes the rear compression start with a weak shock spike followed by a smooth
wave, which increases the rising time and is beneficial to mitigate the sonic boom loudness. No
N-shape wave is formed.

Table 10 indicates that the design D84-78.39 achieves L/D of 8.3 and ground sonic boom
loudness of 72PLdB at the cruise altitude of 50k ft. This is for the mission of 4000nm, 100
passengers and cruise Mach number 1.6. For this design with its specific over-pressure signature,
the ground sonic boom loudness is mitigated with increasing the cruise altitude as shown in Table
10. For the same airplane of 100m length without changing the airplane structure and size, the
ground sonic boom loudness will be reduced to 68.4 PLdB and 65.6 PLdB if the airplane flies at
56k ft and 60k ft altitude respectively. Increasing the altitude without changing the design can
be achieved by reducing the range.

Figure 29: Zoomed refined mesh on the zero span plane to resolve the shock waves.

Fig. 34 is the wall surface isentropic Mach number distribution. It indicates that at zero span,
the incidence is very small and the flow is mostly aligned with the leading edge metal angle. The
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Figure 30: The refined mesh on suction surface with local refinement to resolve the shock along
the span.

Table 10: D84-78.39, 0.1%

Length(m) Span(m) Area(m2) Volume(m3) AR(subsonic) AR(supersonic)
100 15.7 688 544 14.580 0.357
Cl Cd Cl/Cd

0.05551 0.00669 8.29746
Altitude(ft) 36000 40000 50000 56000 60000

Noise(sBOOM, PLdB) 80.73 75.18 72.07 68.39 65.58

surface load distribution is fairly smooth with a sharp interruption at about 60% chord by the
shock wave, which is not very strong due to the mitigated peak Mach number. The AoA is
incresed toward the outer span and it generates very high peak Mach number. A strong shock
wave emanates from the tip and intersects with the shock from the othet wing tip at the zero
span. Improving the outspan flow to mitigate the peak Mach number may further reduce the
ground sonic boom.

Fig. 35 is Mach number contours at different span showing the wave propagation in the near
field. An oblique shock forms on the suction surface propagating upward and expansion wave
on the pressure surface propagating downward followed by a shock wave. Fig. 36 is wall surface
isentropic Mach number contours on the suction surface and pressure surface. The shock on the
suction surface initiated from the wing tip is very well resolved, so is the expansion wave on the
pressure surface.

The cross section airfoil shape at different streamwise locations is shown in Fig. 37, which is
connected linearly by the airfoil st different span shown in Fig. 28. It is obviously not smooth.
Since this work is focused on demonstrating the supersonic aerodynamic performance and sonic
boom, no effort is made to smoothen the airfoil shape that will be used for subsonic flight. The
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Figure 31: Pressure distribution 2 body length below at the zero span.
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Figure 32: Grid convergence test for sBOOM wave propagation code.

future work will be considering the whole system.

Please note that all the designs in this study are created manually. It is believed that a
systematic design optimization can significantly improve the design. Even though the design in
this paper does not have the engine, it is believed that the primary sonic boom contribution is
due to the lift, not the engine nacelles.
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Figure 33: Ground sonic boom over-pressure signature for different flight altitude.
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Figure 34: Isentropic mach number at different span
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Figure 35: Isentropic Mach number contours at different spans
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Figure 36: Surface isentropic Mach number with 0.1% zero-span-chord at tip
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Figure 37: Airfoil shape of D84-78.39

38

D
ow

nl
oa

de
d 

by
 G

ec
he

ng
 Z

ha
 o

n 
Ju

ly
 1

5,
 2

01
4 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

4-
21

06
 

http://arc.aiaa.org/action/showImage?doi=10.2514/6.2014-2106&iName=master.img-018.jpg&w=348&h=268


7 Conclusions

This paper conducts a parametric trade study to establish and understand the relationship
between the sonic boom/aerodynamic efficiency and the design parameters for supersonic bi-
directional flying wing(SBiDir-FW). The mission requirements for this supersonic plane include
the cruise Mach number of 1.6, range of 4000nm, payload of 100 passenger and flight altitude of
50k ft.

The concept can achieve high aerodynamic efficiency fairly straightforwardly. A design with
variable sweep from 84◦ at the very leading edge to 68◦ at the tip achieves an a very high L/D of
10.4, which can be further increased if no sonic boom constraint is considered. The lift coefficient
and L/D are primarily determined by the sweep angle distribution, which decides the SBiDir-FW
planform and aspect ratio.

Reducing the sonic boom appears to be much more challenging. The trade study observes
that the far field ground sonic boom signature is directly controlled by the smoothness of the
loading and wave distributions on the airplane surface. The meanline angle distribution is a
very effective control methodology to mitigate surface shock and expansion wave strength, and
mitigating compression wave coalescing by achieving smooth loading distribution chord-wise.
Compared with a linear meanline angle distribution, a design using non-monotonic meanline
angle distribution in the mid-chord region with reversed cambering is able to reduce the sonic
boom ground loudness by over 20PLdB. The sonic boom is sensitive to the angle of attack.
When the AoA is deviated from the design AoA of 3◦ that gives the best L/D, the sonic boom
is increased no matter the AoA is lower or higher. This is primarily because the variation of the
AoA changes the front shock wave, which is minimized at the design AoA. Compared with the
completely sharp LE and TE, the round LE and TE thickness has no harm to the sonic boom
and aerodynamic performance. The dLE/tmax up to 0.36, or dLE/chord of 0.8% is used in this
design. The advantages using the round TE and LE are: 1) It significantly increases the airplane
volume, up to 18% in this study. 2) It increases the tolerance of the airplane on AoA variation
at both supersonic and subsonic mode.

The final design with refined mesh achieves sonic boom ground loudness of 72PLdB and
aerodynamic dynamic efficiency L/D of 8.3. If increasing the cruise altitude from 50kft to 56kft
and 60kft, the ground sonic boom loudness will be decreased to 68PLdB and 65PLdB respectively.
The qualitative and quantitative findings in this paper give the understanding of physics and
provide the path to achieve the ultimate high performance design. The SBiDir-FW concept
indeed appears to be very promising to achieve high aerodynamic efficiency and low sonic boom.
All the designs in this study are created manually. It is believed that a systematic automated
design optimization will significantly improve the design performance further.
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