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ABSTRACT The joined-wing configuration SensorCraft, presents a more feasible way to meet tough design
requirements such as long- endurance and 360-deg radar coverage compared to conventional and flying
wing configurations. Proper assessment of the interactions between aerodynamics, structure, and embedded
antenna in the optimization of the joined-wing SensorCraft is essential to obtain superior performances.
This paper establishes the embedded radar performance estimation model and describes an integrated design
process of aerodynamic, structure, and embedded radar performance of such an aircraft. Results show that
multi-objective optimization leads to an increase of 14.76% in lift-to-drag ratio, 3.96% and 8.75% in the
forward-looking and backward-looking radar detection ranges respectively. Moreover, the structural weight
is reduced by 6.0% compared to that of the baseline design. Moreover, sensitivities of the rear wing dihedral

angle, endplate height ratio, and joint location of the joined-wing configuration are analyzed in detail.

INDEX TERMS
performance.

I. INTRODUCTION
In modern warfare environments, high-altitude long-
endurance/surveillance/reconnaissance (ISR) platforms that
enable continuous and rapid reaction to dynamic combat
operation requirements are playing an increasingly impor-
tant role, and the SensorCraft is the main representative.
According to demonstrations by the Air Force Research
Laboratory, SensorCraft is envisioned as a near-space sub-
sonic unmanned aerial vehicle (UAV) with advanced onboard
sensor capabilities [1]. Compared with the conventional UAV,
SensorCraft need to significantly improve the performance
and vision of radar to obtain comprehensive and detailed
data. Both the conventional and flying wing configurations
are difficult to meet the requirements of long-endurance and
360-deg radar coverage, so the researchers hope to find a
more suitable SensorCraft configuration. The joined-wing
SensorCraft is one of the most promising research objectives.
Different from the wing-body-tail configuration, the
joined-wing configuration uses a sweepback forward wing
and a sweepforward rear wing joined in tandem so that
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it is diamond shaped in both above and front views. The
configuration of its forward and rear wings can be used for
radar installation to provide omnidirectional field of vision
detection, thus allowing fewer potential targets to go unde-
tected. Moreover, the joined-wing SensorCraft also provides
the potential to decrease life cycle costs and increase perfor-
mance [2]. The first joined-wing research was performed by
Wolkovitch in 1976 [3]. Since then, this particular config-
uration has been studied by plenty of researchers trying to
capitalize on the structural and aerodynamic advantages.
These studies can be divided into two stages. Early
investigations of the joined-wing configuration have decou-
pled aerodynamics and structures, and reached many useful
conclusions. Wolkovitch [4] conducted wind tunnel tests
and finite element structural analysis and found that the
joined-wing configuration provided several advantages such
as low induced drag, light structural weight, and high stiff-
ness. Samuels [5] presented a structural weight comparison
between the joined-wing and conventional configurations.
The results claimed that the joined-wing weight was
79.4-88% of the conventional configuration weight under
aerodynamically equal configurations. Miura et al. [6] stud-
ied the effects of the sweep angle, dihedral angle, and joint
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location on the structural weight of the joined wing using
finite element analysis and structural optimization. With
respect to aerodynamics, plenty of research has been com-
pleted since the first publication of the joined-wing concept.
Smith et al. [7] conducted a wind tunnel test based on the
NASA AD-1 aircraft to measure aerodynamic characteristics
using the 12-foot NASA Ames wind tunnel. This research
found that the optimum wing joint location was at 60% of
the forward wing semi span. Some researchers have per-
formed computational analysis on the joined-wing configura-
tion to understand its aerodynamics better. Oligney et al. [8]
claimed that joined wing configuration produced lower drag
coefficient values than the conventional configuration for
lift coefficients above 0.55 using a baseline Houck Joined
Wing. Based on wind tunnel testing, Pérez-Alvarez et al.
[9] analyzed the effects of the rear wing dihedral angle
and sweep angle on the aerodynamic characteristics, includ-
ing cruising efficiency and induced drag coefficient. Later
researches paid more attention to the strong coupling effect
of this configuration in aerodynamics, structure, and intro-
duced multidisciplinary optimization methods in the design
process. Livne [10] claimed that the unconventional con-
figuration made aerodynamics and structure coupled, and
the optimal design could not be obtained by considering
these aspects in isolation. Schwartz et al. [11] analyzed the
aero-structural coupling and sensitivity of the joined-wing
SensorCraft using Adaptive Modeling Language. Cavallaro
and Demasi [12] conducted a detailed review of the previous
work on joined-wing configurations and found that multidis-
ciplinary design and optimization are particularly important.
Andrews and Perez [13] compared the mission performance
of a box-wing and conventional aircraft using a multidisci-
plinary optimization approach. The results demonstrated the
superior performance of the box wing despite fuel volume
constraints. These researches indicate that multidisciplinary
optimization design plays an important role in obtaining the
optimal design process for joined-wing configuration.

The research of the joined-wing configuration on
SensorCraft has improved the performance of radar antennas
aimed at accomplishing ISR mission requirements, but also
increased the complexity of the joined-wing configuration
design. The most convenient solution is to integrate airborne
early warning (AEW) antennas and apertures into the existing
joined-wing platform, while the disadvantages of this method
are also obvious. As the arrangement of the AEW antenna is
subject to multiple constraints such as installation method,
structural strength, volume, and weight, its size and perfor-
mance are obviously limited to a certain range. Reich ef al.
[14] presented research minimizing antenna deformations
using Active Aeroelastic Wing technology. Smallwood et al.
[15] conducted a study of structurally integrated antennas
on a joined-wing aircraft, considering the deflection under
typical aerodynamic loads. These researches indicated that
the integration into the platform had a negative impact on
the performance of the AEW antenna. Therefore, breaking
through the subsidiary status of sensors in the design of
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FIGURE 1. Simplified representation of the joined-wing SensorCraft.

traditional aircraft and making the performance of sensors
a constraint may play a vital role in the overall design. It is
necessary to consider the impact of radar antenna installation
position and performance evaluation on the airfoil selection,
structural weight, and aerodynamic characteristics at the early
design phase, that is, to carry out the integrated design of
radar-aerodynamic-structure. In the integrated optimization
design, the antenna is embedded inside the wing conformally,
the structural rigidity is guaranteed by the airframe, and its
launch aperture is as large as possible, so as to minimize
the negative impact of the aircraft platform on the sensor
performance and to improve the overall performance of the
joined-wing SensorCraft. However, there is currently no
research around the integration of these disciplines in the
optimization design.

