IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received July 14, 2020, accepted July 24, 2020, date of publication July 28, 2020, date of current version August 7, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3012481

Comprehensive Optimization of the Unmanned

Tilt-Wing Cargo Aircraft With

Distributed Propulsors

GANG CHEN™, DONGLI MA, YUHONG JIA, XINGLU XIA, AND CHENG HE

School of Aeronautic Science and Engineering, Beihang University, Beijing 100191, China

Corresponding author: Gang Chen (mrchey @buaa.edu.cn)

ABSTRACT The unmanned tilt-wing cargo aircraft using distributed propulsors is an emerging aircraft
significantly different from traditional types. This paper proposes an aerodynamic, propulsion, noise, weight
integrated optimization design method for this new aircraft. The method consists of several functional
modules specially developed or adjusted targeting the aircraft’s characteristics, such as the boundary state
analysis, propeller/rotor oblique inflow analysis, waked wing analysis, propeller/rotor noise evaluation,
multi-state wing mass analysis, multi-objective genetic algorithm optimization. It comprehensively considers
the impact of various complex factors on the optimization results, such as the impact of distributed propulsors
on the wing aerodynamics, the effect of wingtip propellers on the induced drag reduction, the coupling
between wing aerodynamics and structure, the propeller/rotor aerodynamics optimization, and noise control.
With the proposed method, it is possible to directly translate the top-level design requirements into the
design scheme with the optimal specific system performance (such as the lowest delivery cost and highest
delivery efficiency) at the very initial aircraft design stage, thereby greatly shortening the development cycle.
A case study was presented. The results show that the introduction of distributed propulsors can increase the
delivery efficiency by 28.2% and reduce the delivery cost by 15%; suppressing the wingtip vortices using
propellers can increase the wing lift-drag ratio by 5.43%-6.65%; the slipstream generation efficiency and
thrust efficiency are significantly different between different distributed propulsor schemes. To maximize
the overall efficiency, it is necessary to balance between the slipstream generation efficiency and the overall
thrust efficiency when optimizing the tilt-wing cargo aircraft.

INDEX TERMS Convertiplane, cargo aircraft, unmanned aerial vehicle, vertical takeoff and landing, aircraft
multidisciplinary optimization.

I. INTRODUCTION

With the explosive growth of global e-commerce in recent
years, consumers’ demand for air cargo has increased sig-
nificantly, and continues to increase at a rate of 4.4% per
year [1]. According to Boeing’s forecast, in the next 20 years,
the freight volume will triple, and the freight fleet will grow
by 75% [2]. Among these fleet, the unmanned cargo air-
craft plays an important role. Compared with conventional
logistics methods, the unmanned cargo aircraft gets rid of
the dependence on road infrastructure, and is very suitable
for using between islands [3] or in some developing coun-
tries without complete road network, and also in the remote
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area of developed countries [4]. By establishing the point-
to-point freight route between the cargo warehouse and the
distribution center, or between the central airport to the small
airports, [5] the unmanned cargo aircraft provides the pos-
sibility of greatly improving freight efficiency and reducing
costs. In the meantime, it provides a fast and reliable solu-
tion for emergency transportation in complex scenarios such
as the earthquake or other disasters. At present, there are
many companies that have carried out and implemented the
unmanned cargo aircraft project, such as Google, Amazon,
UPS, DHL, etc.

The unmanned cargo aircraft can be generally divided into
three types — multirotor aircraft, fixed-wing aircraft, and con-
verting aircraft such as tilt-wing aircraft [6]. Among them, the
unmanned tilt-wing cargo aircraft combines the advantages
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of the multirotor and fixed-wing aircraft, which can not only
take off and land vertically, but also has a fast cruise speed and
high cruising efficiency. The combination of flexibility and
efficiency makes this freighter have outstanding development
potential in future cargo scenarios.

In recent years, a large number of studies on convertiplane
have been conducted, which mainly focus on the determina-
tion of overall parameters (such as the total takeoff weight,
wing loading and aera, design power, or mass distribution),
propeller/wing interference, dynamic modeling methods, and
control strategies. These studies have gone through several
stages of development. Early methods for determining the
overall parameters were mainly based on statistical data [7].
These methods neglect specific aircraft types, takeoff mass,
and mission categories, which may lead to design results
with high power redundancy. To improve the credibility of
the design results, the researchers introduced momentum
theory into the parameter determination process to recalculate
the power load [8]-[10]. The aircraft design space has also
expanded from the composite design space of fixed-wing
mode and rotor mode to a comprehensive design space
integrating transition mode and traditional constraints [11].
With the gradual improvement of the design method, the com-
plexity and confidence of the propeller/rotor aerodynamic
description continue to increase, which changes from the
earliest experimental-based empirical method [7] to momen-
tum theory, [12] Blade Element Method (BEM), [13] Blade
Element Momentum Theory (BEMT), [14] Vortex Lattice
Method (VLM), [15] Computational Fluid Dynamics (CFD)
method, [16] etc. The description about the most
important aerodynamic phenomenon - the propeller/wing
interference, has also gone through the development from the
simple momentum theory, [17] the combination of BEMT
and VLM, [18] to the CFD method based on actuator disk [19]
or dynamic grid [20]. On the basis of the above tools,
researchers have carried out a lot of work about the dynamics
modeling of the tilt-wing aircraft, and established the simpli-
fied model-based tilt-wing aircraft dynamics equations [21]
and the equations based on tensor flight dynamics technol-
ogy, [22] which laid the foundation for the controller design
of this type of UAV [23]-[25] and the operating strategy
optimization in each flight mode [26]. Meanwhile, there are
also many valuable research works focusing on the drag
reduction of tilt-wing aircraft, [27] rotor aerodynamic/noise
optimization, [28]-[30] structural design, [31] analysis about
flutter [32] or ground effects [33].

In addition to the above research, the application of
advanced technology concepts such as the distributed electric
propulsion (DEP) in the field of tilt-wing aircraft is also
deepening. DEP is a basic technology proposed by NASA
in recent years for the concept of transitional mobility (such
as ODM) [34], which was first used in the field of fixed-
wing aircraft. This technology uses a series of propellers
installed along the wing leading edge to accelerate the airflow,
thereby effectively improving the low-speed lift character-
istics, reducing the wing area, and thus improving cruise
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efficiency [35]. At present, although the DEP technology
has been used in tilt-wing aircraft such as GL-10 [36] and
Vahana [37], its application mechanism and effect are not yet
clear. In principle, the DEP equipped on tilt-wing aircraft is
very different from that on fixed-wing aircraft. The DEP for
fixed-wing aircraft only focuses on the slipstream generation,
whereas the scheme for tilt-wing aircraft should not only
consider the slipstream, but also pay full attention to the
thrust efficiency during vertical takeoff and landing. This
requirement difference leads to the difference in the design
methods and application benefit of DEP schemes in the two
types of aircraft.

From the perspective of development trends, the unmanned
tilt-wing cargo aircraft are constantly moving towards high
efficiency, low noise, and low power consumption. The devel-
opment cycle tends to be shortened, and the requirements
for designers are also constantly increasing. Therefore, dis-
ciplines such as propeller/rotor aerodynamic optimization,
propeller/wing interference, noise assessment, weight assess-
ment, advanced propulsion system application, and basic air-
craft platform design should not be used as discrete design
modules, instead, they should be formed as a unified opti-
mized design process. In this way, the overall parameters,
aerodynamic shape, propeller/rotor aerodynamics and noise,
propeller wing interference, aerodynamic structure coupling,
and other issues can be fully considered at the initial aircraft
design stage, thereby effectively reducing the number of
design iterations.

