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Abstract: A wide-speed aircraft capable of horizontal takeoff possesses advantages of rapid response speed, high maneuverability,
improved safety, and suitability for different terrains and applications. In this study, a morphing vehicle design with horizontal
takeoff and landing capabilities is presented. The aircraft achieves strong aerodynamic performance at subsonic to hypersonic
speeds through a wave-like fuselage and a continuously variable sweep angle between 30° and 60°. First, the configuration of
the vehicle and its morphing mechanism are described. Then, through numerical modeling, the aerodynamic performance of the
vehicle is investigated over a flight profile progressing from horizontal takeoft to hypersonic cruising. These results indicate that
different vehicle configurations might be used for different speed ranges so as to optimize performance. The numerical and flow
field data also suggest that the effect of the variable sweep angle on the aerodynamic characteristics is weaker in the hypersonic
speed range compared to the subsonic range. Overall, the proposed morphing aircraft has excellent acrodynamic characteristics
in the speed range of Mach 0.3 to Mach 7. Moreover, its lift coefficients and lift-to-drag ratios in the subsonic phase ensure that
horizontal takeoff and landing can be achieved, and its variable sweep angle effectively extends the flight envelope.
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1 Introduction

Wide-speed-range aircrafts are able to travel at sub-
sonic to hypersonic speeds. Because they fly at higher
altitudes and cruise at faster velocities than conven-
tional aircraft, wide-speed vehicles have significant ad-
vantages in applications such as transportation and
reconnaissance (Feng et al., 2023). Meanwhile, hori-
zontal takeoff and landing can effectively increase safety
and reduce flight costs, making aircraft with this ability
a focus of cutting-edge aerospace research (Zhao et al.,
2018). To maximize the applied value of wide-speed
aircraft, it is desired that they be able to fly at altitudes
ranging from sea level to near space, and at speeds
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ranging from subsonic to hypersonic (Zhang et al.,
2021). Nevertheless, it is challenging to balance the
aerodynamic performance of such vehicles at subsonic
and hypersonic speeds, because of the differences in
design guidelines for these different conditions. There-
fore, a key to improving wide-speed flight lies in opti-
mizing the aerodynamic profile design of the vehicle,
based on the harmonization of flying conditions from
subsonic to hypersonic speeds (Hu et al., 2016).
Various studies have attempted to address diffi-
culties in aerodynamic layout design for wide-speed
vehicles. Some research approached the challenge by
employing waverider configuration vehicles. A wa-
verider makes full use of the interaction between the
excitation wave and the vehicle, such that the vehicle
has a high lift-to-drag ratio at hypersonic speeds, effec-
tively bypassing the lift-to-drag ratio barrier issue (Li
et al., 2013). Although waveriders exhibit excellent
aerodynamic performance in the hypersonic phase, it
is difficult to obtain a waverider configuration with
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superior aerodynamic performance from subsonic to
hypersonic conditions (Li et al., 2014). Thus, to obtain
a wide-speed vehicle capable of horizontal takeoff and
landing, it is necessary to consider the aerodynamic
performance of the vehicle in both the low- and high-
speed ranges in an integrated fashion. A fixed-form
vehicle could not meet these demands, and so morphing
vehicles began to be investigated (Li DC et al., 2018).
Researchers first experimented with morphing
mechanisms on aircraft in the subsonic velocity range.
Andersen et al. (2007) of NextGen Aeronautics, in
collaboration with Piatak from the National Aeronau-
tics and Space Administration (NASA) Langley Re-
search Center, developed and test-flew the MFX-1 air-
craft, which has a “sliding skin” wing variant. On the
basis of MFX-1, improvements were made to obtain
MFX-2, which can achieve a flight altitude of 200 m
and a flight speed of 60 m/s (Flanagan et al., 2007).
In the same period, Lockheed Martin Aeronautics and
Raytheon also proposed a design solution for morphing
aircraft, with “folding wings” and “retractable wings”
(Bye and McClure, 2007; Ivanco et al., 2007; Love
et al., 2007). Ajaj and Jankee (2018) investigated the
stability and advantages of asymmetric variable spread-
length morphing vehicles. They showed that the design
has less drag compared to the conventional approach of
aileron deflection and allows for a more agile vehicle.
Simultaneously, the control efficiency of the variable
spread-length variant is affected by the angle of attack.
Inspired by the biological characteristics of birds
and insects, engineers have designed different morph-
ing airfoil forms based on the natural advantages of
flying organisms (Li SB et al., 2018). A seagull-like
aircraft with a morphing wing utilizing four articulated
beams was developed, which displayed increased stabil-
ity and maneuverability (Abdulrahim and Lind, 2005).
The Smartbird is designed with separate inner and outer
segments, which allow for more precise shape changes
through segmental movements (Mackenzie, 2012; Send
et al., 2012). Jitsukawa et al. (2017) designed a new
type of foldable wing with feathers at its end. This
foldable wing can generate thrust by changing the shape
of the feathers, while making the wingspan smaller by
folding. Some engineers have also created aircraft
inspired by the flight characteristics of bats. Ramezani
et al. (2017) developed a bat-like flapping-wing mor-
phing aircraft with pliable and thin airfoils. This bat-like
morphing aircraft has flexible deformation capabilities