This paper proposes the design for the integration
of aerodynamics, structure, and embedded radar perfor-
mance for the joined-wing configuration SensorCraft. The
multi-objective optimization uses a combination of aircraft
design methods as well as unique structural weight and
radar performance models established for this aircraft. Using
this method, it is possible to take into account the influ-
ence of embedded antenna installation position and perfor-
mance evaluation on the airfoil selection, structural weight,
and aerodynamic characteristics at the early design phase.
A comparison of the multi-objective optimization and aero-
dynamic optimization is presented, which shows that the
interdisciplinary interactions, including those that involve
the antenna, can influence the optimization results signifi-
cantly. The influence of specific parameters, unique to the
joined-wing configuration, are discussed.

Section II provides the geometric parametrization model
and establishes the aerodynamics, structural weight, and
radar performance models used in the optimization.
Section III presents a description of the optimization prob-
lem and the solution process. The case study and results
of this optimization problem are then shown in Section IV.
Conclusions are given in Section V.

Il. GEOMETRIC AND ANALYTICAL MODELS

A. GEOMETRIC PARAMETERIZATION MODEL

The shape of the joined-wing SensorCraft studied in this
paper is shown in Fig. 1, which is mainly composed of a
forward wing, rear wing, endplate, and vertical tail. Thus, the
parameters required for the design of this aircraft are classi-
fied into three types: configuration parameters, airfoil design
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FIGURE 2. Definitions of joined-wing configuration parameters.

parameters, and radar antenna parameters. The parameterized
model used is described as follows.

1) CONFIGURATION PARAMETERIZATION

To make the joined-wing configuration parameters more gen-
eral, dimensionless parameters ¥, and angle parameters ¥ 4
are introduced in the parameterization process. The dimen-
sionless parameter ¥p equals to {Ar, b,/br, z4/z0, c//cf,
nf, N}, where Ay is the forward wing aspect ratio, b, /by the
joint location defined as the ratio of wingspan of the forward
and rear wings, z4/zo the endplate height ratio defined as the
ratio of the endplate height to the vertical tail height, ¢, /cy
the chord length ratio, 7y the forward wing root tip ratio, and
n, rear wing root tip ratio. The angle parameters ¥ 4 equals to
{Ar, Ay, Ty, I}, where Ay is the forward wing sweep angle,
A, the rear wing sweep angle, I'y the forward wing dihedral
angle, and I, the rear wing dihedral angle. The main section
shape is mainly determined by the airfoils at the wing root,
wing tip and the turning position, as shown in Fig. 2.

2) AIRFOIL PARAMETERIZATION

In this section, a new airfoil parameterization method is
used in order to adequately describe the shape and provide
sufficient control of the design space during the optimiza-
tion. Based on the class shape transformation (CST) method,
a correction function defined by the weighted sum of the
non-uniform rational B-spline (NURBS) basis functions is
added. By combining these methods, the new approach can
overcome the disadvantages of using CST or NURBS inde-
pendently. The improved parameterization method referred
to here as the Class Shape and NURBS Refinement
Transformation (CSNT), is described in (1).
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FIGURE 3. Representation of LRN-1015 airfoil by CSNT and CST methods.
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FIGURE 4. Error comparisons of CSNT and CST methods.

Here, the first item is the product of the class function and
shape function weighted by the n-order Bernstein polynomial
in the CST method [16]. The second item, R]’(v/), is the
NURBS correction function with weights o = (wg, w1,
.., @p). The kth order spline basis function N]J((I//) is
computed recursively with a Cox-deBoor recurrence [17].
Fig. 3 presents a comparison of airfoil fitting using the
CSNT method and an eighth order CST method with the
same number of parameters. The Bernstein Polynomial Order
used in the CST method process is 4, and the NURBS cor-
rection function uses 4 third-order spline basis functions.
Figs. 3 and 4 indicate that the CSNT method enables local
shape modification through the use of the NURBS correction
function. This is especially useful in the processing of the
leading edge, where the CSNT can accurately fit the original
airfoil. Although the fitting accuracy of the CSNT method
is inferior to the CST method in some positions, there is
no significant increase in the residual at the leading edge.
This ensures that the fitting accuracy of the entire airfoil is
controlled within an acceptable range. In addition, the fitting
accuracy of the CSNT method is significantly higher than that
of the fourth-order CST method.

3) RADAR ANTENNA PARAMETERIZATION

In this study, to prevent occlusion of the structure, the instal-
lation position of the embedded antenna is mainly before the
front beam and after the rear beam, as shown in Fig. 5. The
parameterization of the embedded radar antenna mainly con-
siders the shape parameters and installation parameters. The
shape parameters are mainly the length (L,) and height (D,)
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FIGURE 5. Radar antenna installation angle and position.

of the phased array radar antenna surface, and the installation
parameters are mainly the installation position (Pyf, Pgr)
and angle (61, 6,) of the forward-looking backward-looking
antenna. In addition, there are other parameters, such as,
average power, scanning frequency, which are not variables
in this article.