The multi-disciplinary optimization method has continued
to attract researchers’ attention in recent years, and is increas-
ingly used in the design process of various new types of
aircraft (such as the fly wing [38], unmanned helicopter [39],
solar plane [40], and morphing wing aircraft [41], [42]) or
their components or subsystems [43], [44]. However, there
is little research on the multidisciplinary optimization for the
unmanned DEP tilt-wing cargo aircraft.

To compensate for the shortcomings of existing research,
this paper proposes a comprehensive optimization design
method for unmanned tilt-wing cargo aircraft with distributed
propulsors. The method comprehensively considers the pro-
peller/rotor optimization, noise evaluation, propeller/wing
interference, and aerodynamic/structure coupling, which can
output the design results with the optimal specific system
performance (such as lowest delivery cost and highest deliv-
ery efficiency), including the optimal propeller/rotor number
and geometric parameters, wing geometry, power system
design, cruise speed, etc. Several functional modules are
included in this method, such as the boundary state anal-
ysis, oblique inflow BEMT analysis, waked wing analysis,
propeller/rotor noise evaluation, multi-state wing mass anal-
ysis, etc. These modules together form an integrated aero-
dynamics, noise, structure, powertrain optimization process
based on the multi-objective genetic algorithm. The detailed
implementation process of this method is described in
Sections 2 and 3. In Section 4, the method is applied for the
optimization of a 200-kg unmanned tilt-wing cargo aircraft in
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a 100-km cargo scenario, which proves the validation of this
method.

Il. MATHEMATICAL-PHYSICAL MODELS

A. BOUNDARY STATE ANALYSIS

The flight modes of the tilt-wing cargo aircraft performing
typical mission mainly include three types, namely, rotor
mode, conversion mode, and fixed-wing mode (see Fig. 1).
Among them, the rotor mode refers to the flight state where
the wing tilt angle 6; (angle of the wing chord relative to its
initial position) equals to 90° and all the propellers and rotors
operate; the fixed-wing mode refers to the flight state with
6 equal to 0°, where all rotors are folded back, and only
propellers operate; the flight status between the rotor mode
and fixed-wing mode is the transition mode.
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FIGURE 1. Configuration and flight modes.

In the initial mission stage, the aircraft converts from the
rotor mode to the fixed-wing mode through a specific con-
version trajectory (see path 1, path 2 in Fig. 2), and returns
to the rotor mode when the mission ends. The conversion
trajectory can be set in advance or adjusted in real-time by
the flight controller according to the flight status such as
velocity, altitude, and pitch angle rate [26]. In both ways,
the trajectory should lay in the conversion corridor defined
by the high-speed conversion boundary (right boundary) and
the low-speed conversion boundary (left boundary) [45], [46].
The wider the conversion corridor, the greater the adjustment
margin of the conversion trajectory, and thus the safer the
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FIGURE 2. Transition corridor and boundary status points.
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conversion process [45]. The corridor width can be adjusted
by controlling the position of the five boundary status points
in the Fig.2. These points belong to different flight modes,
as listed in Table 1.

TABLE 1. Boundary status points.

Tilt

Status Number Flight mode Velocity
angle

Hover 1 Rotor mode 90° 0

Maximum-speed o

forward flight 2 Rotor mode 90 Vi

C.essatlon-speed 3 Transition mode  45° V.

flight

Maximum-speed . . o

flight 4 Fixed-wing mode 0 Vinax

Minimum-speed . . o

flight 5 Fixed-wing mode 0 Vinin

Among the five boundary states, the position of states 1-4
constitutes the main constraints on the maximum output
power of the aircraft, while the position of states 5 places
requirements on the maximum lift coefficient of the aircraft
when the distributed propulsors operate. Both aspects affect
the design of the wing, tail, propellers, and rotors.

Fig. 3 shows the static force analysis of the tilt-wing air-
craft in each boundary state, where T represents the thrust of
the wing-mounted propeller/rotor, and 7, the tail-mounted.
N1 and N, are the corresponding propeller/rotor normal force;
L, D, G, and My , represent the whole aircraft lift, drag,
gravity, and aerodynamic pitching moment considering the
propeller slip flow effect, respectively; o and 6 represent the
angle of attack, the pitch angle of the fuselage; Vp the far-
field velocity. Therefore, the resultant forces and moment of
the aircraft in the XZ plane of the fuselage coordinate system
can be uniformly expressed as:

2
Fxy = Z(Ticosél — N;sin6y)
i=1
+ Lsinfy — Dcos6r, — Gsinb @))
2
F7; = Z(TiSiIl91 + N;cos )

i=1

+ L cosB + Dsin6, — GcosH 2)
2

My =" (Tilisin, + N; (licos 6, + I})) + Mya  (3)

i=1

(d) Hover

(e) Minimum-speed () Maximum-speed

FIGURE 3. Static force analysis of boundary status points.
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where 01 = 6; + 60, 6, = a — 0, [; are the distance between
wing/tail rotation axis and aircraft gravity, and [/ between
wing/tail rotation axis and propeller/rotor disk. To ensure
flight safety, regardless of the values of the wing, propeller,
and rotor parameters, Fx > 0, F, > 0, My = 0 should be kept
under each boundary condition.

B. PROPELLER/ROTOR AERODYNAMICS

Propeller/Rotor aerodynamics and slip flow distribu-
tion is calculated based on the propeller/rotor aerody-
namic model. There are many methods developed for the
propeller/rotor aecrodynamic calculation, such as the momen-
tum method [12], BEM [13], BEMT [14], VLM [15],
CFD method [16], etc. Among them, the BEMT not only
considers the detailed propeller/rotor geometry and airfoil
aerodynamics, but also describes the slip flow characteristics
with high fidelity. All these functions can be achieved with a
small amount of calculation, which makes the BEM method
one of the most suitable propeller calculation methods for
system-level optimization.

1) AIRFOIL PRECALCULATION

The predicted accuracy of the BEMT method highly depends
on the accuracy of airfoil aerodynamic input. In this research,
the airfoil aerodynamic database (Re=5 x 10*-3 x 10°, o =
10°-18°) was firstly generated by the CFD solver, and then
extended to a larger « range using the AERODAS model [47].
Meanwhile, the impact of the finite blade span on the airfoil
aerodynamics was considered using the method proposed by
Jacobs and Anderson [48], and the stall delay effect of the
rotating blade was corrected using the method proposed by
Elgammi [49].

2) OBLIQUE INFLOW BEMT METHOD

The classic BEMT method adopts the axial inflow assump-
tion, which can be applied for the propeller/rotor calculation
in states 1 and 4 (see Table 1), but is less suitable for states 2,
3, and 5 since the oblique inflow angles of propeller/rotor
in these states cannot be neglected. In these oblique inflow
states, the angle of attack and inflow speed of each blade
element change periodically as the blade rotates. Therefore,
itis necessary to correct the axial inflow assumption and form
an oblique inflow BEMT method. At any radius station r,
the thrust, normal force, and torque of the blade element are
no longer represented using the single value of fixed rotation
phase, but using the time-average value of the entire rotation
period, as shown in the following equations: [50]

2
— N,
T(r)= ﬁ/(l@ (r,y)cos B —De(r,y)sinB)dy  (4)
N En
F (r) = ﬁ/(Le (r,y)sin B + De (r, y)cos B)dy  (5)
0

2

— N,

Q(r) = ﬁ/(l‘e (r,y)sin + De (r, ) cos ) rdyr  (6)
0
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where Ny, is the total blade number, v the blade phase angle,
B the induced angle. L. and D, represent the blade element
lift and drag under local velocity and angle of attack. Another
expression of the propeller aerodynamics at radius r based on
the Glauert’s momentum theory has the following form:

_ 0.5
T(r) = 4pmriig(r) [v§+2vaa0 (r) cos 8 + ﬁo(r)z] dr (7)
O(r) = 4pm r*Vio(r)[V2 +2V,iio(r) cos 8+iio(r)*1%dr  (8)

where 6 represents oblique inflow angle, i1 the time-averaged
axial induced speed, and Vi the time-averaged circumferen-
tial induced speed. Based on (4)-(8), the values of iy and
Vio can be solved using Newton iteration method [51]. The
time-average thrust, normal force, and torque of the blade
element can be solved consequently. Integrating these forces
and torque along the radius yields the overall propeller aero-
dynamics under the inclined inflow condition.