with multiple parts and degrees of freedom, resulting in
a strong flight performance (Wang et al., 2024). Khan
and Agrawal (2011) designed a flapping-wing mecha-
nism for a micro aircraft based on the shape of an
insect called Al/lomyrinadi chotoma and adapted the
peak value of the mechanism. Some researchers have
also targeted the materials used in morphing structures
to improve the performance of aircraft (Battaglia et al.,
2024; Riccio et al., 2024). The studies above demon-
strate that shape changes can effectively improve the
performance of an aircraft, such as its range and cruise
time. However, due to the structural characteristics of
these morphing structures, the morphing vehicles in the
studies above are only suitable for speeds below the
speed of sound.

To expand the speed range of aircraft, the appli-
cation of morphing technology to supersonic vehicles
has been investigated. For example, Xie et al. (2024)
investigated the flutter mechanism and characteristics
of a “diamond-back” folding wing under supersonic
inflow using a reduced-order model (ROM)-based aero-
elastic method, and Jin et al. (2024) used a parametric
design method to study the aero-dynamic characteris-
tics of a deformed wing vehicle with a speed range of
Mach 2.5 to Mach 8.5. The United States Naval Labo-
ratory designed a waverider with a fixed leading edge,
a fixed upper surface, and a deformable lower surface,
which is driven by an actuator. This enables the veh-
icle to reach a wide range of speeds, between Mach 5
and Mach 10 (Phoenix et al., 2019). Dai et al. (2020)
proposed a variable swept-wing waveform configura-
tion based on the delta-wing variable Mach number
waveform, which can be deformed to meet the aero-
dynamic requirements of different missions; the re-
sulting speed of the vehicle ranges from Mach 0.9 to
Mach 8. A new morphing mechanism which changes
both the plane shape and the profile of the wing was
also proposed, and a multi-objective optimization de-
sign for this new morphing mechanism was conducted
based on the surrogate-based optimization algorithm,
in Liu et al. (2022). Luo et al. (2023) adopted a fold-
able wing configuration to enhance the aerodynamic
performance of a hypersonic vehicle, and analyzed the
effects of different wing folding angles on the aerody-
namic characteristics. Moreover, Chen et al. (2020)
investigated the effects of sweep and dihedral angle
variations on a wide-speed-range waverider, with results
showing that the dihedral angle has a greater effect on



the lateral static stability of the vehicle than the sweep
angle. Some scholars have also studied guidance and
control methods for wide-speed domain variant vehi-
cles based on analysis of their aerodynamic characteris-
tics (Liu et al., 2023; Li X et al., 2024; Zhang et al.,
2024a, 2024b).

The main objective of this study is to design an
aircraft that has hypersonic cruising velocity and hori-
zontal takeoff and landing capabilities, with improved
aerodynamic performance throughout the flight enve-
lope as a result of sweep angle variation. The vehicle’s
fuselage adopts a wave-rider-like configuration, with a
sweep angle that can be switched between three typi-
cal angles of 30°, 45°, and 60°. The acrodynamic layout
of the vehicle is established through the application of
the concepts above, and numerical aerodynamic simu-
lations of sub/trans/super/hypersonic speeds are per-
formed to evaluate the wide-speed-range performance
of the design.

The rest of this paper is organized as follows: First,
the design concept of the wide-speed-range morphing
vehicle and the design parameters are introduced in
Section 2. Next, the numerical methods are described
in Section 3. Subsequently, the aerodynamic perfor-
mances of designs with different swept-back angle
configurations at varying Mach numbers and altitudes
within the flight envelope are compared in Section 4.
Preliminary discussions on the differences between
configurations are provided in Section 5. Finally, the
findings are summarized in Section 6.