B. AERODYNAMIC ANALYSIS MODEL

For high-altitude, high-speed, and low Reynolds number flow
problems, laminar flow transition must be considered when
performing computational fluid dynamics (CFD) calculations
[18]. In this study, the Reynolds averaged Navier-Stokes
equations are solved using the y-Rey transition model from
Menter and Langtry for closure [19]. This turbulence model is
widely used in the numerical calculation of the low Reynolds
number flow problems. The numerical simulation in [20],
[21] shows that its accuracy and reliability can be guaranteed.

C. STRUCTURE WEIGHT MODEL
Since the joined-wing configuration is a non-planar
configuration, the weight estimation model needs to be con-
sidered carefully. Based on engineering beam theory [22],
a structural weight estimation model suitable for joined-wing
configurations has been established. This model builds a
connection between the shape parameters varied in the opti-
mization and the structural weight without detailed struc-
tural design information. Using force conditions from the
aerodynamic model, the weight of the structure designed
to withstand bending, shearing, and torsional loads can be
calculated. In this section, the structural weight model of the
forward wing is established. The model of the rear wing is
similar — and therefore not presented here. The total structural
weight is obtained using a fitting relationship between the
bearing structural weight and the total structural weight.
A planform view of the forward wing structural geometry
and a representative wing cross-section are shown in Fig. 6.
To unload the wing during flight, the fuel carried is mainly
stored in the outer wing and the central fuel tank. If the
outer wing is assumed to store fuel in the 60% span position,
the volume of the tank outside position, y, is:

0.6L

Vy) = / rs(y) cos(A )t (y)dy @

y
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FIGURE 6. The forward wing structure planform geometry and a
representative wing-box cross-section.

where Aj is the sweep angle of the quarter-chord line, r(y)
is the structural chord length distribution at the cross-section,
and ¢(y) is the relative structural thickness.

The bending moment M(y) and shear force Fg(y) at
position y can be expressed as follows:

Wrr b,
M(y) = ny |:A0’)CA - VV(Y)Cg + Ffr(b_L - y)} 3)
f

V()
2V (0)
where A(y) is the combination of aerodynamic forces outside
the y position, Cy4 is the aerodynamic center given by the
aerodynamic model, Cy is the center of gravity of the fuel,
Fy; is the force of the endplate between the forward and rear
wings, and ny is the overload coefficient.

Using the bearing structural weight theory, the forward
wing primary structural weight can be obtained by:

Fs (y) = ns |:A(y) - Wrr + Ffr:| 4)

M(y) e
rs(y) cos Ast2(y)E

L
Wfprim =2k / Lomrs(y) cos Agt(y)e(
0

omFs(y)  pmM ) sin As(t(y) + r5(y))
d 5
+ Oy + O'St(y)rS(Y) ldy )

where the three weights in the integral are the bending, shear,
and torsional material weight per unit length, respectively.
Additionally, the variable p,, is the material density, oy is
the allowable shear stress, E is the elastic modulus, ¢ is the
instability factor, e is the instability index, and & is the weight
fitting factor [22].

For high aspect ratio aircraft, the aeroelastic effects should
be considered even in the early weight estimations. However,
the detailed aeroelastic effects on weight can be obtained
only in case a detailed knowledge exists of the spanwise
torsional stiffness variation and such details as the position
of the inertia and flexural axis. For simplicity, the torsional
stiffness in this model is increased by resizing the correspond-
ing equivalent wing panels so that the divergence and reversal
speeds are greater than the critical speed. Resizing the panels
to increase the torsional rigidity directly affects its structural
weight.
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An empirical weight change will have the following
appearance:

beos Ar)3(1 —sin A
W =fa'0—mqD ( L) ( 1/2)

(6)
G (t/c)2 (1 — Mp cos? Ay )1/

ref

where gp and Mp denote the dynamic pressure and the Mach
number at the design diving speed, respectively. The ratio
(t/c)rer refers to wing station at 70% semi-span outboard
from the root, f; is aeroelastic fitting factor [22].

Although the beam section model considers the materials
required to resist the primary forces caused by aerodynamic
loads, it did not consider the secondary weight Wy, such
as the weight of the wing ribs W,;, and the weight of the
high-lift devices at the leading and trailing edges (Wy, and
Wie), as well as the material required to resist additional
aerodynamic loads W,,,. The primary purpose of the wing
ribs is to resist torsional loads on the wing as well as to
strengthen the wing skin to prevent buckling and transfer the
loads from the high-lift devices and propulsion systems to
the wing-box structure. Instead of directly modeling these
effects, they are explained based on the empirical relationship
given by Torenbeek [22].

As all component weights are based on non-configuration
specific inputs and relationships, it can be extended to uncon-
ventional wing designs. More details about these components
weight models and the assumptions used in derivation are
presented in Torenbeek wing weight model [22].

Wf sec = Wiip + Wﬂe + Wﬁe + Weon @)

In summary, the forward wing structural weight can be
obtained by:

Wfstr = Wfprim + Wfa + Wf sec (8)

D. RADAR PERFORMANCE MODEL

The joined-wing SensorCraft has specific performance
requirements, including radar detection ranges Ry and R,,
and a radar height coverage H,qqr On the safety line Ryqfe.
In order to reduce interference due to ground clutter and
improve the ability of the system to detect targets from mov-
ing clutter, the pulse-Doppler (PD) radar system is selected
in this paper. Additionally, this radar is the most suitable for
installation in aircraft wings because of the extremely small
thickness of the slot antennae. Significant research on the
calculation of radar performance has been carried out since
Omberg and Norton presenting the radar distance equation
[23]. Over time, the required parameter accuracy has been
continuously improved. With the development of statistical
signal theory, Marcum [24] proposed that the detection prob-
ability was related to the signal-to-noise ratio in the radar
distance equation. Using the Swerling radar target fluctuation
model, Blake considered system noise and atmospheric losses
to define a radar equation more suitable for modern radar
systems with more complex features and modes and offered
high precision results [25]. The effects of target fluctuation
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models, system parameters, and environmental factors have
subsequently been studied.