3) PROPELLER PERFORMANCE COMPARISON

To verify the effectiveness of the combination of the above
airfoil precalculation method and the oblique inflow BEMT
method, the predicted results are compared with the exper-
imental data provided by Mc Lemore et al. [52] The tested
propeller is a 4-blade propeller with NACA 16-Series airfoil
and a diameter of 5.33 feet. The variation of the thrust coeftfi-
cient Cy and power coefficient C}, with advanced ratio under
oblique inflow conditions is shown in Fig.4 for several sets of
installation angles. The error between the test result and the
predicted result is negligible in the linear segment. Although
the error increases with the deviation of the operating state,
the maximum error value is still less than 8%.
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FIGURE 4. Comparison of propeller test results and predicted results
under 15° oblique inflow condition where ¢ represents the propeller
installation angle.

C. WAKED WING MODELING

For the tilt-wing aircraft with a distributed propeller/rotor
arrangement, the interference of the propeller/rotor wake on
the wing is reflected in two aspects: one is the drag reduction
caused by the wingtip propeller in fixed-wing cruise state;
the second is the lift increase induced by the propeller/rotor
in transition mode (states 3) and fixed-wing minimum speed
state (state 5). These two interference phenomena have a great
influence on the aircraft design parameters (such as design
power and wing area), making it necessary to analyze their
effects at the initial design stage. There are several methods

VOLUME 8, 2020



G. Chen et al.: Comprehensive Optimization of the Unmanned Tilt-Wing Cargo Aircraft With Distributed Propulsors

IEEE Access

for the waked wing analysis, such as the simplified momen-
tum method [17], VLM method [18], CFD method based
on actuator disk [19] or dynamic grid [20]. Among them,
the VLM method can describe the detailed distribution of
propeller/rotor slip flow, and has a relatively fast calculation
speed, making it suitable for the system-level optimization
process. Since the tilt-wing aircraft will encounter the high
angle of attack during states 3 and 5, the nonlinear aerody-
namic characteristics are required to be captured. To this end,
the nonlinear VLM method is adopted in this research.

1) ADAPTIVE GRID GENERATION

To capture the detailed distribution of the propeller/rotor slip-
stream and speed up the calculation speed, an adaptive grid
generation approach is used for the nonlinear VLM method.
The grid number and distribution are adjusted according to
the propeller/rotor number and operating state, as shown
in Fig. 5. For a given wing shape, a sparse reference grid
will be generated at first. Then, an encryption area with a grid
number of not less than 10 is generated in each propeller/rotor
wake area. The transition between the encryption area and the
sparse area is conducted using interpolation.

Z /Encryption regi/g)nf"/

Sparse region .~

FIGURE 5. Adaptive grid generation.

2) NONLINEAR VLM METHOD

The vortex line arrangement of the nonlinear VLM is
basically the same as the linear VLM method. The main
difference is that the nonlinear VLM adds an additional set of
viscous control points for the effective angle of attack deter-
mination at the 3/4 position of each string chord (see the dots
in Fig. 5). By introducing the perturbation circulation AT to
the linear VLM circulation solution I" on each vortex lattice,
the effective inflow angle of attack and pressure distribution
can be corrected, making the pressure distribution of each
string chord approximately equal to the two-dimensional vis-
cous result [53]. The specific implementation steps of this
method are as follows:

1) Use the CFD solver to generate the distribution of pres-
sure difference between the upper and lower airfoil surfaces
under different Reynolds numbers and different angles of
attack, and establish an interpolation database;

2) Set the non-penetrating conditions at each control point
with local inflow velocity (with or without propeller/rotor
slipstream), and use linear VLM method to solve the circulant
matrix I';
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3) Add an additional circulation AT at each vortex lattice,
calculate the pressure coefficient of each panel with T’ + AT,
and output the effective angle of attack calculated at the
viscous control point of each strip;

4) Use the effective angle of attach and viscous pressure
interpolation database to obtain the viscous pressure distribu-
tion of each panel, establish the J matrix based on the linear
pressure distribution (equal to F;n;/A;, where F;, n;, and A;
represent the panel force, normal direction, area, respectively)
and viscous pressure distribution AC&SC as in (9), solve AT
with Newton iteration method, then output the final nonlinear
pressure distribution.

, afacYse

d(=Fj-n;) . ( p.i )

J= aaT, T Aidoo—5aT; 0 9
Vit * Rj 1

The method can be used to calculate the nonlinear lift and
induced drag distribution under the impact of propeller/rotor
wake and viscous separation. The total drag of the wing is
equal to the sum of the induced drag and the integration of
the 2-D profile drag along the wingspan:

b2

1
CD=CD1+§/ G ()e0)dy (10)

where b is the wingspan, Cp; is the induced drag coefficient
calculated by nonlinear VLM method. ¢ and Cy represent the
local airfoil chord length and profile drag, respectively.

3) NONLINEAR AERODYNAMIC AND PROPELLER ON WING
VALIDATION

We extracted three examples from existing studies to validate
the proposed method. The first example was taken from
NACA Technical Note 1208 [54]. The wing adopts a medium
aspect ratio and NACA 6-series airfoil. The test results of
the lift coefficient in the angle of attack range from —3 ° to
24 ° are shown in Fig. 6a along with the corresponding pre-
dicted values. Compared with the linear VLM, the predicted
accuracy of the nonlinear VLM is significantly improved in
the high o region. The second test data is taken from the
ProWim model provided by Veldhuis ef al. [55]. The ProWim
model consists of a straight wing with NACA 64,A015 and
a four-blade NACA5868-9 propeller [56]. Fig.6b shows the
test results and predicted results in propeller-off, propeller-
inboard-up, propeller-outboard-up states, which shows sat-
isfactory consistency. The last test data comes from [57],
in which a 9.33-inch four-blade propeller was installed at the
tip of the wing with NACA 64,A615 and a span of 0.73 m.
The overall lift and drag polar including the propeller force
were measured at the wind tunnel tests at different pro-
peller advanced ratios, as seen in Fig. 6¢. The corresponding
results predicted by the nonlinear VLM and oblique-inflow
BEMT are also presented, which show good agreement
with the test data, especially in the low and medium
CL, ranges.
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FIGURE 6. Nonlinear VLM method validation.

D. PROPELLER/ROTOR NOISE

Noise control is an important issue that should be considered
at the initial aircraft design stage. The propeller/rotor noise
counts for the major part of the overall noise of the tilt-wing
aircraft, especially when the aircraft is in the hovering state
which is close to the ground and with high operating power.
Represent the altitude of the noise monitoring hovering state
as h. The total four noise monitoring points are set on the
circle centered on the horizontal ground projection of the
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aircraft gravity center and taking r as the radius, as shown
in Fig. 7a. The average value of the noise monitored at the
four points is taken as the final noise value of the aircraft.

