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This paper presents a new-concept aircraft with a diamond joined-wing morphing configuration, which simultaneously adjusts
the sweep angles of both the front wing and rear wings by a telescopic support rod. The compressible Navier-Stokes equations
in the conservative form are solved to analyze the configuration characteristics and the aerodynamic benefits of this aircraft
with different values of sweep angle (15°, 60°) and Mach number. The maximum lift-to-drag ratio is about 13.5 at M = 0:5 and
α = 4°, 12.8 at M = 0:75 and α = 4°, and 3.4 at M = 1:5 and α = 6°, respectively. Compared with traditional morphing aircraft,
the main advantages of this configuration include better transonic and supersonic performance, better lift characteristics in the
state of a high-aspect ratio, and lower zero-lift drag in the supersonic state. The lift ratio of the front and rear wings shows a
good similarity at different Mach numbers, especially for the 15° model, and the value eventually tends to be 1.3 at α = 12°.
Meanwhile, the flow field characteristics and interference characteristics of the front and rear wings are studied. The increase
in the angle of attack, incoming flow velocity, and distance between the front and rear wings can reduce the interference
between front and rear wings. The influence from upstream components is proven to improve the aerodynamic characteristics
of the rear wing, especially at α = 8°.

1. Introduction

Morphing aircraft is one of the most important develop-
ment directions of advanced aircraft in the future and is
at the forefront of innovative research in the aerospace
area. In military application, its good performance is
mainly reflected in the cross-speed domain, cross-media,
and other aspects. As for the transonic intelligent morph-
ing combat aircraft, the advantages are focused on short
take-off and landing distances, good acceleration perfor-
mance, and supersonic flight capabilities. Further, it is also
featured by economic cruise, surveillance, rapid arrival,
and penetration in modern warfare [1]. Wlezien et al.
defined the objectives of morphing aircraft as efficient
flight and multipoint adaptability to macro- and microen-
vironments [2], implying that morphing is the bridge
between flight mission and flight performance. Thus, it is
necessary to investigate further the morphing aircraft’s

configuration and morphing mode to better balance adapt-
ability to environments and flight performance.

Most studies related to morphing aircraft have focused
on the morphing of wings [3–5], as the wing is the primary
source of lift and handling force. Of course, there is also a
great part of research dealing with the morphing of wing
control surfaces like ailerons and flaps [6–8]. In recent years,
with the rapid developments of technologies such as
adaptive technology, intelligent materials, miniature high-
energy actuators, and flexible skins, many studies have been
conducted on the variable swept wing. Terrence [9] had
expounded on the advantages of the swept-forward wing
and swept-back wing as well as the developments and
challenges of morphing aircraft. The main reasons for the
development of variable-sweep aircraft are the new demands
of function and performance for aircraft in the military:
(1) long-range subsonic cruise combined with long endur-
ance on the station, (2) high subsonic speed interception
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combined with low-altitude transonic strike, and (3) oper-
ation from limited length runways (such as aircraft car-
riers) combined with requirements of high speed and
maneuverability. Different swept wing angles will bring
noticeable differences in aerodynamic characteristics for
aircraft in various flight environments. Lv and Lv et al.
[10, 11] explained property rules of variable swept wings
in different heights for a BWB aircraft. According to this
study, the optimal sweep angle is 20° at M = 0:4 ~ 0:5,
which is unrelated to altitude. The optimal sweep angle
changes with height at M = 1:0, and it is greater than 50°

at different heights. In addition to the application in con-
ventional aircraft, the variable swept wing also allows
hypersonic aircraft’s wide speed range and large flight
envelope. Numerical and experimental investigations of a
variable swept wing for an unmanned aerial vehicle at M
= 0:8/1:5/3/8 by Tarabi et al. [12] point that the variable
swept wing brings low benefits to the aircraft in the hyper-
sonic phase, but in the transonic and low supersonic
phase, the maximum lift-to-drag ratio of the aircraft has
increased by about 80%.