1) DETECTION RANGE

As shown in Fig. 5, the antennas are embedded in the forward
and rear wings. The antenna height, aperture, and gain are
influenced by the chord length, airfoil thickness, and antenna
installation angle. The antenna length affects the beamwidth,
which impacts the Doppler bandwidth and the minimum
signal-to-noise ratio. Therefore, the radar detection range
model can be established using the wing shape parameters
and the antenna installation angle.

The phased-array AEW radar beamwidth varies with scan-
ning angle in the azimuthal plane. To achieve a roughly equal
detection distance in each direction, increasing the dwell time
and compensating for signal-to-noise ratio losses is necessary
[26]. The beam center pointing angle, 6,, is given by:

1
Op — Op—1 = E(l - pO)(QB,n + 9B,n—1) ©)]

where 60po is the normal beamwidth calculated using
Opo = 50.8 A/(N1dy). Here, N; is the number of array
elements, d; is array element spacing and is generally equal
to half of the wavelength. 6p , is the beamwidth of the nth
beam position obtained by 6p, = 6po/cost,. po is the
overlapping coefficient of the adjacent scanning beam. In this
paper, when py = 0, this indicates that adjacent beams are
non-overlapping.

To ensure the same detection distance on all sides of the
radar, the accumulation time of the beam position pulse
should increase. The accumulation time can be obtained by
t, = tolcos*6,, where to is normal pulse accumulation time.
Pulse fill time can be calculated from #; = 2R;n4y/c1. Thus,
the total search time for 0°—60° is

O
=) o t1y) (10)

1 B,n—1

For PD radar systems, Doppler bandwidth and the normal
pulse accumulation time is associated with B, = 1/t.

When the AEW radar detects the target, many types of PRF
are often adopted to eliminate the blurring of range and speed
measurements [27]. For example, when the m/n criterion is
applied, the single scan detection probability is expressed as
follows:

n
Pp =Y CiPy(1 =Py (11)
i=m
where P, is the single-frame detection probability. In this
paper, the 2/4 detection criterion is adopted. The false alarm
probability of the detection unit Py, is then

1 0.6937T; 1

= (4 12
Nf(C;Z”NgT./a (12

P,
here, T; is a multiple of the PRF total dwell time which
can be obtained by T; = ntg. Ny is the number of Doppler
filters calculated by Ny = 4vpux/(ABy), Where vy, is the
target maximum radial speed of 1000m/s. N, is equal to
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FIGURE 7. Installation angle and height coverage of the radar antennas.

14000 and is the number of range gates in the unambiguous
output distance interval. Ty, is the average warning time and
is equal to 1s.

For the Swerling I target model [25], the single-frame
detection probability, and the minimum signal to noise ratio
are associated with the following equation:

In Py, !
InPy

Finally, using (9) - (13), the detection range can be
calculated by:

(S/N)min = (13)

1

PuGrGrA\lo :
Rmax = 3
(4m) LngOBn(S/N)min

(14)

where P,, is the average power. Gr and Gg are the trans-
mitter and receiver gain, respectively. o is the target radar
cross-section (RCS); A is the working wavelength. L, is the
system loss. k is the Boltzmann constant. 7y is the equivalent
noise temperature. The antenna gain can be obtained using
G = 4np1LaDa/A2, where L, is the length of the antenna,
D, is the height, and p; is the aperture efficiency of the
antenna [25].

2) HEIGHT COVERAGE
In order to ensure the security of the SensorCraft, it is
essential to maintain continuous monitoring on the safety
line, Ry4f. Fig. 7 shows the installation angle and height
coverage of the embedded radar antennas.

According to the geometric relationship in Fig. 7, (15) is
obtained.

15)

01 = AO1 4 Bgown1 — o
02 = A0y + Ogown2 + @

where 01 and 60, are the antenna installation angles; « is the
angle of attack; A is the radar scan yaw angle; 8,,,1 and
B4own2 are the lower viewing angles of the safety distance
coverage area.

When the antenna scans in the pitch plane, the gain of
the antenna is a maximum, which can be approximated by
a Gaussian function expressed as follows:

G(AB) = exp(—2.78 A6 / gojo) (16)
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TABLE 1. Comparisons of published data and calculated data.

Target RCS /(m?) 5 1 0.1
Published data /(km) 300 200 100
Performance model/(km) 295.1 197.1 108.4
Error /(%) 1.63 1.45 8.4
30 »._ 6=88°
25 = ‘— 6=84°
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FIGURE 8. Height coverage at different radar installation angles,
the angle of attack 2°.

where ¢po is the normal beamwidth in the pitch plane
obtained by ppo = 50.8A/(N2d;) where N, is the num-
ber of wide side array elements. Assuming that low-altitude
detection distance equals Ry, A8 can be obtained using:

. P (AO)GT(AO)GR(AO)N o

= 17
e (47 3Lg1 KToBu(S /N )min (an

where L, is the sum of the equipment loss. The double-range
distance loss at the safety distance, Ryqf., is generally equal
to 100km. Using these relationships, the antenna size and
installation angle can be obtained in order to satisfy the
required detection range and height coverage.