2 Design of the horizontal takeoff wide-speed-
range morphing aircraft

The proposed aircraft must be able to take off
and land horizontally from the runway. To achieve op-
timal flying performance across a broad range of speeds,
the configuration must meet subsonic, transonic, super-
sonic, and hypersonic flight requirements. According to
previous studies on existing wide-speed-range aircraft,
the waverider has good lift characteristics at high Mach
numbers. However, it is challenging for a hypersonic
vehicle with a waverider configuration to meet aero-
dynamic standards from horizontal takeoff and landing
to hypersonic cruising within the entire flight envelope.
As a goal of this study, we want the maximum Mach
number that the vehicle can achieve to be 7, which is
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lower than what a traditional waverider can achieve.
Thus, in order to improve the performance of the air-
craft in the low-speed phase of flight, the front fuselage
is designed with a modified waverider configuration.

2.1 General design of the vehicle

The shape of the aircraft was designed with the
need for an air inlet (Zhang et al., 2019). Hence, it does
not have a smooth upper surface like a pure waverider.
In this paper, we only design the aerodynamic profile
of the aircraft, and do not specify the design of the air
intakes. Compared to a pure waverider, the low-speed
performance of the proposed design is superior. How-
ever, in order to meet the requirements for horizontal
takeoff, the low-speed performance must still be im-
proved. The vehicle’s ability to fly at a wide range of
speeds is improved by the fused design of the wing, as
well as by the waverider-like configuration. Further-
more, the ring volume lift and vortex lift of the wings
enable low-speed horizontal takeoff and landing.

To enhance the lifti—drag characteristics at varying
speeds, a structure with a configurable sweep angle is
designed as part of the morphing vehicle. Changes in
the sweep angle can be realized by a simple mechani-
cal structure and drive equipment. Using the wing-body
transition segment method, the vehicle’s body and
wings were fused together by the CATIA computer-
aided design program. Using this method, the fuselage
and wings can be modeled independently, with a de-
fined transition distance between them and a seamless
wing profile change achieved through additional tran-
sition segments.

The vehicle has a V-tail design, with a sweep
drogue of 55°, a tilt of 32°, a drogue chord length of
1.3 m, and a vertical drogue height of about 2.6 m. The
rudder is approximately 22% of the vertical height of
the tail. The elevator is set at the end of the fuselage
in a beavertail configuration. The ailerons are arranged
in the outer section of the wing, and the size of the
ailerons is mainly affected by the space remaining in
the outer section at a 60° sweep angle. The 3-D aero-
dynamic layout of the vehicle is shown in Fig. 1, and
the specific design parameters are shown in Table 1.

2.2 Morphing sweep-back wing design

The proposed vehicle has sweep-back wings with
small aspect ratios, and the aerodynamic layout transi-
tion is designed using the airfoil transition segment
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Fig. 1 Three-dimensional view of the vehicle profile

Table 1 Design parameters of the vehicle

Parameter Value
Length (mm) 30013.16
Width (mm) 17731.26
Height (mm) 5078.14
Wingtip-root ratio 3.12
Leading edge swept-back angle (°) 30, 45, 60
Tail height (m) 2.675
Designed Mach number, Ma 0.3-7
Half cone angle of conical flow field (°) 12.5

method. Smooth profile transitions often mean less
drag, which is particularly important for performance
in the hypersonic phase. The rotational axis of the
variable sweep-back wing is selected at the leading
edge of the wing root. The minimum sweep angle is
30°, the maximum sweep angle is 60°, and the inter-
mediate state of the sweep angle is 45°. The aircraft
has a maximum wingspan of 20 m at a swept-back
angle of 30°. The morphing process of the vehicle’s
sweep-back wing is shown in Fig. 2, and the vehicle’s
profile parameters at different sweep angles are pre-
sented in Table 2.

A small sweep-back wing configuration has favor-
able aerodynamic properties at subsonic speeds, allow-
ing the morphing vehicle to take off and land with a
wide swept-back wing, which can lower surge drag;
this is also beneficial to both supersonic and hypersonic
flight. The wings are the primary mechanism for lift
generation at low speeds, whereas the fuselage mainly
serves as a volume source. The aerodynamic layout
of the hypersonic aircraft is primarily based on a

