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Abstract. Sonic boom remains the primary bottleneck restraining commercial
supersonic overland flight. However, designing a low-boom supersonic transport
configuration with high aerodynamic efficiency is still a significant challenge.
To address this problem, a baseline configuration with both low-boom and low-
drag features is initially designed. Subsequently, low-boom inverse design and
manual design are carried out successively. Regarding the inverse design, JSGD
(Jones-Seebass-George-Darden) method is used to decrease the overpressure am-
plitude rapidly, while mixed-fidelity method is adopted to reduce the loudness to
a lower level, where the target with volume and lift constraints is generated by
PNFO (parameteric near-field pressure) method. For manual design, the flow
field of aft-body region is analysed for the design of aft-body components. By
adjusting the shape and position of T-tail, the shocks interfere with expansion
waves beneficially, which smooths the pressure recovery of ground signature.
Compared to baseline configuration, under the premise of maintaining cabin vol-
ume and cruise lift, design configuration exhibits more moderate near-field and
far-field signatures. The undertrack ground loudness is reduced from 91.43 PLdB
to 79.88 PLdB. Besides, full-carpet sonic boom intensity is significantly miti-
gated, with the lowest ground loudness of 77.88 PLdB recorded at the lateral
cutoff angle. Additionally, the cruise lift-to-drag ratio is increased from 8.44 to
8.61. The configuration proposed in this paper can serve as a platform for re-
searches of other supersonic transport technologies in the future.

Keywords: Supersonic Transport, Sonic Boom Prediction, Low-boom Design,
Inverse Design Method, Tail-shock Reduction.

1 Introduction

Supersonic transport (SST) is one of the main focuses for the development of next-
generation civil aircraft since it can significantly improve travel efficiency [1]. Con-
corde and Tupolev Tu-144 were once capable of commercial supersonic operations, but
eventually retired due to serious environmental compatibility issues [2]. In recent years,



the call for the reintroduction of SST has been increasing. For example, NASA divides
the development of SST into three stages: "N+1", "N+2" and "N+3", and the corre-
sponding models are scheduled to enter service before 2035 [3]. Several institutions
around the world have carried out researches on it and many configurations have been
promoted [4]. However, sonic boom is still the core problem prohibiting the commer-
cial supersonic overland flight. Hence, reducing sonic boom to a community-acceptable
level is the critical technology for the design of SST.

To address this problem, The research of sonic boom has been going on internation-
ally for seven decades and has led to the development of a series of sonic boom predic-
tion and low-boom design methods [5]. Especially, the design of low-boom configura-
tion has made significant progress in the past decade. For example, a low-boom S4
airliner with aerodynamic engine-airframe integration were designed by JAXA and its
operational and economic assessments have been done by DLR [6]. Li and Geiselhart
[7]developed a block coordinate optimization method for multidisciplinary design op-
timization and designed a configuration with various mission constraints. Ding [8]pro-
posed an inverse design method with volume and lift constraints, and applied it to the
design of a large SST named NPU-T7106. NASA’s X-59 low-boom demonstrator has
been underwent extensive researches and will be flown over communities to collect
data from residents responding to the shaped sonic boom [9]. However, the ground
loudness of the first three configurations is higher than 85 PLdB, the boom of X-59 is
weak (about 75 PLdB) but the aecrodynamic efficiency is relatively low. This means
designing a low-boom configuration with excellent acrodynamic performance remains
a significant challenge. Therefore, a low-boom SST configuration with high aerody-
namic efficiency is designed in this paper, which can serve as a platform for subsequent
researches of other SST technologies.

2 Methodology

2.1 Sonic Boom Prediction Method

Sonic boom prediction is the cornerstone of low-boom design. The prediction method
used in this paper is shown in Fig. 1. During the JSGD design phase, FA-Boom [10], a
program based on modified linear theory [11][12], is used for near-field sonic boom
rapid prediction. Considering the limitations of the modified linear theory, CFD simu-
lation is used for the undertrack pressure analysis in mixed-fidelity design. In order to
capture shocks and expansion waves accurately, a hybrid grid is used, comprising a
cylinder block and a cone block. The governing flow equations solved are RANS
(Reynolds-Averaged Navier-Stokes) equations with the SA turbulence model. The tem-
poral discretization uses the LU-SGS implicit scheme, and the spatial discretization
adopts the Roe upwind scheme with a minmod limiter. The prediction of far-field sonic
boom utilizes an in-house code named bBoom [13][14], which simulates the propaga-
tion of sonic boom in the atmosphere by solving the augmented Burgers’ equation.
After the propagation of near-field signatures to the ground, Mark VII method devel-
oped by Stevens [15]is used to be the primary acoustic metric.
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Fig. 1. Sonic boom prediction method used in this paper