(a) Noise monitoring points.
300

100
200

90
100

80

x coordinate (m)
(=]

-100

-200

-300
-300  -200 -100 0 100 200 300

y coordinate (m)
(b) A-weighted noise distribution (Unit: dB).

FIGURE 7. Propeller/Rotor noise monitoring.

With known propeller/rotor installation position, geome-
try, and operating conditions, the noise at each monitoring
point can be calculated by using the propeller noise code
developed by Tingey and Ning [58] based on the acoustic
modeling method proposed by Brooks, Pope, and Marcolini
(i.e., the BPM equation) [59]. Fig. 7b shows the A-weighted
noise distribution of an example tilt-wing aircraft obtained
through this method at different ground positions with a hover
height of 20m, from with the noise evaluation value of the
four noise monitoring points can be easily obtained. As an
approximation approach, this method ignores the influence of
the noise of secondary components such as motors, fuselage,
and wings, but it still provides an effective reference for the
comparison of propeller shape, number, sizes, and operating
conditions between different design samples.

E. WING WEIGHT

The wing weight generally accounts for 25% to 30% of
the total structural weight, or 7.5%-12% of the total take-
off weight for the traditional fixed-wing aircraft [60]. The
difference in wing weight in different designs directly affects
the payload and fuel carried, thereby significantly affecting
the overall performance of the design sample. There are many
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factors that affect the wing weight, such as the wing shape,
load magnitude and distribution, etc. For example, an increase
in aspect ratio will result in an increase in wing weight for a
constant wing load and wing area, whereas the transition from
a centralized load to a distributed load will effectively reduce
the wing weight.

In this study, the engineering beam method [61] was used
to evaluate the effect of the wing shape and load distribution
on the wing weight. The method calculates the wing weight
by evaluating the mass of the main load-bearing wing box.
The critical state of the main load-bearing wing box is the
damage caused by the wall compression failure or the skin
instability. To reduce the wing weight, the main load-bearing
wing box can be made by the composite materials with
high specific strength and specific modulus (such as the
T700 carbon fiber prepreg). During the mission, the main
forces exerted on the wing include the thrust and normal
force of the propellers/rotors, distributed aerodynamic force,
the gravity of the power unit, etc. The specific forms of these
forces are significantly different in different flight status,
as shown in Fig. 8. The upper and lower flanges and the webs
of the main load-bearing wing box are (£45/0) layered to bear
the multi-directional bending moments caused by the forces
in Fig. 8, as well as the shear flow caused by shear forces and
torques.

. NO)

WRMII\\.i

W,

Rsum, 1

Psum

(a) Fixed-wing cruise (b) Rotor-mode hovering (state 1)

FIGURE 8. The force on the wing under different working conditions,
where Nj represents the aerodynamic load. Tp represents the thrust of
propeller, and Ty the rotor. Wpgy,, represents the total mass of electric
drives and propeller set, whereas Wgq,, the total mass of electric drives
and rotor set. Np is the propeller normal force.

With propeller/rotor thrust and normal force output by
the oblique inflow BEMT method and the aerodynamic load
distribution under propeller/rotor wake determined by the
nonlinear VLM, the values of the shear force F, bending
moment My, and torque M; of the wing can be generated
along the span. The main load-bearing wing box mass is
equal to the sum of the shear structure mass, bending structure
mass, and torsion structure mass, as follows:

b/2
Mw main = 2 / (Mshear (v) + Mbend (¥) + myor (v))dy
0
(1)
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where Mghear, Mbend, Mior TEpresent the mass per unit length of
the shear, bending, and torsion structure. Selecting the fixed-
wing cruise and rotor-mode hovering state under extreme load
to analyze the wing weight yields the calculation formula of
Mshear> Mbend, Mtor as follows [61]:

g ) = 3 ks P (12)
i=12 s
_ _ o Moi ) \°
Mbend (¥) = igznsple Mt e <Wi o) 4 (y)2E> 13)
_ oMy i () [wi () + 1 ()]
or = sks . 14
Mior 0) l.;zn oswi (v) i () (1

where the subscript i = 1 represents the cruising state and
i = 2 the hovering state; p. and pp are the density of the shear
and bending materials, respectively. oy is the allowable shear
stress, E the elastic modulus, kg the shear instability factor.
¢ and e represent the compression instability factor and the
instability index, respectively; w(y) is the width distribution
of the bearing wing box while #(y) the corresponding height
distribution; ng is the material safety margin considering the
extreme load. The secondary weight including the ribs and
rudder surface, and the adhesive mass are regarded to be pro-
portional to the main load-bearing wing box mass, where the
proportional coefficients are recorded as ksec and kgjue [62],
and are selected according to the actual manufacturing level.
Summing up the main load-bearing box mass, the secondary
mass, and the adhesive mass yields the total weight of the
wing.

F. OTHER WEIGHT

In addition to the wing weight, the total take-off weight
of the tilt-wing aircraft also includes other structural mass
(including the tilt mechanism), the avionics mass, the power
system mass, and the payload mass. During the system-level
optimization, the power system mass and the wing mass
is relatively sensitive to design parameters, whereas other
structural mass and avionics mass usually have no significant
change. Therefore, at the initial design stage, the mass of
other structures except the wing mass can be generally taken
as 20%-32.5% of the total take-off mass, whereas the avionics
mass taken as 6%-8% [60].

The power system of the tilt-wing aircraft mainly includes
batteries, electric drives (motors and electronic speed con-
trollers), propellers/rotors, etc. Among them, the electric
drive mass and propeller/rotor mass are determined by the
corresponding maximum design power. The output power of
the electric drives in the given flight state is equal to the pro-
peller/rotor absorbed power calculated by the BEMT method,
and the maximum value of the propeller/rotor absorbed power
in all flight conditions is equal to the maximum design power
of the two components. The mass of the electric drives with
known maximum design power is calculated by (15). The
equation is derived from the statistical data of large amounts
of existing products with R> = 0.97, and corrected by the
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method proposed by Gundlach to consider the impact of volt-
age change from the reference maximum voltage Ugpo,max
to the actual maximum voltage Ugp, max. The propeller/rotor
mass is calculated using the approach proposed Roskam [63]
based on the known blade number Ny, blade diameter Dpr
and the maximum absorbed power Ppr, max, as shown in (16).

0.1588
MED = 0.158 (UED,max/UEDO,max) Ped,max

+0.024 (Ped max + 1.3096) (15)
0.782
Mpr = 0.0586N*°" (DprPpR max) (16)

The battery output power under the i-th flight stage,
Pratt,i» s equal to the total output power of all electric drives
(i.e., ¥Pgp,;) divided by the electric drive efficiency ngp,
whereas the battery consumed energy Epar,; is equal to the
product of Ppa; and the duration ¢, i.e., Epa,i = Phoart,iti-
Therefore, the overall battery mass under the dual constraints
of power and energy can be expressed as:

5
max (Pbatt,l s Pbatt,2, - - ) Zizl Ebatt,i
Pbatt,P Pbatt,E

My, = max (
(17

where ppar,p and ppar, g represent the battery power density
and energy density, respectively.

