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In this paper, a comprehensive optimization approach is presented to analyze the aerodynamic, acoustic, and stealth characteristics
of helicopter rotor blades in hover flight based on the genetic algorithm (GA). The aerodynamic characteristics are simulated
by the blade element momentum theory. And the acoustics are computed by the Farassat theory. The stealth performances are
calculated through the combination of physical optics (PO) and equivalent currents (MEC). Furthermore, an advanced geometry
representation algorithm which applies the class function/shape function transformation (CST) is introduced to generate the airfoil
coordinates.This method is utilized to discuss the airfoil shape in terms of server design variables. The aerodynamic, acoustic, and
stealth integrated design aims to achieve the minimum radar cross section (RCS) under the constraint of aerodynamic and acoustic
requirement through the adjustment of airfoil shape design variables. Two types of rotor are used to illustrate the optimization
method. The results obtained in this work show that the proposed technique is effective and acceptable.

1. Introduction

The application of the acoustic and radar stealth technology
to helicopter rotors has greatly enhanced the battlefield
survivability and the combat effectiveness of helicopters [1].
Research on this technology has always been considered
and explored by many different countries. The most effective
way to improve the helicopter rotor noise and radar stealth
abilities is to reduce their aerodynamic noise and radar
scattering characteristics [2–4]. On the one hand, aerody-
namic noise is one of the main noise sources of helicopter
rotors, including thickness noise, loading noise, and high-
speed impulse (HSI) noise.Thickness noise and loading noise
belong to the subsonic linear sources, while the helicopter is
flying at a low speed [5].TheHSI noise is a particularly intense
and annoying noise generated by the helicopter rotor in the
high-speed forward flight.Thenoise is closely associated with
the appearance of transonic and supersonic flow around the
advancing blades [6]. The prediction of the aerodynamic
noise can help or indicate actions or modifications of the
designs to reduce the rotor noise. On the other hand, the

radar stealth performance is also one of the essential indexes
of helicopter rotor design, and acquiring the high-precision
response characteristics of RCS is the key in the stealth design
of a helicopter rotor [7–9].

In the past few decades, the aerodynamic noise of the
helicopter rotor has been calculated by a great number of
researchers. A lot of numerical algorithms were proposed
based on various solutions of FfowcsWilliams and Hawkings
(FW-H) equation [10–12]. Farassat 1, 1a, andKirchhoff formu-
lation were the most popular. Varieties of methods have also
been utilized to compute the RCS of helicopter rotor in the
past, such as Physical Optics, Equivalent Currents, Moment,
Finite-Difference Time-Domain, and Quasi-Stationary [13–
15]. The aerodynamics of helicopter rotor play an essential
role in most of the disciplines in helicopter design. There
are two common approaches to rotor aerodynamic perfor-
mance design. One is the experimental method, and the
other is the numerical method. The numerical methods, the
vortex method and the blade element method, have been
commonly utilized in recent years due to their accuracy and
convenient implementation [16, 17]. In the modern armed
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helicopter rotor design, the aerodynamic, noise, and stealth
characteristics should be considered simultaneously.Thereby,
the comprehensive analysis about the aerodynamic, noise,
and stealth characteristics of helicopter rotor is a challenging
multidisciplinary design optimization (MDO) task with great
practical value [18].

Currently, the integrated analyses about the aerodynamic
and noise optimization, as well as the aerodynamic and
stealth optimization of rotor, are discussed in some academic
works. In [19], the aerodynamic and acoustic optimization of
the rotor blade tip shape is studied with the genetic algorithm
based on the Kriging model in detail. The AH-1/OLS rotor
is utilized in this study to accomplish the optimization
with the aerodynamic performance as a constraint with the
minimization of the absolute sound pressure peak value
taken as an objective function. Satisfying results are obtained
in the optimized simulations. Jiang et al. [20] applied the
surrogate model to investigate the integrated optimization
analyses of the aerodynamic and stealth characteristics of
helicopter rotor. The integration design method proposed by
Jiang et al. consists of three modules, including the integrated
grids generation, the aerodynamic and stealth solver, and the
integrated optimization analysis. By choosing suitable object
function and constraint condition, the compromised design
about the rotor with high aerodynamic performance and
low RCS has been achieved from the numerical simulations.
In fact, few papers focus on the comprehensive analysis
regarding the aerodynamic, acoustic, and stealth design of the
advanced helicopter rotor.