From the perspective of the two-dimensional airfoil, the
relative thickness of the airfoil changes with the sweep angle.
Su et al. [13] studied the variable forward-swept wing air-
craft: the lift coefficient and moment coefficient are nega-
tively correlated with the relative thickness and the drag
coefficient is positively correlated with the relative thickness.
From the perspective of the aircraft, the change of the sweep
angle will make the configuration significantly change. To
better improve the aircraft’s flight performance in different
flight environments, it is necessary to use the characteristics
of swept forward wing, straight wing, and swept-back wing.
Li et al. [14] studied the influence of the area of the forward-
swept wing, the forward-sweep angle of the quarter-chord
line of the forward-swept wing, the relative thickness of the
forward-swept wing’s airfoil, and the position of the
forward-swept wing relative to the main wing on the tran-
sonic aerodynamic characteristics of the whole aircraft. Liu
et al. [15, 16] investigated a new configuration technology:
the combination of canard tailless configuration, wing-
body configuration, and variable swept forward wing, which
enables the aircraft to have good take-off and landing capa-
bility in the subsonic state, good stall characteristics at the
high angle of attack in the transonic state, and low drag
and high stealth characteristics in the supersonic state.
With the increasing sweep angle, the movement direction
of the aerodynamic center is opposite to the change direc-
tion of the forward-swept wing, the same as the change
direction of the backward swept wing. So the variable
swept forward wing configuration has less problem with
excessive static margins than the variable swept backward
configuration. The investigation by Brett and Robert [17]
shows that a 47% reduction in the maximum static margin
was found to occur for a variable swept forward wing con-
figuration relative to a similar variable swept backward
wing. Nevertheless, the swept forward wing has problems
of roll control and aeroelasticity; the backswept wing faces
the difficulty of operating surface failure caused by airflow
separation.

The studies of morphing aircraft mainly focus on tradi-
tional configuration, such as flying wing configuration and
delta wing configuration. There is less research on the
morphing application of diamond joined-wing configura-
tion. The joined-wing configuration was first proposed by
Wolkovitch [18] in the 1970s. Its initial design connected
the front wing and the tail by the rear wing. There are also
some references, which noted it as the box wing. The config-
uration of the front wing with the sweepback angle and the
rear wing with the forward-swept angle gives the aircraft sig-
nificant advantages in many aspects: (1) the wingtips of the
front wing and rear wing are connected, which form a frame
structure and can effectively increase the structural rigidity
of the aircraft and reduce the structure weight [19–21]. A
reduction of the induced drag in subsonic flight can be
added among the benefits of closed or box wings, due to
their effect of the reduction of the wingtip vortex intensity.
(2) Compared with other conventional configuration air-
crafts, under the condition of the same lift, the span length
of the diamond joined wing can be reduced by 20%-30%.
Meanwhile, the characteristics of the swept forward wing
and swept back wing can reduce the wave drag at high
subsonic speeds. The diamond joined wing also has good
stall characteristics at a high angle of attack [22, 23]. (3)
The diamond joined-wing wing configuration has four
wings, so the reasonable arrangement of control surfaces
can significantly improve the control ability of the aircraft
[22, 24]. Typically, the distance between the control sur-
faces of the wing and the focus is large, and it will bring
excellent longitudinal control characteristics to the aircraft.
(4) Some tests show that the rear wing can not only pro-
vide the extra lift but also bear the bending moment of the
front wing or increase the aspect ratio of the front wing
and reduce the induced drag under the same wingspan
and weight [24]. Djojodihardjo [25] conducted a concep-
tual design of a diamond joined-wing jet aircraft. Com-
pared with the conventional configuration aircraft, it can
reduce the structural weight by 5%, provide 1.35 times
the lift, and reduce the drag by 3.5%. Chau and Zingg
[26] designed a Mach-0.78 strut-braced-wing regional jet.
Compared to the E190-E2, the strut-braced-wing regional
jet offers a 12.9% improvement in the cruise lift-to-drag
ratio, which means a 7.6% reduction in block flue for
the nominal mission. Rasmussen [27] judged from the
existing references that the current research of the dia-
mond joined-wing configuration mainly focuses on a fixed
wing. The military applications are mostly about the high-
altitude long-endurance cruise for detection, and the flight
speed range is subsonic and transonic [28].

The research object of this work is a new-concept aircraft
with a diamond joined-wing morphing configuration and
large-scale deformation. Due to the limitations of configura-
tion and structure, the range of the aircraft’s sweep angle is
15°~60°. On the premise of inheriting and expanding the
advantages of morphing, it also abates the disadvantages of
the configuration and the relevant morphing modes men-
tioned above to a certain extent. This configuration is
investigated herein using both numerical simulation and
wind tunnel test in terms of aerodynamic characteristics at
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subsonic, transonic, and supersonic states. The flow mecha-
nism at the typical conditions is also accessed.

2. The Diamond Joined-Wing
Morphing Aircraft

The research object of this work is a new-concept aircraft
with a diamond joined-wing morphing configuration.
Figure 1(a) illustrates its main components: two front wings,
two rear wings, a task module, and two engines. Under dif-
ferent flight speeds and flight states, the length of the tele-
scopic support rod can be adjusted to change the sweep
angles of the front wings and rear wings, achieving good
aerodynamic performance. Meanwhile, the tilting angles of
the two engines, which are independent of each other, can
also be adjusted to allow the aircraft to take off and land
vertically. Natural laminar flow airfoils with low resistance
are used for both front and rear wings. Additionally, in
terms of functionality, the requirements of various missions

can be realized by replacing the equipment in the task
module.