G. SECONDARY AERODYNAMIC FORCE

Other components besides the wing (including the horizontal
tail, vertical tail, fuselage, etc.) also have some important
influences on the overall aircraft aerodynamic evaluation.
Among them, the horizontal tail aerodynamics can be eval-
uated in the same way as the wing aerodynamic evaluation,
but a downwash angle is required to be added to the incoming
flow to account for the wing-tail interference [64]. Vertical
tail usually does not contribute to the lift and pitch moments,
but its drag cannot be neglected. The vertical tail drag Dy is
mainly the zero-lift drag, that is, Dyy = Cpo, vtgSvt, where Sy,
is the vertical tail area, ¢ is the dynamic pressure, and Cpo, vt
is the vertical tail’s zero-lift drag coefficient. Fuselage drag
consists of zero-lift drag and lift-induced drag. For the non-
lifting fuselages, the latter item is usually negligible, whereas
the zero-lift drag coefficient Cpo p is calculated using the
following formula [65]:

l 3 l S
Cpor = RwrCtr |:1 + 60/ (d_T:) +0.0025 (£>:| v;etF

(18)

where Rwr is the wing-fuselage interference factor, Cp is
the friction coefficient of the turbulent flat surface, Ig the
fuselage length, dr the maximum fuselage diameter, Sy the
fuselage wet area, and S the wing reference area. Superimpos-
ing the above-mentioned secondary aerodynamic forces and
the wing aerodynamic forces completes the evaluation of the
overall aerodynamic characteristics of the tilt-wing aircraft.
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IlIl. OPTIMIZATION PROCESS

A. OPTIMIZATION GOAL

The utility of the tilt-wing cargo aircraft can be evaluated
in two indicators - the delivery efficiency and delivery cost.
Delivery efficiency represents the average mass of the cargo
transported per unit hour (Unit: kg/h), which is calculated by

_ VcruMcargo _ Vcru

Deargo
X (MTO — Mying — Motherse — Mp — Mae) (19)

Jﬂ
D cargo

where Ve, represents cruise speed, Mcargo the cargo mass,
Mying the wing mass, Momerse Other structural mass,
Mp power system mass, Mto the total take-off mass, and
Deargo the delivery distance. For a given delivery distance,
the faster the cruise speed and the heavier the cargo carried,
the higher the delivery efficiency. As can be seen from (19),
measures helpful to improve the delivery efficiency include
increasing the cruising speed Vp, reducing the wing mass,
reducing the power system mass, etc.

Delivery cost, on the other hand, is an important economic
indicator in the freight profile, which represents the electricity
consumed per unit mass cargo (Unit: kWh/kg), and calculated
by

1 Py, D¢,
Jeost = ( Ao eare + P batt,hthv)
Mcargo Veru
C C1 2
= — ( + ) (20)
Mecargo \(L/D)np ~ SpEP
where ¢y = DcargoMT08, €1 = 1/nep, c2 = Env/(MED

Deargo). Poau,hv TEpresents the battery output power in hover-
ing state and Py, cry in fixed-wing cruise state. Eyy represents
the hovering duration, g the acceleration of gravity.
L/D is the cruising-state lift-drag ratio of the tilt-wing air-
craft. np represents the propeller efficiency in cruising state,
Spep represents the overall thrust efficiency of all propellers
and rotors in DEP during hovering (state 1), whereas ngp the
electric drive efficiency. The above formula shows that the
cruising speed has no impact on the delivery cost, and
the main measure to reduce the delivery cost is to increase
the values of Mcargo, L/D, np, and Spgp.

B. DESIGN PARAMETERS

In this study, the parameters used for the tilt-wing cargo
unmanned aircraft optimization can be divided into three
categories, namely the wing design parameters ¥ ;,,, DEP
design parameters Y¥pgp, and operation control parame-
ters ¥ .. Among them, the wing design parameter ¥ ;no
equals to {Sw, Xw, {w» bw, Ow }, Where Sy, is the wing reference
area, x the sweep angle, ¢, the tip root ratio, b the wingspan,
and 6y, the wing installation angle. DEP design parameter
Vpep equals to {Dp, Dr, Nr, NE, NR, pb, pE, R, pR},
where Dp represents the diameter of the wingtip propeller,
Dg the rotor diameter, Ng the rotor number. le represents
the blade number of the propeller while Ng2 that of the rotor.
pQP, pf, pgR, PR c are the characteristic coefficient sets in the
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fourth-order Bezier curve used to describe the distribution of
propeller/rotor chord length and twist angle [66], e.g., pg =
(5,92 P g Ph s P 9> Pl gls PE = [P e P} o P5 oo P o P s
as shown in (21). The operation control parameter ¥ . equals
to {®, Mal., MaR}, where ® is the thrust allocation ratio
between the wing-mounted propellers and rotors, Ma. and
MaR. represent the blade tip Mach number of the propellers
and the rotors during the minimum speed flight (state 5),
respectively.

4
Op(r) =) prg(1=r)r

i=0

4
cp(r) = Zpgc 1—-r'r 21)
i=0

For the unmanned tilt-wing aircraft performing a cargo-
delivery task, the typical ranges of the above parameters are
listed in Table 2, in which, Sp is the wing area benchmark
determined by the takeoff weight and typical wing loading
(50-60 kg/m2 for the unmanned cargo aircraft), and bg is
the upper limit of the wingspan which is determined by the

allowable space at the takeoff and landing sites.

TABLE 2. Range of design parameters.

Parameter Range Parameter Range
Sy (m?) 0.6S)- So Nr 2-8
20 (©) 0-20 N, 2-6
- 0.4-1 Ny 2-6
by, (m) 0.5b- by Pin Do -15-30
6y (°) -1-3 Pio Pl -0.53
Dp (m) 0.1b,-0.4b,, @ 0-0.8
Dy (m) 0.15,,-0.4b, Ma,, Ma, 0.1-0.7

In addition to the above parameters, the complete descrip-
tion of the tilt-wing aircraft should also cover the tail-
mounted rotor, tail, and fuselage. The tail-mounted rotors are
used to balance the aircraft in rotor mode. The number and
disk load are kept constant, but the diameter is adjusted based
on the selection of the wing-mounted propeller/rotor design
parameters. The fuselage geometric parameters, the verti-
cal tail geometric parameters, and the wing/tail installation
position are preset, and do not change during the optimiza-
tion process. Special attention should be given to the design
parameters of the horizontal tail, whose basic geometry is
fixed but the area and installation angle is adjusted using the
least drag principle based on the trimming requirement during
the cruise state.

C. CONSTRAINTS

Constraints that need to be met during the optimization design
process include the following: 1) Flight safety constraints:
The overall forces and moments on the aircraft in each flight
state is required to meet the safe operation demand, that is,
Fy > 0, F, > 0, My = 0; 2) Space interference con-
straint: The distance between the tips of propellers and rotors
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is required to be greater than 0.1 times the propeller/rotor
radius; 3) Blade tip Mach number constraint: The tip Mach
number of each propeller/rotor does not exceed 0.7 in any
operating state; 4) Cargo mass constraint: The cargo mass
must be positive; 5) Noise constraint: The average noise
under hovering state must be lower than the given threshold.

D. OPTIMIZATION IMPLEMENTATION

The proposed optimization problem can be summarized as
in (22), where m is the design space dimension, X is the
collection of solutions that satisfy all constraints. Based on
the mathematical and physical model described in Section II,
a detailed process to solve the problem is constructed,
as shown in Fig. 9. This process includes five major parts,
namely the global preprocessing, sample preprocessing, oper-
ating state analysis, utility evaluation, and genetic algorithm
optimization.

V —minJ (¥ ying, ¥pep: ¥e) = [/> _Jcost]T
s.t. [¥ying> YpEP, ¥l € X
X CR" 22)

The global pre-processing only runs once during the entire
optimization process. Its main functions include 1) assigning
the top-level design requirements to each boundary operating
state, 2) establishing the viscous aerodynamic database for
the wing airfoil and propeller/rotor airfoil under different
Reynolds numbers, 3) establishing the trim database for the
horizontal tail with the different tail area and installation
angles using the nonlinear VLM.