Sweep backward

Fig. 2 Change process of the backward sweep angle

waverider-like body, because a conventional layout is
insufficient in terms of lift-to-drag ratio for cruising
flight at hypersonic speeds. The lift of the vehicle is
primarily provided by fuselage compression on the
windward side and expansion on the leeward side
during cruising. In designing the geometry of the mor-
phing sweep-back wing, the wing profile at a sweep
angle of 60° is used as our basis. The basis profile at
this sweep angle is then extended to create a folded
section, which guarantees the wing profile can be con-
nected to the fuselage at the minimum sweep angle of
30°. A 2° geometric twist was applied to the wingtips
in order to enhance the aircraft’s leveling performance,
and avoid premature stalling of the outer wing segments.
Meanwhile, the trailing edge is almost horizontal,
which can effectively prevent shape interference during
rotation because the trailing edge is relatively far from
the rotational axis when the wing rotates around it. As
a result, the trailing edge’s position changes more sig-
nificantly during rotation. The primary manifestation
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Table 2 Comparison of dimensional parameters at different sweep angles

Sweep angle, 4 (°) Root chord (m) Tip chord (m) Span (m) Wing area (m”) Aspect ratio
30 6.6277 2.2016 20 56.4583 4.83
45 6.6176 2.2016 17.7668 45.0461 4.02
60 7.0895 2.2016 17.7279 33.0080 3.82

of geometric torsion is the sinking of the leading edge
of the root wing.

3 Numerical simulation methods

The 3D viscous flow field was simulated using
self-developed computational fluid dynamics (CFD)
solvers (Miao et al., 2023; Zhang et al., 2023; Li YF
et al., 2024), to assess the aerodynamic performance
of the wide-speed-range vehicle under various flying sit-
uations and sweep angles. In this study, the numerical
solution method is based on the Reynolds-averaged
Navier Stokes (RANS) equations. This employs a finite-
volume method and the k-w SST (Menter’s shear
stress transport) turbulence model. The monotonic up
wind scheme for conservation laws (MUSCL) is used
at Mach 1.5 and below, and the advection up-stream
splitting method by pressure-based weight function
(AUSMPWH+) is utilized from Mach 1.5 up to Mach 7.
Time advancement is performed with the implicit lower-
upper symmetric Gauss-Seidel relaxation (LU-SGS)
method, and the viscosity fluxes are calculated with
a second-order central format. An aerospace vehicle
model from existing literature is selected to validate
the effectiveness and accuracy of the numerical method,
and the numerical simulation results are compared to
wind tunnel test data (Ding, 2016; Luo et al., 2024).
Code validation and grid-independent validation are
presented in Section S1 of the electronic supplementary
materials (ESM).

4 Aerodynamic characterization analysis

Numerical simulations were performed at various
speeds and altitudes to analyze how the aerodynamic
properties vary in relation to the sweep angle. With
reference to the flight trajectories of SR-71 (Clark et al.,
2011), SteamJet (Balepin and Liston, 2001), Manta2025
(Tzong, 2010), and SR-72 (Qu et al., 2025), the calcula-
tion points for the simulations were determined as

shown in Table 3. The selected subsonic Mach num-
bers were 0.3 and 0.9, corresponding to altitudes of
0 km and 5 km, respectively. The supersonic Mach
numbers of 1.5, 2, and 4 were selected, correspond-
ing to altitudes of 10 km, 14 km, and 16 km, respec-
tively, and hypersonic Mach numbers of 6 and 7 were
chosen, corresponding to altitudes of 22 km and 25 km,
respectively. The cruising Mach number of the pro-
posed vehicle was set to Mach 7. Under this cruising
condition, the static temperature of the atmosphere is
222 K, the static pressure is 2549 Pa, and the dynamic
pressure is 874383 Pa. The trajectory of the vehicle was
obtained using the Gaussian pseudo-spectral method,
so as to verify the validity of the selected envelope.

Table 3 Calculation points of acrodynamic data

Altitude Temperature Pressure Mach number,
(km) (K) (Pa) Ma
0 288.150 101325.00 0.3
5 255.676 54048.30 0.9
10 223.252 26499.90 1.5
14 216.650 14170.40 3
16 216.650 10352.80 4
22 218.574 4047.50 6
25 221.552 2549.22 7