The height coverage and the safety distance are related by
the following equation:

Hradar = Rsafe/tan(e — AB) (18)

The radar performance model was verified using a
PS-890 AEW radar system. The radar system parameters are
as follows: the radar aperture size was 8m x0.6m, the number
of antenna vibrators of each array was 178 x 12, the array
power was 3kW, and the common frequency was 2.54GHZ
[26]. For this system, the double-range atmospheric loss
at 400km is approximately 3.8dB, and the noise figure of
the receiver equals to 2.3dB. Table 1 shows the verification
results. Compared with the published data for the system,
the calculation error is acceptable. Therefore, the accuracy of
the performance model the present radar model is acceptable
for the present optimizations.

Analysis of installation angle and frequency show that
when the antenna installation angle is 88°, for the angle of
attack in consideration, the antenna array plane is perpendicu-
lar to the ground, and the ground cannot be covered. When the
radar installation angle is reduced, the radar can achieve the
coverage of 100km on the ground (As shown in Fig. 8). Fig. 9
shows that the radar detection distance increases first and
then decreases with the variation of frequency. The increase

VOLUME 8, 2020



C. He et al.: Integrated Optimization Approach for Aerodynamic, Structural, and Embedded Antenna Design

IEEE Access

600

—&— o=1m?
a |- B - c=2m?

Va [ - c=5m?

A

v

=]

]
\

Detection Range/(km)
s
(=]

[
=]
o

C Band

L Band S Band

200

0 2 4 6 8
Frequency/(GHZ)

FIGURE 9. The relationship between wavelength and detection range.

TABLE 2. Aircraft design condition.

Design condition Value Design condition Value
Total weight W,/(kg) ~ 28000 | Cruising speed V/(Ma)  0.65
Wing area S/(m?) 290 Angle of attack o/(°) 2
Cruising altitude H/(km) 20 - -

of antenna gain leads to an increase in detection range at
low frequencies such as L-band. However, as the frequency
increases, the beamwidth of the azimuthal wave becomes
narrow, the dwell time and the coherent accumulation time
are shortened, and the atmospheric loss becomes large. These
changes offset the increase due to the antenna gain, and the
detection distance ultimately decreases.

lll. OPTIMIZATION PROBLEM

As shown in Fig. 1, a joined-wing configuration SensorCraft
is mainly composed of a forward wing, rear wing, endplate,
and vertical tail. The design requirements of the aircraft are
listed in Table 2. The shape of the forward wing is in a flying
wing form. To ensure 360° radar coverage in the azimuthal
plane, four radar antennas are installed in the forward and rear
wings. The wing leading edges are parallel to the wing trailing
edges from the vertical view to meet certain stealth require-
ments. The forward-looking and the backward-looking anten-
nas are located ahead of the 0.3c¢ position and after the 0.65¢
position, respectively (Fig. 5). The AEW antenna parameters
are as follows: the long side length is 18m, the average power
of each array is 9kW, the conventional frequency is 3.2GHz,
and the target RCS is 1m?.

This optimization aims to find a joined-wing SensorCraft
configuration to achieve long-endurance flight and large area
radar coverage while meeting all the constraints. The previ-
ous section described the aerodynamic, structural and radar
performance analysis models needed to determine the perfor-
mance of the joined-wing SensorCraft. These analysis models
are not independent, each depends on the results of one
or more disciplinary analysis model. The interdisciplinary
couplings and flow of information are presented in Fig. 10.

A. OBJECTIVE

To achieve the overall performance requirements of
joined-wing SensorCraft, the optimization objectives of var-
ious disciplines are mainly the following three aspects.

VOLUME 8, 2020

Tharmitia AAT, by AAT, b/ AA T, b/ A, by
P becics za'z breicr 24z by,ce be,cics 0

/ AA b/ AN,

lJoined-wing Shape

Aerodynamic

Structure

Radar Performance

FIGURE 10. Flow of information in the multidisciplinary optimization.

TABLE 3. Range of design variables.

Parameter Range
Forward wing aspect ratio A, 19-27
Forward wing sweep angle 4/(°) 30-45
Forward wing dihedral angle 7(°) 4-10
Rear wing dihedral angle I7(°) 10-25
Joint location b,/b; 0.65-0.95
Endplate height ratio z/z 0.1-0.4
Chord length ratio c./cs 0.8-1
Forward wing root tip ratio 7, 3-5
Rear wing root tip ratio 7, 1.5-2.5
Antenna installation angle 6(°) 70-90

With respect to aerodynamics, the cruise lift-to-drag ratio
(K), is required to be as large as possible. When the total
take-off weight is unchanged, the lighter the structural weight
Wy means the heavier the fuel or other equipment, which
means improved performance. The structural weight (W)
is required to be small. For embedded radar performance,
the radar detection range for targets with RCS = 1m? at cruis-
ing altitude (Ry, R, ), is to be maximized. The optimal result
of the multi-objective optimization is obtained by evaluating
the equilibrium solutions in the Pareto optimal front.

B. VARIABLES

The design variables can be divided into three categories:
airfoil parameterization variables x described in Section II,
configuration parameters including angles ¥4 and dimen-
sionless ¥ variables, and antenna installation variables 6
(as shown in Table 3). The dimensionless parameter ¥,
equals to {Ar, b, /by, z4/20, ¢ /cf, 1y, Ny}, Where Ay is the
forward wing aspect ratio, b, /by the joint location defined as
the ratio of wingspan of the forward and rear wings, z4/20
the endplate height ratio defined as the ratio of the endplate
height to the vertical tail height, ¢, /cy the chord length ratio,
ny the forward wing root tip ratio, and 7, rear wing root tip
ratio. The angle parameters ¥4 equals to {Ay, A, I'y, 'y},
where Ay is the forward wing sweep angle, A, the rear wing
sweep angle, I'y the forward wing dihedral angle, and I', the
rear wing dihedral angle. The antenna installation variable 6
equals to {01, 6>} where 6 is the forward-looking antenna
installation angle, 6> the backward-looking antenna installa-
tion angle. The ranges for these variables are expected to be
as wide as possible while remaining within the domain where
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TABLE 4. Constraints of optimization problem.