The sample pre-processing part is executed for each design
sample, which adaptively generates the wing calculation grid,
and converts the propeller/rotor design parameters into the
detailed chord length and torsion angle distribution.

Operating state analysis is the major part of the opti-
mization process, which is use to 1) determine the cruise
speed, the tail area and installation angle according to the
VLM results in the cruise state; 2) solve the cruise-state
propeller rotatory speed and aerodynamics using oblique
BEMT method and Newton iteration method; 3) recalcu-
late the wing load distribution with propeller slipstream as
necessary input, and update the propeller-absorbed power;
4) solve the propeller/rotor rotatory speed and correspond-
ing aerodynamics in states 1, 2, 3, 4 according to the trim
requirements using oblique BEMT method, Newton iteration
method, and nonlinear VLM; 5) solve the propeller/rotor
slipstream distribution in state 5 with given propeller/rotor
blade tip Mach, and calculate the lift distribution on the wing
with nonlinear VLM, and output the overall lift coefficient;
6) determine the powertrain power and mass using the pro-
peller/rotor absorbed power obtain in each flight state, and
calculate the wing mass using the wing engineering beam
method.

The utility evaluation is used to conduct the noise moni-
toring, stall judgement, and to complete the final evaluation
of the delivery efficiency and delivery cost. The calculation

137875



IEEE Access

G. Chen et al.: Comprehensive Optimization of the Unmanned Tilt-Wing Cargo Aircraft With Distributed Propulsors

Global

Local

Utility

Operating state timizati
l:l initialization [ initialization ] analysis I:l evaluation l:l Op 1mization
; Prop/rotor airfoil Wing/tail airfoil s . .
Multi-state - : N Tail trim Wing adaptive
generatlng > ae:‘i(;(ggglaasrglc > aeat;(tlg/l;lae'lsrglc database > mesh generation <
I ] I l
| 1¢ L 28— e
Determine cruise | Nonlinear . . ctermine Propeller/rotor
velocity using | €— VLM: [« BEMFSI;éteC ruise iiﬁjﬁﬂn prop/rotor thrust < ggneration g
L=W. | cruise state n Stlate 1 =
L
| ! v v 55
g
Determine wing I Determine tail Determine total Determine wing <S—| d é
load distribution: 1— area and install —3 drag in cruise load distribution: BEMT: State 1 | ;P55
cruise state I angle state state 1 L1
I
_____,|____d_______,i ________ l
I h 4

Nonlinear

. « - % Determine Wing mass Noise
BEMT: State 5 > g’ LMé powertrain power: analysis monitering
tate cruise state d
I g
tSpeed iterationJ l ;Speed 1terauon—| = g
Determine . Nonlinear Determine % §
powertrain Stall judgment —3 VLM: » prop/rotor thrust » BEMT: State 2 o &
power: State 3 State 2 in state 2 BE,
B . A | £ 0
l ;Speed neratlon—l - o o o - 8
Nonlinear Determine Nonlinear Determine
VLM: BEMT: State 3 «—— prop/rotor thrust VLM: < powertrain
State 4 in state 3 State 3 power: State 2 —
I
Speed iterationm - =
v v 1 — +—l ~Convergense:
Determine etermine ; -
prop/rotor thrust » BEMT: State 4 —¥»  powertrain > po‘lﬂ?::ggalrrlgass > P::‘;(ilrlr;?gge ¢
in state 4 power: State 4

FIGURE 9. Optimization implementation process.

samples are initially set by the Latin hypercube method [67]
and then updated using the multi-objective genetic algorithm
(MOGA) [68]. The design constraints are checked at each cal-
culation step. When the historical best utility value converges,
the optimal design is obtained.

IV. CASE STUDY

In this section, the optimization of a 200-kg tilt-wing cargo
aircraft was carried out using the method proposed. The air-
craft is used to perform a 100-km cargo distribution task. The
specific factors affecting the optimization results are studied.
The detailed mechanism by which these factors affect the
results is also discussed.

A. DESIGN REQUIREMENTS

The tilt-wing cargo aircraft studied herein is equipped with
two sets of wingtip propellers, two sets of tail rotors, and
NR sets of rotors (N = 2,4,6,8,...), which is used to
perform the rapid delivery task from the central warehouse
to the regional distribution center. The total take-off mass is
200kg, the delivery distance is 100kM, the cruising altitude is
150m, and the maximum hover duration is set as 5 minutes.
The wing of the aircraft adopts GAW-1 airfoil, the tail
adopts NACA 0012, and the propeller/rotor adopts the NACA
16-series airfoils. To reduce the number of design parameters,
the wing is set as a straight wing without swept back, and the
wingspan is limited to 8m to meet the landing site restrictions.
The flaps are placed on the inside of the wing, which accounts
for 50% and 25% in wingspan and wing chord, respectively,
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and the flap declination is set as 20° in state 5. Table 3 lists
the aircraft performance requirements in each flight mode

(FW: Fix-wing; RT: Rotor; TS: Transition). Other input

parameters can be found in Table 4.

TABLE 3. Design requirements in each flight mode.

Design requirement Unit Value
RT mode: hovering duration min 35
FW mode: Minimum speed m/s 20
FW mode: Cruise altitude M 150
FW mode: Maximum speed m/s 45
TS mode: Cessation speed m/s 25
TABLE 4. Other input parameters.
Input parameter Unit Value
Avionics mass fraction - 0.08
Other structural mass fraction - 0.25
Electric drive maximum voltage Volt 315
Electric drive efficiency - 80%
Battery power density Wikg 2000
Battery energy density Wh/kg 250

B. OPTIMIZATION RESULTS

Based on the optimization process illustrated in Fig. 9, the
design optimization of the tilt-wing cargo aircraft was carried
out with Nr = 2, 4, 6, and 8, respectively. The parameters
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TABLE 5. The values of optimal design variables and the corresponding main performance.

NR:2 NR =4 NR =6 NR =8
Item DEP DEP DEP DEP DEP DEP DEP DEP
OFF ON OFF ON OFF ON OFF ON

Wing area (m”) 4.09 3.71 4.09 3.45 4.09 3.27 4.09 3.18
Propeller diameter (m) 1.58 1.79 1.61 1.35 1.48 1.50 1.57 1.67
Propeller blade number 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Rotor diameter (m) 2.47 2.37 1.25 1.31 0.86 0.86 0.64 0.63
Rotor blade number 4.00 4.00 4.00 4.00 4.00 4.00 3.00 4.00
Propeller blade tip Mach in ) 038 _ 031 ) 0.20 ) 013
State 5
Rotor blade tip Mach in State 5 - 0.34 - 0.42 - 0.40 - 0.49
Thrust allocation ratio 0.75 0.71 0.75 0.78 0.71 0.71 0.60 0.70
Tail area (m®) 0.7 0.66 0.7 0.63 0.7 0.60 0.7 0.62
Tail installed angle (°) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Tail rotor diameter (m) 0.481 0.48 0.481 0.481 0.48 0.481 0.481 0.482
Cruise speed (m/s) 29.93 31.16 29.92 32.08 29.89 32.85 29.93 33.35
Wing lift-drag ratio 30.58 33.32 30.68 35.76 30.64 37.23 30.66 37.91
Overall lift-drag ratio 14.42 14.36 14.44 14.30 14.44 14.13 14.42 13.98
Propeller efficiency 80.7% 81% 80.9% 80.8% 80.2% 80.1% 80.5% 81.1%
Overall thrust efficiency 6.7 6.71 6.04 6.06 5.21 5.22 425 424
(kg/kw)
Delivery efficiency (kg/h) 43.66 51.74 46.38 52.84 41.17 52.79 43.38 48.97
Delivery cost (kwh/kg) 0.362 0.303 0.331 0.312 0.391 0.335 0.369 0.364
Noise (dB) 61.90 60.30 61.44 62.76 62.88 63.15 60.07 64.29