The geometric parameters of the entire aircraft will
change with the sweep angle. Table 1 shows the geometric
parameters before and after the reduction of the two sweep
angle state models. We position the aircraft cabin’s

Z Y

X Front wings

Telescopic
support rods

Engine

Rear wings

Task module

The moment refernce points

(a) .15° model (b) 45° model (morphing process)

The moment refernce

(c) 60° model

Figure 1: The diamond joined-wing morphing configuration.

Table 1: Geometric parameters of models.

Scaling (1 : 1) (11.47 : 1)

Sweep angle 15° 60° 15° 60°

Wing chord 0.6000m 1.1580m 0.0523m 0.1009m

Wing length 4.6317m 4.6317m 0.4039m 0.4039m

Wing area 2.7790m2 2.7790m2 0.0211m2 0.0211m2

Four wings area 11.1161m2 11.1161m2 0.0845m2 0.0845m2

Model length 4.8558m 10.1093m 0.4235m 0.8816m

Model span 10.3200m 5.6835m 0.9000m 0.4957m

Model high 0.9399m 0.9399m 0.0819m 0.0819m
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Electric motors

Planetary reducer

Framework

Figure 2: The morphing verification vehicle.

(a) The 15° model of the wind tunnel test

(b) The 60° model of the wind tunnel test

Figure 3: The wind tunnel test models.
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geometric center as the coordinate origin (0, 0, 0) and the
direction along the fuselage axis as the x-axis and along the
normal direction of the fuselage as the z-axis. The unit of
measure for the coordinate system is millimeters. The
moment reference points for the 15° sweep angle model
and the 60° sweep angle model are ð−38:40, 0, 0Þ and ð−
80:16, 0, 0Þ.

The conventional variable swept aircraft has the follow-
ing disadvantages: (1) the rotating mechanism of the wing
is complex, and its size and weight are comparatively large;
(2) the load of the rotating wing is concentrated on the pivot,
which requires a greater design value of strength; and (3) the
rapid deformation of the aircraft requires a powerful actua-
tor [29, 30]. To verify the feasibility of the morphing method
of the aircraft, we conducted a ground verification test of the
morphing mechanism of the scaled-down model. We com-
bined the configuration characteristics of the diamond
joined-wing morphing aircraft to develop a new large-scale
variant actuation mechanism design based on the “rack-
type sliding rail” structure.

Figure 2 is the morphing verification vehicle. In the
feasibility verification test of the morphing mechanism, we
achieved the stepless variation of the front wing sweep
between 15° and 60° and the engine tilt angle between 0°

and 90°, where the front wing and rear wing changes are
completed within 10 s and the engine changes are completed
within 5 s. In this paper’s subsequent expressions, the sweep
angle refers to the sweep back angle of the front wing.

3. Methodology

3.1. Wind Tunnel Test. The experimental test was carried out
in the full test section of a high-speed wind tunnel in
CARDC. The wind tunnel is a transonic-supersonic wind
tunnel of semireflux type, and its size of the test section is
1:2m × 1:2m. The main performance is as follows: (1) Mach
number range: 0.3~4.5 and control accuracy: 0.002; (2)
Reynolds number range: (0.47~9.57)×105 Pa; (3) attack
angle range: -20°~25° and control accuracy: 0.02°; and (4)
side slip angle range: -12°~12° and control accuracy: 0.05°.
Figure 3 shows two installation configurations of the aircraft.
Due to the difference of the test Mach number, the test
section was adapted for subsonic (Figure 3(a)) and the
supersonic (Figure 3(b)) test conditions, respectively. The
aerodynamic characteristics and control characteristics of
the aircraft for different configurations have been obtained
through wind tunnel tests.

(a) 15° model

(b) 60° model

Figure 4: Mesh of different models.
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The nominal Mach number for this test ranges from 0.3
to 1.5. The unique configuration of this aircraft determines
the support type chosen for this wind tunnel test: ventral
sting. Considering the balance’s installation, the intermedi-
ate task module is thickened. Thus, in the following, we used
a convenient and efficient CFD method to simulate the flows
around the test model with ventral sting support, the test
model without ventral sting support, and the original model,

respectively. The balance is connected with the ventral sting,
which is fixed to the scimitar device. This test model has two
states with the swept angle of the front wing as 15° and 60°,
respectively.