4.1 Sub-transonic aerodynamic characterization

The aircrafts with horizontal takeoff capability
generally accelerate to Ma=0.8-0.9 after taking off
from sea level, followed by an iso-Mach climb to 8-
11 km; therefore, the subsonic-state calculation points
are chosen as Mach 0.3 and 0.9, corresponding to alti-
tudes of 0 km and 5 km, respectively. In order to accu-
rately analyze the effects of the changes in the angle of
attack and sweep angle on the aerodynamic characteris-
tics at subsonic speeds, the change curves of the lift
coefficients, drag coefficients, and lift-to-drag ratios for
Mach 0.3 and Mach 0.9 vehicles are plotted in Figs. 3
and 4, respectively. In the following text, a, C,, C,, and
R,, denote the angle of attack, the lift coefficient, the
drag coefficient, and the lift-to-drag ratio, respectively.
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From Figs. 3 and 4, it can be seen that C, rises
with o in a roughly linear fashion, while the relation-
ship between the drag coefficient and the angle of
attack cannot be described as such. At positive angles
of attack, the drag coefficients increase as the attack
angles increase, and the drag coefficient at an attack
angle of —2° is slightly greater than at an attack angle
of 0°. Moreover, as one can observe from Figs. 3 and
4, the drag coefficient C, increases significantly after
the angle of attack exceeds 6°, which is because the
induced drag dominates in this condition; furthermore,
the frictional drag increases significantly because of
the increased separation of the airflow in the wake.

For three typical morphing configurations (sweep
angles of 30°, 45°, and 60°), at both Mach 0.3 and
Mach 0.9, the optimum lift-to-drag ratios are achieved
at a=4°. The optimum lift-to-drag ratio is 8.86 at Mach
0.3, and 9.51 at Mach 0.9. A high lift-to-drag ratio
facilitates the vehicle’s climbing efficiency in the sub-
sonic phase. It is evident from a comparison of the
lift-to-drag ratio statistics that the vehicle’s ideal con-
figurations are the configuration at Mach 0.3, and the
climbing configuration at Mach 0.9. The improvements
in aerodynamic performance for the optimal configu-
ration relative to the other configurations at subsonic
speeds are shown in Tables 4 and 5.
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Fig. 3 Aerodynamic parameters in different configurations at Mach 0.3: (a) lift coefficient; (b) drag coefficient; (c) lift-to-drag
ratio
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Fig. 4 Aerodynamic parameters in different configurations at Mach 0.9: (a) lift coefficient; (b) drag coefficient; (c) lift-to-drag
ratio

Table 4 Aerodynamic performance comparison at Mach 0.3

a Parameter Optimal configuration value Chmbn_lg Cruls.e
Value Difference (%) Value Difference (%)
4° . 0.467490 0.370559 26.158 0.305238 53.156
R, 8.864123 8.118865 9.180 8.228413 7.726
6° C, 0.763495 0.621466 22.854 0.512310 49.030
R, 8.803961 8.297617 6.102 8.067384 9.130
8° C, 1.050844 0.878549 19.612 0.728934 44.162
R, 7.960348 7.200750 10.549 6.891013 15.518
10° C, 1.311340 1.132462 15.796 0.949565 38.099
R, 6.214391 5.977370 3.965 5.879365 5.698




J Zhejiang Univ-Sci A 2025 26(11):1099-1113 | 1105

4.2 Supersonic aerodynamic characterization parameters are shown in Figs. 5—7, from which it can
be seen that the lift-to-drag ratio of the vehicle is maxi-
mized when the angle of attack is 6°, and the maxi-
in the vicinity of the vehicle changes considerably com- ), lift-to-drag ratio is significantly reduced compared
pared to subsonic speeds. The three Mach numbers o the subsonic data. The main reason for this phe-
selected for investigation in the supersonic range are  nomenon is that in the supersonic phase, the airflow
1.5, 2, and 4. The resulting calculated aerodynamic is more effective at suppressing the crossflow, so the

At supersonic speeds, the nature of the flow field

Table 5 Aerodynamic performance comparison at Mach 0.9

. . Takeoff Climbing
o Parameter Optimal configuration value - -
Value Difference (%) Value Difference (%)
4° R, 9.510687 9.227414 3.070 8.432450 12.787
6° R, 8.808889 8.361712 5.348 7.741642 13.784
8° R, 7.539517 7.083873 6.432 6.910982 9.095
10° R, 6.270862 5.755538 8.954 5.505436 13.903
(a) 15 (b) 030 T c) 6
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Fig. 5 Aerodynamic parameters in different configurations at Mach 1.5: (a) lift coefficient; (b) drag coefficient; (c) lift-to-drag
ratio
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Fig. 6 Aerodynamic parameters in different configurations at Mach 2: (a) lift coefficient; (b) drag coefficient; (c) lift-to-drag
ratio
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Fig. 7 Aerodynamic parameters in different configurations at Mach 4: (a) lift coefficient; (b) drag coefficient; (c) lift-to-drag
ratio
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expansion of the vortex is suppressed, and the vortex-
driven lift of the aerodynamic layout disappears.