2.2 Low-boom Design Method

The low-boom design method adopted in this paper involves two steps: inverse design
of fuselage and manual design of aft-body component. The low-boom design flowchart
is illustrated in Fig. 2.
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Fig. 2. Low-boom design process

Regarding the first step, JSGD inverse design [16]-[19] and mixed-fidelity inverse de-
sign (using an improved method considering volume and lift constraints [8]) are carried
out respectively. During this stage, the target F function or target sonic boom signature



is converted into the area distribution, which is used to adjust the current shape until
the design result matches target. At the second step, the shape and position of T-tail is
designed manually to mitigate the intensity of sonic boom generated by aft-body [4].

3 Low-boom Design of T-tail SST Configuration

3.1 Design of Baseline Configuration

The baseline configuration with both low-boom and low-drag characteristics is de-
signed at first. As shown in Fig. 3, the baseline features a slender fuselage, highly
swept-back dihedral arrow wing, blunt leading-edge airfoil, and T-tail.
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Fig. 3. Features of baseline configuration

Specifically, the slender fuselage allows for a smoother longitudinal volume distribu-
tion of the aircraft, which reduces the monopole effect of sonic boom and decreases the
wave drag due to volume. The highly swept-back and dihedral arrow wing smooths the
longitudinal lift distribution, mitigating compressibility effects. Hence, the dipole effect
of sonic boom and wave drag due to lift can be reduced. The blunt leading-edge airfoil
generates a strong leading-edge suction, which can reduce the pressure drag by delaying
the flow separation. Besides, the leading edge of T-tail can generate shocks and the
lower surface can reflect shocks. These shocks will have beneficial interference with
the expansion waves, weakening the intensity of sonic boom generated by aft-body.
The main design parameters of the baseline configuration are listed in Table 1.

Table 1. Parameters of the baseline configuration

Parameter Value Parameter Value
Fuselage length 45m Cruise Mach number 1.6
Wing area 130 m? Cruise Cr 0.112

Take-off weight 300,000 N Cruise altitude 16,000 m




3.2

Fig. 4(a) illustrates the matching between the designed equivalent area distribution and
target generated by JSGD theory. Fig. 4 (b) displays the comparison between the de-
signed far-field signature and target generated by PNFO method. It can be observed

Low-Boom Design

that the designed results and targets coincide well, demonstrating the successful imple-
mentation of inverse design process.
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Fig. 5. Comparation of shapes between baseline and design configuration

Fig. 5 depicts the comparation of shapes between baseline and design configuration.
Fig. 5(a) evidently presents that front and rear fuselage shrink while the middle fuselage
expands, and the fuselage cabin section is basically maintained owing to the volume
constraint imposed on the target generated by PNFO method. It is shown in Fig. 5 (b)
that the leading edge of designed T-tail is moved forward and the trailing edge is moved
backward, meanwhile the height is 0.43 m lower than baseline.



3.3  Analysis of Design Configuration

Near-field Sonic Boom Analysis

Near-field sonic boom can be obtained by solving RANS equations with 33.5 million
cells. It can be observed from Fig. 6(a) that the contour of the design configuration is
smoother and more dispersed, which means sonic boom intensity has been mitigated.
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Fig. 6. Comparison of near-field sonic boom characteristics

Fig. 6 (b) and (c) illustrate the comparison between the flow fields before and after the
design. The shock waves generated by the baseline T-tail does not interfere beneficially
with the expansion waves generated by the aft-body. However, in the flow field of de-
sign configuration, the designed T-tail generates and reflects shocks wakening the ex-
pansion waves from the wing.

Fig. 6 (d) presents a comparison of near-field sonic boom signatures at 3 body
lengths. The low-boom design results in a significant decrease in the overpressure am-
plitude and more moderate change of pressure. Therefore, the near-field signature of
design configuration consists of a series of weaker shock waves.