The test adopts a six-component balance, with an uncer-
tainty of measurement of 0.3%. For signal acquisition, the
measured signals are digitally processed by an A/D con-
verter, with a resolution of 18 bits and a comprehensive
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Figure 5: Comparison of the CFD and test at M = 0:5 and 1.5.
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accuracy of 0.02%. The signal amplification range is adjust-
able from 1 to 8192 times. The general data processing
platform software with preconfigured test parameters is used
to calculate the test data. The pressure sensor is used to
measure the pressure in the test. The main performance of
the sensor is as follows: (1) total pressure sensor: Mensor
CPT6100 absolute pressure sensor, range: 0~ 0.3MPa,
0~ 0.8MPa, and 0~ 2MPa and accuracy: 0.05%; (2) static
pressure sensor: Mensor CPT6100 absolute pressure sensor,
range: 0~0.15MPa and 0~ 0.5MPa and accuracy: 0.01%;
and (3) pressure sensor at the bottom of the model: PPT

differential pressure sensor, range: + -20 psi and accuracy:
0.05%.

The experimental data are mainly corrected as follows:
(1) the influence of the balance and the elastic angle of the
strut on the model attitude is corrected, but the influence
of the air deflection angle of the model is not deducted; (2)
the influence of the misalignment of the balance calibration
center and the model moment reference center is corrected;
and (3) the influence of the weight of the model on the aero-
dynamic force is deducted, and the influence of the drag at
the bottom of the model is not corrected.

1

2

3 4 5 6 7

(a) The shock waves of different components tested by Schlieren

(b) The numerical result of the shock waves distribution for different components (the left is at X = 0; the right is at Y = 0/50/175/265)

Figure 6: Shock wave capture results of the test and numerical simulation at M = 1:5 and α = 0°.
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3.2. Numerical Simulation. The numerical simulation is car-
ried out using an in-house solver NSM3D developed by
CARDC, which is based on the finite volume method. The
solver uses the compressible Navier-Stokes equations in con-
servative form as the control equation. The second-order
upwind scheme is used for spatial discretization, and the
dual-time stepping implicit method is used for time discreti-

zation. The Spalart-Allmaras [31, 32] model was chosen to
close the equation system for the turbulent simulation, and
some results are verified against the hybrid RANS-LES sim-
ulation [33]. The state of numerical simulation is free flight,
and the grid computation domain is a sphere with a radius
of 30 times the length of the model. The free flow Mach
number range is 0.5~1.5; the inner boundary adopts the
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(a) Pressure distribution of the front wing at 1/2 chord
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(b) Pressure distribution of the rear wing at 1/2 chord

Figure 7: Wingspan pressure distribution of the 60° model at M= 1:5 and α = 4°/6°/8°.
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nonslip solid wall condition, and the outer boundary adopts
the free flow boundary condition.

The unstructured grids were created using the grid gen-
eration software Pointwise(Figure 4). Pointwise is a compu-
tational gridding software that launched its first version in
2008, formerly known as Gridgen. Gridgen’s development
was funded by the U.S. Air Force, NASA Langley, and the
Ames Research Center. The version number of Pointwise
software used in this work is V18.2 R2. For the 15° model,
the value of y + is 60, and the number of grid cells is about
21 million. For the 60° model, the value of y + is 10, and the
number of grid cells is about 34 million. The cell type of sur-
face mesh is the triangle, and the growth rate of the T-Rex
on the leading edge of the wing is 1.3. The cell type of block
includes pyramids, prisms, and hexes, which are automati-
cally generated by Pointwise. The maximum layer of T-Rex
is 50 and the growth rate of T-Rex is 1.3. The subsonic cal-
culation time step is 7000, and the data converge at about
1500. The time step of the supersonic calculation is 5000
steps, and the data converge at about 1000 steps.

4. Results

4.1. Comparison between CFD Results and Test Results.
Figure 5 shows the aerodynamic coefficient of the 15° sweep
angle model at M = 0:5 and the 60° sweep angle model at
M = 1:5. The difference in the lift coefficient curve between
the test and the numerical simulation is slight. Despite that
the drag coefficient is slightly lower than the test results
due to the fact that the numerical simulation does not con-
sider the interference from tunnel wall and the elastic defor-
mation, the calculation results are seen to be consistent with
the wind tunnel test results, proving the reliability of the
numerical calculation method used.

Figure 6 shows the shock wave structures captured by
the test [34] and numerical simulation at M = 1:5, where
the p is a dimensionless parameter (p = p/ρ∞a2∞, (the sub-
script ∞ corresponds to the value of external flow). Using
the numerical simulation, we can analyze the positions of
the shock waves in different components of the aircraft,
and the same number corresponds to the same shock. We
can see that oblique shock waves appear at the leading edge
of the nose and the leading edge of the task module to slow
down and pressurize the flow, while expansion waves appear
at the trailing edges of the task module and the engine. In
addition, it is found that there exists a low-pressure region
behind the task module outer edge (Figure 6(b)), which is
another reason for the increase in lift in the outer section
of the rear wing in subsequent analysis (Figure 7(b)). From
the shock capture results, the pressure changes of numerical
simulation are in good consistency with the shock position
of the test.