The waverider-like forebody of the morphing
vehicle can generate a certain amount of lift under
supersonic conditions through the surge effect, thus im-
proving the aerodynamic performance. The maximum
lift-to-drag ratios of the vehicle at the three calculation
points in the supersonic speed range can all exceed 4.
Figs. 4 and 5 show that the climbing configuration has
the best lift-to-drag ratio when o>4° in the transonic
speed range. However, the lift-to-drag ratio is not the
only evaluation metric for selecting the optimal configu-
ration. When powered by a turbine-based combined
cycle (TBCC) engine, the vehicle is usually selected for
level flight or dive acceleration between Mach 0.9 and
Mach 1.5, where a lower drag coefficient is desired and
the cruise configuration is actually the optimal choice.
From further analysis of Figs. 6 and 7, the lift-to-drag
ratios of the vehicle are close for the three morphing
configurations when the Mach number reaches 2. At
Mach 4, the cruise configuration has a significant ad-
vantage in terms of lift-to-drag ratio, and becomes the
optimal configuration for an altitude-climbing mission.

The vehicle begins to approach the hypersonic phase
of flight when its speed exceeds Mach 4. At super-
sonic speeds, the improvements in aerodynamic per-
formance for the optimal configuration relative to the
other configurations are shown in Tables 6-8.

4.3 Hypersonic aerodynamic characterization

When the Mach number of the incoming air flow
is greater than 5, the vehicle is considered to have
entered the hypersonic flight phase. As one can see
from Figs. 8 and 9, the slope of the lift coefficient
curve for the proposed morphing vehicle decreases
with increasing Mach numbers in hypersonic flight,
and the non-linearity of the aerodynamic coefficients
in the hypersonic section is significantly higher com-
pared to the subsonic and supersonic sections. From the
lift-to-drag ratio curves, it can be seen that the vehicle
achieves the maximum lift-to-drag ratio at an attack
angle of 8° for Mach 6 and Mach 7, which is not con-
sistent with the supersonic conditions.

When considering the climbing requirements, the
vehicle should adopt the configuration with the high-
est lift-to-drag ratio. When entering the cruise phase,

Table 6 Aerodynamic performance comparison at Mach 1.5

) . Takeoff Climbing
o Parameter ~ Optimal configuration value - -
Value Difference (%) Value Difference (%)
4° R, 4.626444 4.196605 10.242 3.551970 30.250
6° R, 5.378419 5.119938 5.049 4.363471 23.260
8° R, 5.269891 5.073906 3.863 4.423313 19.139
10° R, 4.693888 4.751942 -1.221 4.155118 12.966
Table 7 Aerodynamic performance comparison at Mach 2
) ) Takeoff Climbing
a Parameter ~ Optimal configuration value - -
Value Difference (%) Value Difference (%)
4° R, 3.648696 3.670153 -0.585 3.496770 4.345
6° R, 4.284955 4.294970 -0.233 4.175922 2.611
8° R, 4.307270 4.302856 0.103 4.223228 1.990
10° R, 4.092902 3.963302 0.327 4.026861 1.640
Table 8 Aerodynamic performance comparison at Mach 4
. ) Takeoff Climbing
o Parameter ~ Optimal configuration value - -
Value Difference (%) Value Difference (%)
4° R, 3.572044 3.142008 13.687 3.498019 2.116
6° R, 4.024663 3.707456 8.556 3.849338 4.555
8° R, 3.987939 3.775135 5.637 3.866089 3.152
10° R, 3.743544 3.588487 4.321 3.704026 1.067
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the vehicle should adopt the configuration with the  optimal configuration relative to the others at hyper-
lowest drag. In the hypersonic phase, generally speak-  sonic speeds are shown in Tables 9 and 10. The rea-
ing, the cruise configuration is the best configuration.  sons behind these aerodynamic characteristics will be
The improvements in acrodynamic performance for the  analyzed in the next section.

a) 0.4 0.12 4
(@) - (b) e (©)
03 & 0.10 =4~ Co (A=45°) i 3
e —- G, (/=60°) ”
0.2 i 0.08 G .
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Fig. 8 Aerodynamic parameters in different configurations at Mach 6: (a) lift coefficient; (b) drag coefficient; (c) lift-to-drag
ratio
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Fig. 9 Aerodynamic parameters in different configurations at Mach 7: (a) lift coefficient; (b) drag coefficient; (c) lift-to-drag
ratio

Table 9 Aerodynamic performance comparison at Mach 6

o Parameter Optimal configuration value Takeo.ff Chmblr_lg
Value Difference (%) Value Difference (%)