Aerodynamic constraints radar height coverage constraints
o C,=Cy, height coverage H,pgor =H
Cruise lift
|[AC/CL|<5% radar installation constraints
Pitching C,=0 The forward—l_oqklng Py<dic
moment antenna position
Sta'tl.C Cy/Cr>10% The backward—'lo.oklng P >0rc
stability antenna position

Backward Looking Antenna
Forward Looking Antenna Pitch Pitch Sweeping Range

Sweeping Range =

Rare

FIGURE 11. Schematic diagram of radar height coverage.

the present multidisciplinary analysis is still effective. For
some variables, the ranges are chosen based on references in
the literature and geometric requirements. For other variables,
large bounds which will never be approached are selected.

C. CONSTRAINTS
As shown in Table 4, there are three primary groups of con-
straints: aerodynamic, radar height coverage and installation
position. The aerodynamic constraints are needed to ensure
the joined-wing SensorCraft cruise steadily. Here, the center
position of the aircraft is estimated based on the forward
and rear wing area roughly. In addition to the radar height
coverage constraints shown in Fig. 11, the radar coverage
height (H,444r) is required to be greater than the aircraft cruise
altitude (H) to achieve high and low altitude coverage on
the safety line Ry and ensure the security of the joined-
wing SensorCraft itself. The installation constraints mainly
consider the interference of radar antenna installation and
wing structure. The forward-looking antenna (P,r) must be
installed before the forward wing front beam position §;c,
and the backward-looking antennas (P,,) must be installed
behind the rear wing back beam position ésc.

A constrained multi-object optimization problem can be
described as (19)

Max K, R
Min Wy,
dvx =Wp, ¥4,x,0)
st.  |ACL/CL| <5%, Cu=0, —Cio/CLa > 10%
Hyggar > H, Pop < 81c, Py = d2c
(19)

D. OPTIMIZATION PROCESS

The optimization process is shown in Fig. 12, the aircraft is
first designed and parameterized according to the specified
performance requirements, and initial sample points are taken
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FIGURE 12. Optimization design flowchart.

using Latin Hypercube Sampling first [28]. Next, aerody-
namic, structural, and radar performance are computed, and
the initial Kriging surrogate models are established [29].
Then, the NSGA-II is selected for optimization. Adaptive
sampling is performed based on the maximum value of
the expected improvement (EI) function given in (20) [30].
Finally, the process checks if the convergence criterion is
met. If not, the current optimal design is added to the next
modeling optimization sample — and the process is repeated
until convergence. In the present approach, a criterion is
applied to select additional sample points during the iterative
optimization process. This method improves the accuracy
of the response surface and the global optimum efficiency,
thereby reducing the dependence on the initial sample set.

E[I(x)]

N Ymin —Y Ymin — Y

— (Ymin—Y)P( s )+s¢( . ), s>0 (20)
0, s=0

where ypi, is the minimum adaptation value in the design
space. ®, ¢, y, and s are the standard distribution, the normal
density, the predicted value, and the prediction standard devi-
ation, respectively. It can be seen from the EI function: when
the predicted value of the agent model is less than the current
minimum fitness value, the first item will become relatively
large. The focus of the search is near the current minimum
fitness value, which strengthens the local search ability of the
agent model; When the predicted value is close to the current
minimum fitness value, that is, the overall prediction accuracy
of the model is low, the second item value is relatively large.
At this time, the proxy model focuses the search on areas with
poor prediction accuracy, which can strengthen the Kriging
model global search capability.
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FIGURE 14. The convergence of the multidisciplinary optimization.

IV. RESULTS AND ANALYSIS

A. RESULTS

In the process of the optimization design, the high fidelity
CFD analysis solver is time-consuming. Initial Kriging mod-
els for the optimization objectives and constraints of aerody-
namics using 450 sample points is established, and then the
maximum value of the EI function is used to add 150 sample
points to further improve the accuracy. Fig.13 shows compar-
ison of the calculated values of CFD with the predicted values
of Kriging model.

The final Kriging models that meet the accuracy
requirements are used for multidisciplinary optimization cal-
culation. In terms of optimization time, if the high fidelity
CFD analysis solver is used, it takes about 240 hours. When
the Kriging models are used, it takes only 96 hours. The
time required for multidisciplinary optimization reduced
significantly. Fig. 14 shows the convergence history of the
multidisciplinary optimization process.

Fig. 15 provides the Pareto optimal front for maximizing
the lift-to-drag ratio, K, and minimizing both of structural
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FIGURE 16. Aircraft shapes before and after optimization.

weight, Wy, and the average of the forward and backward
detection range, R. The designs on the Pareto front provide the
designers with alternatives to trade the relative advantages of
each objective: one may choose a high lift-to-drag ratio but
a relatively heavy structural weight and a low radar detec-
tion range or a compromise proposal. As shown in Fig. 15,
the shape of the Pareto front of this optimization is unique:
it is initially very steep, then its slope seems to decrease.
Therefore, it is worth sacrificing a little lift-to-drag ratio
to attain a light structure and a high radar detection range
(the compromise design is represented by the star shape).
The shapes and the optimization results are the baseline,
maximum K, minimum Wg,, maximum R, and compromise
design are presented in Fig. 16 and Table 5. Compared
with the baseline design, the compromise design of the
multi-objective optimization shows a significant improve-
ment in aerodynamic, structure and radar performance. The
lift-to-drag ratio of the multi-objective compromise result is
14.76% higher than the baseline design. Moreover, the struc-
tural weight is reduced by 6.0%, and the forward-looking and
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TABLE 5. Overall aircraft optimization results.