4.2. Aerodynamic Characteristics at Typical Conditions. This
part will present the typical aerodynamic results for the dia-
mond joined-wing morphing aircraft. Table 2 shows the
numerical simulation parameters for the 15°model and 60°

model.

Figure 8 shows the aerodynamic characteristics of the
two configurations with different values of the sweep angle.
For the 15° model, the lift coefficient and drag coefficient
remain nearly unchanged with increasing M. For the 60°

model, it is found that the freestream speed has a more sig-
nificant effect. The slope of the lift coefficient curve increases
with increasing M for the subsonic case. The change rules of
the drag coefficient curves for different speed domains are
the same, and the maximum drag coefficient is at M = 1:2.
The maximum lift-to-drag ratio is about 13.5 at M = 0:5
and α = 4°, 12.8 at M = 0:75 and α = 4°, and 3.4 at M = 1:5
and α = 6°. For the 15°model, the pitching moment coeffi-
cient is statically unstable in the range of small angle of
attack, and to which, the Mach number has little influence.
When α > 4°, it becomes statically stable, and the absolute
value of the slope increases with the increase in the incoming
Mach number.

Figure 9 shows the comparison of the lift-to-drag
between the diamond joined-wing configuration and the
Firebee aircraft at different sweep angles (the data of Fire-
bee studied by Yan [35] is about subsonic and transonic
states). BQM-34 Firebee UAV can fly as fast as Mach
0.97 and at altitudes as high as 18.29 km (60,000 ft). In this
work, two configurations, dash (sweep angle of 60°) and
cruise (sweep angle of 15.97°), are chosen as the bench-
mark. Wing parameters of the two configurations are
shown in Table 3.

For the 15° model, the maximum lift-to-drag of diamond
joined-wing configuration is about 13.5 at M = 0:5 and α =
4°, and that of the Firebee aircraft is about 15.1 at M = 0:5
and α = 4°. Nevertheless, the maximum lift-to-drag model
is significantly better than that of the Firebee aircraft at the
transonic state. For the 60° model, the difference between
the lift-to-drag curves of the two configurations is small at
the transonic state. Comparing the research results of Lv
et al. [11] (Figure 10), the difference of the maximum lift-
to-drag ratio is small at M < 0:8, and in the test Mach num-
ber range, the maximum lift-to-drag ratio is at about M =
0:5, which is similar to the diamond joined-wing morphing
configuration. On the whole, the diamond joined-wing
morphing aircraft has good supersonic aerodynamic charac-
teristics while ensuring subsonic and transonic aerodynamic
performance.

We compared the aerodynamic characteristics of the
cross-speed domain at α = 4° with a variable-sweep Blend-

Table 2: Parameter space of the numerical simulation for the 15°

model and 60° model.

Λ (°) M Ler P0 (Pa) Re

15

0.3 0.052326 98000 348870

0.5 0.052326 101222 560870

0.75 0.052326 110000 905050

60

0.75 0.100988 110000 1553740

0.9 0.100988 114466 1671890

1.2 0.100988 128656 2001320

1.5 0.100988 139062 2093940
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Wing Body (BWB). The reason for choosing the 4° angle of
attack is that the maximum lift-to-drag ratio is generally
obtained near it [36]. The data of BWB is studied by Chen
et al. [37], mainly for the two typical states of 0° and 60°.
There are two morphing ways of BWB that have been
studied: rotating and shearing. From the comparison in
Figure 11, the main advantage of the diamond joined-wing
aircraft is that it has better subsonic lift characteristics at
Λ = 15°. The lift characteristic curve of diamond joined-
wing configuration can maintain a good linear growth

from subsonic acceleration to transonic states. Still, the lift
characteristic of BWB configuration has a significant drop
near M = 0:7. The value of the lift coefficient has improved
by about 62% at α = 4° and M = 0:5, which means better
capabilities of short take-off and landing and less fuel con-
sumption at cruise. In the state of a high aspect ratio, the
four wings of diamond joined-wing configuration provide
more lift. Although the drag coefficient has also increased,
this does not affect its excellent lift-to-drag ratio at sub-
sonic and transonic speeds.
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Figure 8: Typical aerodynamic characteristics of the 15° model and 60° model at different Mach numbers.
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Figure 9: The lift-to-drag ratio of the diamond joined-wing configuration and the Firebee aircraft [33].

Table 3: Wing parameters of two configurations.

Λ (°) Root chord (m) Tip chord (m) Span (m) Mean aerodynamic chord, L ref (m) Wing area, S ref (m2)

15.97 0.878 0.341 6.802 0.688 4.500

60 2.397 0.286 3.842 1.935 5.765
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Due to the configuration limitation and the research
purpose, the paper does not give the supersonic aerody-
namic characteristics of the variable-sweep BWB configura-
tion. For a simple comparison, the lift characteristic of the
60° model is the same as the BWB at transonic speed, but
there is a greater drag.