of the MOGA were set to the same in each case, in which —e e g —-i R,

the initial population size was set to 200, the crossover rate _ - B Bl

was set to 0.8, the mutation rate was set to 0.03, and the Euo I b "-45;{ Sl T 03755

maximum evolutionary generation was set to 200. The cor- T30 04

responding DEP-off cases that neglect the slipstream effect éfg 1‘_‘\; """"" 035§

were selected as a control group to show the impact of DEP. % 03

The optimization processes are presented in Fig. 10, whereas
the optimization results are shown in Table 5, Fig. 11, and
Fig. 12. Significant differences can be found in both design
parameters and aircraft performance between the DEP-open
cases and DEP-off cases. With DEP turned on, the wing area
can be reduced by 9.1%, 15.6%, 19.9%, 22.3% for Nr = 2,4,
6, and 8, respectively, whereas the cruise speed increased by
4.1%, 7.2%, 9.9%, 11.4%, delivery efficiency increased
by 18.5%, 13.9%, 28.2%, 12.9%, and Delivery cost reduced
by 15%, 4.7%, 13.9%, and 1.3%. The results fully prove the
application potential of DEP in improving delivery efficiency
and decreasing delivery costs.

Howeyver, the DEP benefit is also different for the four
DEP-on cases, in which the delivery cost is sorted by
JNR=2 o gNR=4 g NR=6 Jé\(])‘;t: 8 the delivery efficiency
is sorted by JyR=2 < JYR=2 o gWVR=6  WR=AGhereas
the noise level is sorted by Né\ng < N(ll\g‘:4 < Né\g‘:6
Né\g‘:S. The delivery cost and noise are both lowest when
Nr = 2, but the delivery efficiency is the highest when
NRr = 4. However, the performance differences between the
two cases are relatively small (within 3%), so both can be
taken as the final optimized design scheme.

<
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FIGURE 10. Optimization process.

C. ANALYSIS AND DISCUSSION

In this section, a detailed analysis of the preceding calculation
examples is performed to reveal the reasons for these results
and find out the design principles of the tilt-wing cargo
aircraft using DEP system.

1) DRAG REDUCTION CAUSED BY WINGTIP PROPELLER
During the fixed-wing flight, the wingtip vortex generated

by the pressure difference between the upper and lower wing
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FIGURE 11. Optimization results: Comparison between DEP-on and
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FIGURE 12. Optimization results: rotor chord distribution determined by
fourth-order Bezier curves. For example, in DEP-on cases, when Ng = 2,

pR = [-0.0066, 0.0287, 0.233, 0.0453, 0.0575]. Twist angle distribution is

optimized in the same way, though not presented.

surfaces is an important source of induced drag. The wingtip
propeller can effectively suppress the vortex by inboard-up
rotation, thereby effectively reducing the induced drag. The
propeller slipstream can also increase the wingtip dynamic
pressure, and thus can increase the lift. Such aerodynamic
benefit can be found in all optimized design results, as shown
in Fig. 13. Compared with the propeller-off state, when the
wingtip propeller is turned on, the wing lift-drag ratio is
increased by 5.77%, 6.65%, 6.2%, 5.43% for Np = 2, 4,
6, 8, respectively, whereas the lift-drag ratio of the entire
aircraft increased by 2.93%, 3.35%, 2.94% and 2.37%. The
rotating speed, thrust, and absorbed power of the propeller is
determined by the drag during cruise flight, so the above aero-
dynamic benefit can be achieved without additional power,
which is of great significance for improving cruise efficiency.

2) LIFT INCREASE CAUSED BY DEP WAKE
In the minimum-speed flight state, propellers and rotors in
DEP are operated at the specified speed set by the input
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FIGURE 13. Local C; distribution along the wingspan in cruise state.

blade-tip Mach number. The axis flow of the propeller/rotor
wake greatly accelerates the airflow on the upper and lower
wing surfaces, increases the incoming dynamic pressure,
whereas the tangential flow changes the inflow angle of
attack. The nonlinear VLM results illustrate that the inter-
action of wake and wing has some obvious benefit for the
lift increase, as shown in Fig. 14. The wake-induced lift
increase is highest (25.6%) when Ng = 8§, and gradually
weakened as NR decreases, which is 22.3%, 16.7%, and
9.1% for Nk = 6, 4, and 2, respectively. The dynamics
pressure increase is the dominant factor for the increase in
wake-induced lift. Theoretically, the dynamics pressure at
small Mg can be further increased, but due to the larger
disk area, the slipstream field is more dispersed compared
with that at high Ng, which means the price paid (i.e.,
power) to increase the dynamic pressure is high that may
lead to the rapid deterioration in delivery efficiency and
delivery costs. In contrast, small-diameter DEP with high Ng
is more efficient in wake generation, which is also why the
DEP on fixed-wing aircraft like NASA X-57 takes a small
diameter.

The wake-induced lift increase in minimum-speed flight
(state 5) reduces the wing size required for safe flight, and
induces some changes in cruise state and lift-drag character-
istics, as shown in Fig. 15. For a given wingspan, a smaller
wing area corresponds to a larger wing aspect ratio AR
(i.e., AR = 17.2 for Nr = 2, AR = 20.2 for Nx = 8),
which also means a larger wing lift-to-drag ratio and smaller
wing cruise drag. However, to maintain the aircraft balance
with a smaller wing area in the cruise state, higher cruise
speed is required. Such a higher cruise speed will bring a
significant increase to the drag of the non-lifting components
(such as the fuselage and vertical tail, which contributes 60%
of the total drag), and will inhibit the benefit of wing lift-to-
drag ratio improvement on the overall aircraft aerodynamics.
For the above reason, although the wing drag at Np = 2
is 12% lower than that at Ng = 8, the total aircraft drag is
2.7% higher.
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FIGURE 15. Comparison in cruise speed and cruise aerodynamic

characteristics at Ng = 2, 4, 6, and 8. All drag values are divided by the
corresponding drag in the N = 2 case to normalize.

3) IMPACT OF DEP ON POWER SYSTEM DESIGN

To reduce the maximum design power and mass of power sys-
tem, the propeller/rotor thrust efficiency should be improved
as much as possible under high-power demand states like
states 1, 2, 3. The DEP scheme with high Nr has an absolute
advantage in the lift increase in state 5, but is at an absolute
disadvantage in thrust efficiency during the flight in states 1,
2,3 (see Fig. 16). Although the hovering thrust efficiency and
cruise propulsion efficiency of wingtip propellers are close in
Nr = 2, 4,06, 8 cases, the values of rotor thrust efficiency are
significantly different. Such differences are mainly caused by
the difference in the rotor diameter. Once the thrust demand
is set, the large the rotor diameter, the greater the potential for
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FIGURE 16. Propeller and rotor performance at Ny = 2, 4, 6, and 8.

optimization, which means the higher rotor thrust efficiency
can be achieved. Since the rotor thrust accounts for more
than 70% of the total wing-mounted propeller/rotor thrust,
the rotor thrust efficiency order determines the sequence
of the overall DEP thrust efficiency (ng‘gz > nﬁ‘éﬁ >
ng*;;ﬁ > ng%?g). The total mass of electric drives, propellers,
and rotors follows the reverse order, which is lightest when
Nr = 2, and heaviest when Ng = 8.