The airfoil shape which significantly affects the aerody-
namic, acoustic, and stealth of helicopter rotors is usually
considered as a separate problem [21]. In this study, an
advanced geometry representation algorithm which utilizes
the CST method is adopted to consider the airfoil shape. The
superiorities of the CSTmethod are of high accuracy and few
design variables are utilized in the geometry representation.
To acquire a highly efficient computational method that can
be utilized in the MDO design of the rotor, a comprehensive
design method based genetic algorithm is proposed to inves-
tigate the aerodynamic, acoustic, and stealth of the rotor. First
of all, the airfoil shape of the initial rotor is parameterized
by utilizing the CST method. On this basis, the aerodynamic
characteristics in hover of the rotor are simulated by the
blade element momentum theory. The aerodynamic noise
of the rotor is calculated by the Farassat 1a formula. The
stealth characteristics of the airfoil shape are computed by
the method of PO. Then, by choosing the suitable objective
function and the constraint condition about the synthesized
aerodynamic, noise, and RCS characteristics, the rotor with
high aerodynamic performances, low sound pressure level,
and low scattering characteristics is designed through the
comprehensive analysis.

2. CST Method for Airfoil Shape
Parameterization

TheCST method was proposed by Kulfan and Bussoletti [23]
based on the analytical expressions to represent varieties of
shapes with relatively few design variables. The components

of the expression are “class function” and “shape function.”
Each airfoil shape can be defined by the formula

𝑦 = 𝐶 (𝑥) ⋅ 𝑆 (𝑥) + 𝑥 ⋅ Δ𝑦𝑡𝑒 (1)

where 𝐶(𝑥) denotes the “class function,” 𝑆(𝑥) refers to the
“shape function” 𝑥 ∈ [0, 1], and Δ𝑦𝑡𝑒 is the trailing-edge
thickness.

For the upper and lower surface of the airfoil, one has

𝑦𝑢 = 𝐶 (𝑥) ⋅ 𝑆 (𝑥) + 𝑥 ⋅ Δ𝑦𝑡𝑒,𝑢 (2)

𝑦𝑙 = 𝐶 (𝑥) ⋅ 𝑆 (𝑥) + 𝑥 ⋅ Δ𝑦𝑡𝑒,𝑙 (3)

where 𝑦𝑢 is the curve coordinates of the upper surface of
airfoil, 𝑦𝑙 means the curve coordinates of lower surface of
airfoil, Δ𝑦𝑡𝑒,𝑢 refers to the trailing-edge half-thickness of
upper surface of airfoil, and Δ𝑦𝑡𝑒,𝑙 means the trailing-edge
half-thickness of lower surface of airfoil.

The “class function” is shown by the formula

𝐶 (𝑥) = (𝑥)𝑁1 ⋅ (1 − 𝑥)𝑁2 , 0 ≤ 𝑥 ≤ 1 (4)

The values of 𝑁1 and 𝑁2 control the overall shape of the
parameterization, and𝑁1 = 0.5,𝑁2 = 1 in this paper.

The “shape function” can be given by the linear combina-
tion of Bernstein polynomials, that is,

𝑆 (𝑥) = 𝑁𝑏∑
𝑖=0

𝐴 𝑖 ⋅ 𝐵𝑖 (𝑥) (5)

in which

𝐵𝑖 (𝑥) = (𝑁𝑏𝑖 ) 𝑥𝑖 (1 − 𝑥)𝑛−𝑖 (6)

𝐴 𝑖 is the Bernstein coefficient, and 𝑁𝑏 refers to the degree
of polynomials. Using (2) and (3), any airfoil shape can be
parameterized easily.

Substituting the point 𝑥𝑖 ∈ [0, 1] into (2) and (3), one can
obtain 2𝑁𝑏 + 2 unknown coefficients 𝐴 𝑖 and Δ𝑦𝑡𝑒,𝑢, Δ𝑦𝑡𝑒,𝑙 by
solving a system of algebraic equations. These coefficients are
also the design variables of the airfoil. The “NACA 0012” and
“ONERAOA213” airfoils are selected to verify the correctness
of the CST method. Figures 1 and 2 present the airfoil
geometry with the usage of the CST method.