Liu and Wang have studied a variable forward-swept
configuration; by adjusting the forward sweep angle, the air-
craft has three configurations: straight wing, forward-swept
wing, and the delta wing configuration [38] (Figure 12).

Figure 13 shows the comparison of maximum lift-to-drag
and zero-lift drag between the morphing diamond joined-
wing configuration and the variable forward-swept config-
uration. The two configurations have similar maximum
lift-to-drag ratios at subsonic, transonic, and supersonic
speeds, especially in the sprint phase at M = 1:5. The value
of zero-lift drag is also identical at transonic and subsonic
speeds. The performance of penetration at high speed is
mainly affected by the drag characteristic, especially the
drag of supersonic shock waves. Figure 13(b) shows that
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Figure 11: Aerodynamic characteristic comparison of morphing diamond joined-wing configuration and variable sweep BWB at different
Mach numbers and α = 4° [35].
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the zero-lift drag of the diamond joined-wing configura-
tion has decreased about 60% than the delta wing config-
uration, which means better sprint performance and lower
fuel consumption.

4.3. Aerodynamic and Interference Characteristics of the
Front Wing and the Rear Wing for the 15° Model. According
to the configuration features of the aircraft, we have con-
ducted a subsequent analysis on the aerodynamic character-
istics of two main components, i.e., the front and rear wings.
Figure 14(a) shows the lift characteristics of the front and
rear wings of the 15° model. In the linear segment (α < 4°),
the lift coefficient curves under different Mach numbers
nearly coincide for both the front wing and rear wing.
But the lift coefficient slope of the rear wing is signifi-
cantly smaller than that of the front wing. The reason is
that the rear wing is located in the wake of the upstream
components, and the rear wing produces upwash on the
front wing (increasing the effective angle of attack and
thus increasing the lift), whereas the front wing produces
downwash on the rear wing, reducing its angle of attack
and the consequent lift. The trends of lift coefficients of

the front wing and the rear wing change significantly at
α > 4°; i.e., the lift coefficient slope for the front wing
decreases, and the slope for the rear wing increases
slightly. The main reasons for this change include the flow
separation on the upper wing surface and the development
of wingtip vortices.

All four wings have the same area, so we analyze another
value: “the aerodynamic force ratio of the front wing to that
of the rear wing.” As α increases, the interference effects of
the task module and the telescopic support rod on the rear
wing decrease, and the specific values tend to be the same,
reaching about 1.3 at α = 12° (Figure 14(b)). The rear wing
lift contribution is significantly higher than another Mach
number at α > 4° and M = 0:75. Of course, the difference in
lift characteristics is partly due to the difference in sweep
angle between the front and rear wings.

As shown in Figure 15, the drag coefficient curves of the
front and rear wings of the 15° model vary with M in the
same way. Like the lift coefficient curves, an inflection point
appears at α = 4° for drag curves. That is, the rear wing drag
is greater than that of the front wing when α < 4° and the
drag of the front wing increases sharply at α > 4°. The

(a) Straight wing configuration

(b) Forward-swept wing configuration (c) Delta wing configuration

Figure 12: Variable forward-swept configurations.
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specific value fluctuates around 0.5 at α < 4°, and it becomes
about 1.5 when α > 4°. Considering the pitching moment
characteristics of the 15° model, the differences in aerody-
namic characteristics between the front wing and rear wing
at different α can affect the pitching attitude of the aircraft
(Figure 8(d)). Nevertheless, it can also be understood that

the reasonable coordination of the front wing rudder surface
and rear wing rudder surface can produce better control
efficiency.

Figure 16 shows the surface streamline pattern, the
volume streamlines, and the cp_distribution at wings for
the 15° model. At low speeds, the maximum lift-drag ratio
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Figure 13: Aerodynamic characteristic comparison of morphing diamond joined-wing configuration and variable forward-sweep wing
configuration at different Mach numbers [33].
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is usually located at α = 4°. In this condition, the upper
surface of the front and rear wings exhibits strong
attached flow at each flight speed. The four wings provide

the aircraft with a greater lift surface. Therefore, com-
pared to the morphing aircraft with the traditional con-
figuration, the diamond-joined wing aircraft has better
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Figure 14: Lift characteristics of wings of the 15° model.
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lift-drag characteristics at low speeds, especially transonic
speeds [35, 37].