0° Cy 0.031748 0.042479 -25.261 0.037479 -15.291
2° Cy 0.034318 0.046470 -26.151 0.305238 -17.247
2° R, 8.864123 8.118865 9.172 8.228413 7.726
4° R, 8.864123 8.118865 9.172 8.228413 7.726
6° R, 8.803961 8.297617 6.102 8.067384 9.130
8° R 3.819928 3.666365 4.188 3.612421 5.744

LD

Table 10 Aerodynamic performance comparison at Mach 7

. . Takeoff Climbing
o Parameter Optimal configuration value - -
Value Difference (%) Value Difference (%)

0° C, 0.029893 0.041548 -28.052 0.036789 -18.745
2° Cy 0.032315 0.043981 26.158 0.038781 -16.673
2° R, 2.138620 1.844517 15.945 1.800121 16.611
4° R, 3.266244 2.951237 10.674 2.823941 9.877
6° R, 3.495085 3.235306 8.030 3.541831 4.331
8° R 3.678735 3.441450 6.895 3.496732 5.205
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5 Preliminary discussion on configuration
differences

In order to analyze the rationale for the differences
in aerodynamic performance between different mor-
phing configurations, in this section, we analyze the
flow field characteristics under two typical flight con-
ditions (Mach number 0.3, attack angle 0°; Mach
number 7, attack angle 6°).

5.1 Analysis of subsonic results

This section focuses on the aerodynamic perfor-
mance at Mach 0.3 and an attack angle of 0°. In the
subsonic phase, the configuration with a 30° sweep
angle has the largest lift coefficient, drag coefficient,
and lift-to-drag ratio compared to the other two con-
figurations. In addition, the drag coefficients of the three
configurations are very similar at attack angles under
2°, but when the attack angle is greater than 6°, their
drag coefficients can vary significantly. Fig. 10 shows
the distribution of pressure maps on the upper and
lower surfaces of the morphing vehicle in different con-
figurations. Specifically, Fig. 10a compares the pressure
coefficients on the upper surface of the vehicle for the
30° sweep angle configuration and the 45° sweep angle
configuration; Fig. 10c shows a comparison of the

(a)

(b)

Sweep angle of 30°

So0002%R

GRBBUBIRIBES

| Sweep angle of 45°

(©

‘ Sweep angle of 30°

(d)

Sweep angle of 45°

pressure coefficients on the lower surface of the vehicle
for these two configurations. Fig. 10b compares the
pressure coefficients on the upper surface of the vehicle
of the 45° sweep angle configuration with the 60° sweep
angle configuration; meanwhile, Fig. 10d shows a com-
parison of the pressure coefficients on the lower sur-
face of the vehicle for these two configurations. All
pressure coefficient ratings in Fig. 10 are consistent for
the sake of comparison and analysis.

By comparing the pressure coefficients of the
vehicle, one can see that the pressure coefficient dis-
tribution of the fuselage is essentially the same across
different configurations, whereas the pressure cloud
map distribution for the wing varies in different con-
figurations. This suggests that the wings of the veh-
icle have little effect on the fuselage and tail, and the
pressure difference between the upper and lower sur-
faces of the wing is an important source of lift for the
vehicle in the subsonic range.

It is clear from Fig. 10 that the upper surface of
the wing in the 30° sweep angle configuration has the
largest pressure difference, so this is the configuration
that can provide the best lift-to-drag ratio at a Mach
number of 0.3. Fig. 11 shows the pressure coefficient
and streamline distributions of the chord-wise wing
profiles for different morphing configurations, where

Sweep angle of 45° ‘

‘ Sweep angle of 60°

I Sweep angle of 45°

Sweep angle of 60°

Fig. 10 Comparisons of pressure coefficient (C,) contours of four configurations (Mach 0.3, a=0°): (a) upper surface (1=30°

vs. A=45°); (b) upper surface (1=45° vs. 1=60°); (c) lower sur

face (1=30° vs. 41=45°); (d) lower surface (1=45° vs. 1=60°)
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Fig. 11 Pressure coefficient contours on a wing’s cross-section in a chord-wise direction (Y=5.6 m) with flow field stream

traces (Mach 0.3, a=0°): (a) 41=30°; (b) 4=45°; (c) A1=60°

the position is 5.6 m from the plane of longitudinal
symmetry (Y=5.6 m). One can see from Fig. 11 that the
maximum low-pressure area is formed above the wing
for the 30° sweep angle configuration at Mach 0.3,
which is conducive to improving the lift-to-drag ratio
of the vehicle. Therefore, the 30° sweep angle is the
optimal configuration for sub-transonic speeds, which
is in line with the conclusions drawn in Section 4.1.