Far-field Sonic Boom Analysis

Based on the augmented Burgers equation, undertrack near-field signatures shown in
Fig. 6 are propagated to the ground at an altitude of 16 km. Atmosphere conditions for
sonic-boom propagation are standard atmosphere and relative humidity profile. Sam-
pling frequency is 800 KHz and ground reflection factor is 1.9. Fig. 7 illustrates the
evolution of sonic boom signatures in the atmosphere for baseline and design configu-
rations. It is shown that the waves of the baseline configuration have already merged
sufficiently when it propagates to 3 body lengths. As a result, the signature maintains
strong shocks when it reaches ground. However, waves generated by the design con-
figuration merge slowly in the atmosphere, eventually forming a smoother waveform
on the ground.
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Fig. 7. Evolution of sonic boom signatures in the atmosphere

The ground loudness of baseline and design configurations evaluated by different met-
rics are listed in Table 2, and results show that undertrack loudness is reduced at all
metrics. Consistent with international mainstream researches, PLdB is used as the pri-
mary metric hereinafter.

Table 2. Comparison of ground loudness using different acoustic metrics

Config. PLdB ASEL dB CSEL dB
Baseline 91.43 77.69 95.92
Design 79.88 65.74 92.72




As shown in Fig. 8(a), for ground signature of the design configuration, the maximum
overpressure is reduced and shock waves rise more gradually, resulting in a waveform
closer to a sine wave. Fig. 8(b) presents a comparison of frequency spectrums. The
design configuration has a significant decrease in medium and high frequency compo-
nent components, fetching a ground loudness reduction of 11.55 PLdB.
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Fig. 8. Comparison of far-field sonic boom characteristics

Full-carpet Sonic Boom Characteristics
The sonic boom intensity distribution on the carpet is obtained by calculating the per-
ceived sound pressure level of ground signatures at different azimuth angles.
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Fig. 9. Comparison of PLdB at different azimuth angle on the boom carpet

It can be observed from Fig. 9 that ground loudness is significantly reduced throughout
the whole boom carpet. Specifically, the lowest sonic boom intensity is found near the
lateral cutoff angle, measuring a loudness of 77.88 PLdB. When the azimuth angle is
15°, the highest loudness of ground sonic boom is recorded, reaching 82.82 PLdB.

Aerodynamic Performance

Lift and drag coefficients of the baseline and design configuration at cruise are listed in
Table 3. It can be seen that both pressure drag and friction drag is reduced, as the wetted
area of the fuselage is decreased and the shock wave is weakened during the low-boom



design process. Such drag reduction results in lift-to-drag ratio increasing from 8.44 to
8.61.

Table 3. Comparison of lift and drag coefficients at cruise

Config. CL Cpp (counts)  Cpr(counts)  Cp (counts) L/D
Baseline 0.112 69.6 63.1 132.7 8.44
Design 0.112 68.7 61.4 130.1 8.61

The lift-to-drag characteristics of baseline and design configuration are compared in
Fig. 10. Apart from the cruise C;, the lift-to-drag ratio has also been improved in the
vicinity of the design point. Besides, considering the cruise Mach number is 1.6, the
cruise efficiency factor of the design configuration is 13.78.
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Fig. 10. Comparison of lift-to-drag ratio curves

4 Conclusion

This paper conducted a low-boom design research and a low-boom supersonic transport
configuration with high aerodynamic efficiency is proposed, whose undertrack ground
loudness is 79.88 PLdB and lift-to-drag ratio at cruise reaches 8.61. The inverse design
method can effectively mitigate the overall intensity of the sonic boom. However, for
aft-bodies with complex flow fields, it is necessary to carry out special designs focusing
on the aft-body components. This can be achieved through manual design based on
flow field characteristics or utilizing design optimization based on CFD. Owing to the
aerodynamic design of baseline and the drag reduction during the low-boom design
process, the proposed configuration exhibits good aecrodynamic performance. Further-
more, future research will be conducted on full-carpet low-boom design, and provides
a more comprehensive investigation on this design configuration, such as effects of
propulsion systems on sonic boom and aerodynamic characteristics at low-speed.
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