The flow at the leading edge of the front wing begins to
separate locally, and the attachment line is at about 30%

chord of the root atM = 0:3 and α = 6°. The existence of sep-
aration bubble increases the suction at the leading edge of
the front wing, and due to the effects of the swept angle,
the trailing edge of the front wing exhibits strong spanwise
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Figure 15: Drag characteristics of wings of the 15° model.
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Figure 16: Surface streamline, volume streamline, and cp_distribution at wings for the 15° model, at M = 0:33/0:5/0:75.
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flow. With the increase in α, the airflow on the front wing
surface becomes countercurrent at α = 8°. The appearance
of these separations is also the main reason for the gradual
decrease in the lift slope of the front wing with α.

Moreover, the leading edge vortex of the front wing root
expands and moves along the trailing edge with the increase
in the M and α (Figure 16(a)). Since a vortex similar to the
wingtip vortex is formed at the outer edge of the task mod-
ule, the first location where the rear wing separates is behind

the outer edge of the task module rather than the wing root,
enhancing the suction at the upper wing surface of the inner
section of the rear wing (Figure 17(b)). At y = 300, the span-
wise flow weakens, and less interference from the fuselage is
observed, so the upper surface pressure changes slightly.

Compared with the UAV studied by Sun [39], the
connecting bracket of the winglet acts like a winglet,
avoiding the wingtip vortex caused by the pressure dif-
ference between the upper and lower surface of the wing
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Figure 17: Wingspan pressure distribution of the 15° model at M = 0:5.
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[40], which shows a noticeable decrease in the lift on
the tip of the rear wing. So there is still a good pressure
difference at the wingtip to provide lift. Due to these
flow field phenomena, the aircraft’s lift characteristic

have been enhanced in the subsonic state. Moreover,
the wing separation, which develops from the wing
span’s root, becomes more severe with increasing M at
the same α.
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Figure 18: Lift characteristics of wings of the 60° model.
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4.4. Aerodynamic and Interference Characteristics of the
Front Wing and the Rear Wing for the 60° model. Compared
with the low-speed model (15° model), the distance between

the front and rear wings with a sweep angle of 60° becomes
larger, reducing the aerodynamic interference to the rear
wing, so the lift ratio of the rear wing is significantly greater
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than that of the 15° model (Figure 18). The ratio of lift
between front wings and rear wings is basically the same,
but there is a significant difference in magnitude.

As shown in Figure 18(a), the lift coefficients of the front
wing show noticeable differences at α > 4°, especially at the
supersonic stage. In the calculating angle of attack range,
the rear wing lift is strongly correlated with the Mach num-

ber. The difference with the 15° model is that the slope of the
lift coefficient curve of the front wing increases at α > 4° and
that of the rear wing increases at α > 6°. The change rule of
the ratio of aerodynamic contribution is the same at
different Mach numbers. Nevertheless, compared with other
velocities, the complex transonic flow results in a significant
difference in the lift ratio between the front and rear wings,
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Figure 20: Surface streamline, volume streamline, and cp_distribution at wings for the 60° model, at M = 0:75/1:5.
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which may cause some stability problems at α = 4° and 6°

and M = 0:75. For the lift, the interference received by the
rear wing is decreased with the increase in M and α. The
upstream wake may reduce the airflow separation of the rear
wing and improve the aerodynamic performance of the rear
wing. Miura [41] referred that the rear wing of the low-speed
and long-endurance UAV has less aerodynamically inter-

fered at low speeds. This result is quite different from the
aircraft in this paper.

Figure 19 shows the drag characteristic of the 60° model
at different Mach numbers. The drag difference between the
front and rear wings is lower than that of the 15° model. The
difference in the wing drag coefficient between M = 0:75 and
M = 0:9 is slight. On the whole, compared with the 15°
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model, the drag difference between the front wing and the
rear wing decreases with the increase in M. At M = 1:5, the
drag ratio between the front wing and the rear wing changes
slightly with increasing α, and the extreme point is different
from those at other Mach number states. On the whole, the
retarding effect of the rear wing and telescopic rod on the
front wing is reduced with the increase in the distance
between the front wing and rear wing, and the drag charac-
teristics of the front wing are improved.

Figure 20 shows the surface streamline pattern, the
volume streamlines, and the cp_distribution at wings for
the 60° model. At M = 0:75, the front wing has a stronger
spanwise flow than the rear wing, so the drag coefficient of
the front wing increases faster than that of the rear wing
after 4°. Moreover, as α increases, the spanwise flow on the
wing’s upper surface strengthens. Leading-edge vortex is
generated at the leading edge of the front wing root, which
has a beneficial effect on the wing, i.e., increasing the suction
on the front wing’s upper surface at y = 70 (Figure 21(a)).
These phenomena increase the slope of the lift coefficient
of the front wing in a transonic state.