The battery mass is determined by both the power con-
straint and energy constraint. The order of the battery mass
of the four DEP-on cases under power constraint is consistent
with the sequence of other power transferring components,
ie., M{)\;‘;}z < MII)\;I:t,_}’4 < M]ﬁft}ﬁ < Mé\g‘;} . The energy-
constrained battery mass, on the other hand, is analyzed
in two parts: the battery mass corresponding to the energy
required in hovering state (state 1) is proportional to the
operating power since the operating duration is fixed; the
battery mass corresponding to the cruise energy is determined
by the propeller propulsion efficiency #p, aircraft lift-to-drag
ratio L/D, electric drive efficiency ngp, and battery energy
density ppar,E as in (22). Note that the battery mass required
in the cruise state has nothing to do with cruise speed Vcpy,
which is very important.

cr
Mbaltlt,E = Ppatcru?/ Poatt.E
Wro - Vers  Deargo W10 - Deargo

(L/D) npnED PoaeVern  (L/D) NPNED PoareE
(23)

Based on the above analysis and the values of np (81%,
80.8%, 80.1%, 81.1% for Nr = 2, 4, 6, 8, respectively) and
L/D (81%, 80.8%, 80.1%, 81.1%), the energy-constrained
battery mass is sorted by Mﬁg‘; E2 < M{)\th’:; < M{,\;ft’:; <
Mgg‘:;g. Since this order is consistent with the sequence of
the power-constrained battery mass, the overall battery mass
. Np=2 Nr=4 Nr=6 Nr=8
is also sorted by M, ™~ < My~ < My < My -
In terms of the overall power system design which includes
the electric drives, propellers, rotors, and batteries, the

Nr = 2 scheme is lightest, and Ng = 8 heaviest. This result
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shows that, benefit from the high DEP efficiency and low
overall cruise drag, the design scheme with Ng = 2 has the
most prominent development advantages in reducing power
system mass and energy consumption.

4) IMPACT OF DEP ON WING MASS

The structural mass of the wing is an important factor affect-
ing the utility of tilt-wing cargo aircraft, and it also sig-
nificantly changes as design parameters vary. Among the
four optimized DEP-on schemes, the lightest wing mass is
achieved when Ngr = 8, which is only 87.4% of the wing
mass at Ngr = 2. The values of the wing mass at Ng = 4 and
NRr = 6 locate between the former two, which is 92.1% and
89.6% of the Nr = 2 wing mass, respectively. The wing mass
reduction caused by the NR increase is due to the following
reasons: 1) The DEP system helps to reduce the load-bearing
structural stress in the hovering state (state 1), and the more
divergent the DEP (the greater the NR), the lower the struc-
tural stress; 2) For the given external force distribution,
the moderate reduction of the chord length plays a positive
role in reducing the wing structural mass as in (13), whereas
the greater the NR, the smaller the wing chord length. The
above improvement of structural efficiency is another impor-
tant role of applying the DEP.

5) IMPACT OF DEP ON DELIVERY EFFICIENCY AND COST
According to the definition in (19), delivery efficiency J; is
proportional to cruising speed V¢ry and cargo mass Mcargo,
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FIGURE 19. The ratio of power system mass, wing mass, and cargo mass
to the total mass of the three parts (Ng = 2, 4, 6, and 8).

and inversely proportional to delivery distance Dcyreo. For
the four DEP-on schemes, the cruising speed is sorted by

MR=2 _ yMe=t _ yMR=6 _ yMR=8 (ee Fig. 15). The
order of cargo mass is determined by the power system mass
and wing mass, as shown in Fig. 17. The NR increase helps
to improve the wing structural efficiency, but also greatly
increases the power system mass, which makes the N = 8
scheme with highest wing structural efficiency correspond
to the lightest Mcago. The final delivery efficiency order
depends on the product of Very and Mcargo, as shown by the
black line in Fig. 18. The Ng = 2 scheme (with the highest
M argo and lowest Vi) and the N = 8 scheme (with the
highest Vry and lowest Mcargo) significantly lag the more
compromised Nk = 4 and N = 6 schemes in delivery
efficiency.

The delivery cost Jeost has nothing to do with the cruise
speed. It is inversely related to the cargo mass Mcargo,
the cruise lift-to-drag ratio L/D, the propeller propulsion
efficiency np, and the overall DEP thrust efficiency npgp.

The delivery efficiency J; can be improved by reducing
the wing area and increasing cruise speed, but the only way
to improve the delivery cost is to increase L /D, np, and npgp.
Considering the order of L /D, np, and npgp, the delivery cost
is the highest when Ng = 8 and the lowest when N = 2.
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6) IMPACT OF DEP ON NOISE

The increase of NR in the DEP system has an adverse effect on
the overall noise level of the optimal design point, as shown
in Fig. 19. The noise of the optimal design point is about
60.3dB when Ng = 2, and increases to 64.29dB for Ng = 8.
This rule is very different from the application experience
of DEP for the noise reduction in the field of fixed-wing
aircraft.

The main reason for this difference is that the DEP applied
for fixed-wing aircraft is only used to generate the wake
during minimum-speed flight. The larger the NR, the smaller
the rotor disk, and the higher the efficiency of slipstream
generation, so the absorbed power and noise for the same
level of slipstream can be greatly reduced. However, the tilt-
wing aircraft case is very different. In addition to generating
the wake, the DEP in tilt-wing aircraft should also meet the
high thrust requirements in states 1, 2, 3. The greater the Vg,
the lower the thrust efficiency, which increases the absorbed
power and rotatory speed of propellers and rotors to produce
the same thrust, and the noise increases consequently. There-
fore, the noise level also constitutes an important constraint
for the upper limit of the rotor number in the DEP during the
tilt-wing cargo aircraft optimization.

V. CONCLUSION

In this work, an aerodynamic, propulsion, noise, weight
integrated optimization design method was established
for the emerging unmanned distributed-propulsor-equipped
tilt-wing cargo aircraft. The method consists of a series
of mathematical-physical models specially developed or
adjusted for the new aircraft, which can comprehensively
consider the impact of the propeller/rotor optimization,
noise evaluation, propeller/wing interference, and aerody-
namic/structure coupling on the design process at the initial
stage, thereby translating the top-level design requirements
into the optimal design parameters.

The case study reveals the significant impact of the above-
mentioned factors on the design results and the importance
to comprehensively consider aerodynamic, propulsion, noise,
weight control at the initial design stage. The optimiza-
tion result shows that the DEP and wing interaction pro-
vides the possibility to further improve the performance of
the unmanned tilt-wing cargo aircraft. Compared with the
DEP-off state, when DEP is turned on, the delivery efficiency
can be increased by up to 28.2%, whereas the delivery cost
can be reduced by up to 15%. The wingtip vortex suppres-
sion caused by the inboard-up rotating propeller can increase
the maximum lift-drag ratio of the wing by 5.43%-6.65%;
Increasing the number of rotors while reducing their diame-
ter effectively improves the slipstream generation efficiency
of the DEP, but reduces its overall thrust efficiency and
increases its total noise. To maximize the overall efficiency,
it is necessary to strike a balance between the DEP slipstream
generation efficiency and DEP overall thrust efficiency when
optimizing the tilt-wing cargo aircraft.

VOLUME 8, 2020

The proposed method fully considers the influence of the
above factors at the initial design stage, and thus can be
used to obtain a reasonable and balanced optimization design
result with acceptable calculation cost, which provides a
benchmark for the further design and analysis at the next
design stage. This work provides a reference for the future
optimization and design of the unmanned tilt-wing cargo
aircraft with distributed propulsors.
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