Parameter Baseline Maximum K Minimum W,  Maximum R Compromise

A/°) 30 30.03 30 31.83 30.19

I/(°) 5 7.27 7.95 9 7.04

LA°) 10 14.1 15.69 12.1 15.28

. b./by 0.7 0.66 0.65 0.65 0.65
v::isz:lg)iles i 4.5 3 4 3 3.1
7y 1.6 1.82 1.5 1.54 1.5

c/cr 0.8 0.81 0.94 0.95 0.93

Ay 20 26.9 19 19.2 23.04

Zd/Zg 0.2 0.28 0.15 0.16 0.19

Wil (kg) 5962.3 6374.5 4987.2 5390.1 5605.9

R/(km) 381.4 377.6 391 403.4 396.5

objectives R,/(km) 3543 345.1 380.9 395.7 3853
Predicted K 15.51 18.23 17.02 16.71 17.8

Real K 15.49 18.17 17.13 16.67 17.85

Predicted |AC/C,| 0.15% 4.84% 3.9% 2.66% 0.78%

Real |AC/C,| 0.13% 4.56% 3.78% 2.57% 0.86%

Predicted C,, 0.002 0.004 0.003 0.002 0.002

Real C,, 0.002 0.002 0.002 0.004 0.002

constraints  Predicted -C,,,/C, 0.143 0.103 0.154 0.152 0.124
Real -C,o/Crq 0.147 0.113 0.163 0.147 0.121
Py 0.3 0.3 0.3 0.3 0.3

P, 0.65 0.65 0.65 0.65 0.65

H,qaa/km 20.42 20.12 20.53 22.34 2091

backward-looking radar detection ranges increase by 3.96%
and 8.75%, respectively.

From the detailed design parameters of maximum
lift-to-drag ratio design, it is observed that the aspect ratio is
close to the upper boundary, and the joint location and the root
tip ratio are near the lower boundaries. Compared to the max-
imum lift-to-drag ratio design, the compromise design has a
significant reduction of the optimized forward wing aspect
ratio, a slight decrease of the forward wing dihedral angle, and
an obvious increase of the chord length ratio. The structural
weight of the multi-objective compromise design is reduced
by 12.06% compared with that of maximum lift-to-drag ratio
design, and the forward-looking and backward-looking radar
detection ranges increase by 5.01% and 11.65%, respectively.
However, the lift-to-drag ratio shows a 2.36% reduction.

The detailed design parameters of minimum structural
weight design show that the aspect ratio, the endplate height
ratio, and the joint location are close to the lower bound-
aries. Compared to the minimum structural weight design, the
lift-to-drag ratio, the forward-looking and backward-looking
radar detection ranges of the compromise design shows an
increase of 4.58%,1.41% and1.16%, respectively. However,
the structural weight is increased by 12.4%.

From the detailed design parameters of maximum radar
detection range design, it is observed that the aspect ratio,
the joint location and the root tip ratio are near the lower
boundaries, and the chord length ratio is close to the upper
boundary. The lift-to-drag ratio of the multi-objective com-
promise design is increased by 6.52% compared with that
of maximum radar detection range design. However, the
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TABLE 6. The performance of the section shapes at the turning position
before and after optimization.

Optimized Optimized

Parameter Baseline Forward Rear
variables 0i1*) 7 76.2 )
8:/°) 83.8 - 76.2
Predicted K; 38.88 62.84 63.94
objectives Real K; 38.54 61.47 63.21
Ry/(km) 383.8 401.4 -
R,/(km) 357.2 - 391.8
Predicted C, 0.906 1.018 0.876
constraints Real C; 0.902 1.004 0.881
H,adar/(km) 20.42 20.91 20.94

structural weight is increased by 4%, and the forward-looking
and backward-looking radar detection ranges decrease by
1.71% and 2.63%, respectively.

The section shapes at the turning position of the forward
and rear wings (By-By, B,-B,, as shown in Fig. 2) have been
chosen as the representative of the section shape of the joined-
wing SensorCraft. The optimization results of the section
shapes at the turning position are listed in Table 6. Compared
with the baseline design section shape, the lift-to-drag ratio
and the detection range of the optimized section shape at the
forward wing turning position are increased by 61.6% and
4.6%, respectively. The optimized section shape at the rear
wing turning position shows an increase of 64.5% and 9.7%
for lift-to-drag ratio and detection range, respectively.

Fig. 17 shows the section shapes at the turning position and
antenna installation positions before and after optimization.
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Compared to the baseline section shape, the optimized for-
ward section shape has an obviously increased thickness
and a reductions camber and leading edge radius. Similarly,
the maximum thickness of the optimized rear section shape
is increased, and the maximum thickness position is moved
towards the trailing edge. The lower surface moves downward
due to the installation of the antenna, reducing the loading of
the middle of the section shape. As a consequence, the lift
coefficient is decreased. However, this reduction is limited,
and the overall aerodynamic characteristics are significantly
improved.

Fig. 18 presents a comparison of the resulting pressure
distributions. The results show that the optimized forward
section shape creates faster leading-edge flow than the base-
line section shape, and the pressure gradient of the upper
surface becomes less adverse. The middle of the optimized
rear section shape upper surface is flat, which contributes
to moving the negative pressure gradient region towards the
trailing edge. For the optimized section shapes, a large zone
of laminar flow area remains, and trailing edge separation is
weakened. This is likely caused by the downstream move-
ment of the shock wave position and the significant weaken-
ing of the shock wave strength. As a result, the lift-to-drag
ratio has increased significantly.