However, at this angle of attack state with a supersonic
freestream, the front wing does not have a leading-edge vor-
tex lift, and separation occurs in the outer wing section,
resulting in a decline of pressure and in a slight decrease in
the slope of the lift coefficient (Figure 21(a)). As α increases,
the airflow goes through the upper surface of the front wing,
and the wing bracket to the rear wing with the spanwise flow
at the rear wing strengthened gradually. Further, as α
increases, the flow separation at the trailing edge of the front
wing is enhanced in the spanwise direction when M = 1:5,
resulting in a decrease in the slope of the front wing lift coef-
ficient. For the rear wing, whenM = 0:75 and α = 8°, affected
by the wake of the connecting bracket and the outer edge of
the task module, the leading vortex of the wingtips and inner
section of the rear wing increase the suction of the upper
surface (Figure 21(b)), which is beneficial to the lift charac-
teristics of the rear wing. For the supersonic state, the upper
surface of the wing has a strong spanwise flow. The increase
in α decreases the interference of upstream components,
bringing about 120% extra suction to the upper surface of
the rear wing at y = 175 (Figure 7(b)).

5. Conclusion

This study investigates the aerodynamic characteristics of a
new-concept morphing aircraft at different flight conditions.
According to the analysis results, the following conclusions
are mainly obtained:

(1) The objective of this paper is a new-concept air-
craft, which provides a new direction of morphing
configuration. Moreover, a new form of morphing
was designed: a variable swept wing with the dia-
mond joined-wing configuration and a new large-
scale variant actuation mechanism based on the
“rack-type sliding rail” structure. The feasibility of
the design is proven by the results of aerodynamic
characteristics and flow field state at different

Mach numbers. The morphing joined-wing aircraft
can improve the aerodynamic characteristics at dif-
ferent Mach numbers by adjusting the sweep angle.
As the sweep angle changes, the wing airfoil and
the relative distance between the front and rear
wings change significantly. Still, overall, a larger
maximum lift-to-drag ratio can be obtained at dif-
ferent Mach numbers. The maximum lift-to-drag
ratio is about 13.5 at M = 0:5, α = 4°, and Λ = 15°,
12.8 at M = 0:75, α = 4°, and Λ = 15°, and 3.4 at M =
1:5, α = 6°, and Λ = 15°

(2) The advantages and disadvantages of this configu-
ration are compared with the application of the
morphing design in traditional tubby fuselage con-
figuration and BWB configuration. The subsonic
aerodynamic efficiency of the object of study is
lower than that of the Firebee, but it has a better
transonic aerodynamic characteristic, which
expands to the supersonic state. Compared with
the variable-sweep BWB configuration, the dia-
mond joined-wing aircraft has better lift character-
istics at subsonic and transonic states at α = 4°, but
there is a greater drag. This configuration and var-
iable forward-swept wing configuration have simi-
lar maximum lift to drag ratios at different speed
domains, but this configuration has lower zero-lift
drag at supersonic speed, which means better
supersonic sprint performance

(3) Numerical simulation is used to reveal the aerody-
namic characteristics and interference characteristics
of front and rear wings at different sweep angles and
Mach numbers. Changing the wing spacing has a
dual effect on the diamond joined-wing configura-
tion. On the one hand, reducing the wing spacing
can improve the lift performance of the aircraft. On
the other hand, the reduction of the wing spacing
will increase the interaction of the front wing and
the rear wing and thus increase the drag of the rear
wing. Meanwhile, changing the wing spacing can
improve the separation characteristics of the front
wing

(4) Compared with the conventional configuration of
the diamond joined-wing, the front wing and the
rear wing of the current aircraft are connected by
the bracket, which acts like a winglet, so there is still
a good pressure difference at the wingtip. However,
the rear wing of this configuration will be interfered
by the upstream components, which have a greater
impact on the aerodynamics of the rear wing. As
the angle of attack increases, the interference
received by the rear wing becomes small, leading to
the increase in the aerodynamic contribution of the
rear wing to the aircraft. Meanwhile, as M increases,
the interference received by the rear wing also
becomes small at the same angle of attack. The inter-
ference characteristics are different between different
sweep angles:
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(i) For the 15° model, the inner wing section of the
rear wing is far away from the upstream compo-
nents, and the wake of the task module has
increased the suction of the upper surface of
the rear wing; the outer wing section of the rear
wing is greatly interfered by the downwash of
the front wing and the telescopic rod, which
has an adverse effect on the lift of this section

(ii) For the 60°model, at the transonic state, under
the action of the connecting bracket and the
upstream wake, two leading-edge vortices appear
on the upper surface of the rear wing at Y = 75
and Y = 165, which have a beneficial effect on
the lift characteristic of the rear wing, but at
the supersonic state, the upper surface of the
wing has a strong spanwise flow, which brings
greater drag to the rear wing

Abbreviations

Aw: Wing area (m2)
CD: Drag force coefficient
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