5.2 Analysis of hypersonic results

Based on the aerodynamic data for the hypersonic-
phase vehicle in Section 4.3, it can be seen that the best
lift-to-drag ratio is obtained when the attack angle is
about 6°. In this section, the pressure distribution at
the surface and part of the cross-section of the vehicle
is analyzed at Ma=7 and 0=6°. It can be observed from
Fig. 12 that at Ma=7 and a=6°, the upper and lower
surfaces of the vehicle form a substantial pressure dif-
ference, which is the main source of the lift obtained
by the vehicle. The high-pressure region on the upper
surface of the wing is minimized in the 60° sweep
angle configuration, which is favorable for improving
the aerodynamic performance of the vehicle. To further
analyze the pressure distribution between the fuselage
cross-section and the wing cross-section, in Figs. 13
and 14, we show the pressure coefficient distributions
between the fuselage and the wing for different vehicle
profiles at 45° and 60° sweep angle configurations,
respectively (X represents the distance from the tip of
the aircraft’s nose along the fuselage axis to the tail).
As one can see, there is a large pressure difference
between the upper and lower surfaces of the vehicle
fuselage and the wing, which can provide sufficient
lift force. However, the difference in pressure distri-
bution between these two configurations is insignifi-
cant, indicating that the effect of the variable swept-
back wing on the aerodynamic characteristics of the
vehicle at high supersonic speeds has been weakened,

(a)
Upper surface

(®) Upper surface

) [omaroie | g
Upper surface 019

0.06
0.04
0.02
3%
-0.08
-0.10

Fig. 12 Comparisons of pressure coefficient contours of the
three configurations (Mach 7, a=6°): (a) 4=30°; (b) A4=45°;
(¢) A=60°

which is consistent with the variation law of the lift—
drag curve.

6 Conclusions

In order to achieve strong aerodynamic perfor-
mance over subsonic to hypersonic speeds, and to
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--

Fig. 13 Pressure coefficient distributions of fuselage and wing profiles (1=45°, Mach 7, a=6°): (a) X=9.6 m; (b) X=7.6 m;

(¢) X=5.6 m; (d) ¥=5.0 m; (e) ¥=5.6 m; (f) ¥Y=6.0 m

Fig. 14 Pressure coefficient distributions of fuselage and wing profiles (1=60°, Mach 7, =6°): (a) X=9.6 m; (b) X=7.6 m;

(¢) X=5.6 m; (d) ¥=5.0 m; (e) ¥=5.6 m; (f) ¥=6.0 m

enable horizontal takeoff and landing abilities, we pro-
pose a novel aircraft design with variable sweep
angles. The flow field of this aerodynamic design is
analyzed through CFD numerical simulations under the
flight conditions of Mach 0.3—7.0 and attack angle
—-2°-10°, and the aerodynamic performance is com-
pared under three typical morphing configurations:
30°, 45°, and 60° sweep angles.

By analyzing the aerodynamic performance of
the vehicle across varying configurations and flight

conditions, it is evident that the optimal sweep angles
vary with speed. For horizontal takeoff, the most prom-
ising of the three typical configurations is the 30°
sweep angle. In the transonic to supersonic phases, a
45° sweep angle configuration performs best, while a
60° sweep angle is optimal for the Mach 1.5 to hyper-
sonic phases. These results demonstrate that a morphing-
sweep-wing vehicle achieves superior acrodynamic eff-
iciency compared to fixed-wing designs across a broad
range of speeds.



By analyzing the aecrodynamic data of the aircraft
at Mach 0.3, we deduced that a configuration with a
30° sweep angle should be used during the takeoff
phase, because of its advantages in terms of lift coeffi-
cient and lift-to-drag ratio. The lift-to-drag ratio of the
vehicle at this speed reaches a maximum of approxi-
mately 8.804, which provides strong aerodynamic
support for horizontal takeoff.

Notably, both the lift and drag coefficients of the
vehicle decrease with increasing Mach number. The lift
coefficient increases with increasing angle of attack,
while the drag coefficient also satisfies this law for
positive attack angles. Moreover, the lift and drag co-
efficients of the vehicle differ at varying sweep angles
under the same flight conditions. The lift-to-drag ratios
under the three different morphing configurations tend
to increase and then decrease as the attack angle
increases, and the configurations that achieve the op-
timal lift-to-drag ratio vary depending on the aircraft
speed.

In future work, the inlet of the vehicle will be de-
signed based on the optimized acrodynamic profile,
and the interactions of airflow through the inlet will
be analyzed.
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