B. SENSITIVITY ANALYSIS

In this section, the sensitivity coefficients of the objectives
for the joined-wing configuration parameters are calculated.
As observed in Figs. 19 and 20, there is a strong correlation
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between the structural weight and the forward wing aspect
ratio, sweep angle, and endplate height ratio. This is because
these parameters directly affect the wing length, which causes
the loaded bending moments to change drastically. The
parameters that impact the radar detection range most sig-
nificantly are the forward wing aspect ratio, wing root tip
ratio, joint location, and the chord length ratio. These param-
eters directly affect the chord length of the forward and rear
wings, which changes the antenna aperture. Additionally, the
joint location, sweep angle, forward wing root tip ratio, and
aspect ratio have a significant influence on the aerodynamic
characteristics of the aircraft. These parameters can implicitly
change the forward and rear wing aspect ratio, or result
in mutual interference between the forward and rear wing
flow fields, thereby affecting aerodynamic characteristics.
Because some of the parameters of the joined-wing configu-
ration are unique compared to the conventional configuration,
some parameters are analyzed in detail here.

1) THE REAR WING DIHEDRAL ANGLE

As shown in Fig. 21, the aerodynamic coefficients, structural
weights, and detection ranges vary slightly with the rear wing
dihedral angle, I'",.. The aerodynamic results indicate that the
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forward wing wash strongly impacts the rear wing for small
rear wing dihedral angles, and the influence impact decreases
with increasing of I',. When I, is sufficiently high angles, the
separation distance of the forward and rear wings far enough,
the effect completely disappears and the pressure distribution
of the rear wing does not change significantly. When the
rear wing dihedral angle increases, the height of vertical tail
and endplates are increased. Therefore, the structural weight
of the whole machine also increases. In addition, remaining
other parameters unchanged, the shortening of chord lengths
will lead to a reduction in the absolute wing thickness, which
affect the installation of the embedded antenna and the height
of the antenna array, and cause a decrease of detection range.
When I, is increased from 10° to 25°, the forward-looking
and backward-looking detection ranges decrease by about
2.9km and 2.5km, respectively.

2) ENDPLATE HEIGHT RATIO

As shown in Fig. 22, when the endplate height ratio, z4/z¢
is lower than 0.2, the changes of the lift-to-drag ratio are
complex. This complexity results from the interference of the
vortex generated by the endplate with the rear wing. When
Z4/zo is greater than 0.2, the lift-to-drag ratio increases only
slightly. Moreover, the endplate height ratio does not affect
the radar detection distance but does increase the structural
weight. These are because the increase of z;/zp only increase
the height of vertical tail and endplates without changing
overhead plane parameters.

Fig. 23 shows that as the vortex generated at the endplate
trailing edge flows from the lower surface of the rear wingtip,
trailing edge separation occurs. Trailing edge separation
reduces the aerodynamic efficiency of the rear wing. When
z4 /70 is increased, the distance between the forward and rear
wings also increases, which reduces the interference between
the forward and rear wings. Therefore, when z4/z¢ increases
to 0.2, the flow field at the rear wing section near the endplate
is dominated by the attached flow regime.
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3) JOINT LOCATION

As observed in Fig. 24, the aerodynamic characteristics per-
form extremely poorly when the joint location is moved
outward. The lift-to-drag ratio increases as the forward wing
aspect ratio, Ay, is increased, but this influence weakens as
the joint location moves outward. Outward movement of joint
location causes an increase of both the rear wing aspect ratio
and the distance between the forward and rear wings. As well,
this results in a decrease in the span of the forward wing.
These changes result in the noticeable increase of structural
weight, which is similar to the conclusion in [6]. Moreover,
the outward movement of joint location increases the rear
wing aspect ratio, which reduce the absolute thickness of the
wings. Considering the antenna embedded inside the wing,
the height of the antenna array is reduced, which causes a
significant decrease in the embedded radar detection range.
When Ay = 20, and b, /by is increased from 0.6 to 0.9,
the forward-looking and backward-looking detection ranges
decrease by about 12.8km and 12.2km, respectively.
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As shown in Fig. 25, the vortices generated by the endplate
cause the airflow on the front wing outside the endplate
to flow outward in the spanwise direction. When the joint
location is moved outside, the interference between this
endplate vortex and the wingtip vortex cause a drag increase.
In addition, the forward-swept rear wing can transport the
boundary layer of the forward wing outside the endplate to
the wing-root section. This is beneficial to reduce tendency
for flow separation on the forward wing outside the endplate.
However, as the endplate moves outward, the area of the
forward wing section outside the endplate becomes smaller.
As a result, this change in endplate location reduces the
positive influence and causes an increase in drag.

V. CONCLUSION

In this work, a suitable joined-wing configuration structural
weight estimation model and an embedded radar perfor-
mance estimation model were established. Subsequently,
an integrated multi-objective optimization which cou-
pled aerodynamics, structure, and radar performance was
performed.
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Results of the aircraft optimization demonstrates the
importance of integrating aerodynamics, structure, and radar
performance when assessing the design performance of
the joined-wing SensorCraft. Compared with the baseline
design, the lift-to-drag ratio of the multi-objective com-
promise result is 14.76% higher than the baseline design.
Moreover, the structural weight is reduced by 6.0%, and
the forward-looking and backward-looking radar detection
ranges increase by 3.96% and 8.75%, respectively.

The sensitive analysis displays that the shape parameters
of the joined-wing configuration have a greater impact on
the aerodynamic, structure and embedded radar performance
and the coupling between different disciplines is obvious.
Selection of airfoil, the forward wing aspect ratio, joint loca-
tion, and the chord length ratio has significant impact on radar
detection range.

Using the optimization model established in this paper,
aerodynamic, structural, and radar performance can be com-
prehensively considered. Therefore, a more balanced design
can be achieved. This work therefore provides a refer-
ence for the future optimization and design of joined-wing
SensorCraft.
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