3. Numerical Methods

3.1. Blade Element Momentum Theory. The blade element
momentum theory is a combination of the momentum
theory and the blade element theory. In thismethod, the rotor
blades are divided into a number of independent elements
along the length of blade. For each section, the momentum
theory is the control volume theory, and the blade element
theory is the summation of the sectional thrust and torque
as computed by the sectional lift and drag coefficient of the
airfoil.



Mathematical Problems in Engineering 3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Initial airfoil
Parameterized airfoil

−0.08

−0.06

−0.04

−0.02

0

0.02

0.04

0.06

0.08

Figure 1: NACA 0012 airfoil representation.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Initial airfoil
Parameterized airfoil

−0.04

−0.02

0

0.02

0.04

0.06

0.08

0.1

Figure 2: ONERA OA213 airfoil representation.

The thrust and the torque according to the momentum
theory are as follows:

𝑑𝑇 = 2𝜌 (2𝜋𝑟 ⋅ 𝑑𝑟) (𝑉0 + V1) V1 (7)

𝑑𝑀 = 4𝜋𝜌𝑟3V1𝑏Ω ⋅ 𝑑𝑟 (8)

where 𝑑𝑇 is the element thrust, 𝜌 denotes the fluid density,
V1 refers to the induced velocity at the disc, 𝑉0 means the
reference upstream velocity, 𝑉0 = 0 is in the hover flight,𝑟 is the local element mean radius, 𝑑𝑟 is the radial length
of each ring, 𝑑𝑀 denotes the element torque, 𝑏 means
the tangential induction factor that expresses the change in

tangential velocity, and Ω is the angular velocity of the rotor
[24].

By the blade element theory, the aerodynamic lift and
drag forces on the airfoil are expressed by the formula as
follows:

𝑑𝑌 = 12𝐶𝑙𝜌𝑊2𝑐𝑑𝑟 (9)

𝑑𝑋 = 12𝐶𝑑𝜌𝑊2𝑐𝑑𝑟 (10)

where 𝑊 is the resultant fluid velocity, 𝑐 is the blade chord,
and the coefficients of lift (𝐶𝑙) and drag (𝐶𝑑) are input from
two-dimensional airfoil data from the Xfoil software. Then
the thrust and the torque according to the blade element
theory are obtained as follows [25]:

𝑑𝑇𝑘 = 12𝜌𝑊2𝑘𝑐 (𝐶𝑙 cos 𝜙 + 𝐶𝑑 sin 𝜙) 𝑑𝑟 (11)

𝑑𝑀𝑘 = 12𝜌𝑊2𝑘𝑐 (𝐶𝑙 sin 𝜙 − 𝐶𝑑 cos𝜙) 𝑟𝑑𝑟 (12)

where 𝑘 is the number of the blades and 𝜙 = arctan((𝑉0 +
V1)/𝑟Ω) denotes the inflow angle. Figure 3 shows the descrip-
tion of the airfoil.

Integrating (11) and (12) with the total blade, the total
thrust and total torque are given by

𝑇 = ∫𝑑𝑇𝑘 (13)

𝑀 = ∫𝑑𝑀𝑘 (14)

The thrust coefficient is

𝐶𝑇 = 𝑇
(1/2) 𝜌𝜋𝑅2 (Ω𝑅)2 (15)

in which 𝑅 denotes the radius of the disc.
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Figure 3: Blade element profile.

To solve the total thrust or the thrust coefficient, the
induced velocity V1 should be obtained first. Putting (7) and
(11) together, the induced velocity can be obtained with the
usage of the Newton iteration method.

3.2. Farassat Theory. Aeroacoustic analogy can be utilized
to investigate the problem of aerodynamic noise, and the
FW-H equation is adopted to calculate the free-field acoustic
noise. The FW-H equation is a reorganization of the Navier-
Stokes equations. The derivation of the FW-H equation uses
generalized function theory which is an elegant element
of mathematics. The most important characteristic of the
FW-H equation is that it can address acoustic propagation
generated from a moving surface. Since the influence of
quadrupole source is negligible for the low rotary speed blade,
the simplification form of the FW-H equation is given as
follows [12]:

( 1𝑐02
𝜕2𝜕𝑡2 − 𝜕2𝜕𝑥𝑖2)𝑝 (𝑥, 𝑡)

= 𝜕𝜕𝑡 [𝜌0𝑈𝑛𝛿 (𝑓)] − 𝜕𝜕𝑥𝑖 [𝐿 𝑖𝛿 (𝑓)]
(16)

with
𝑈𝑛 = 𝑈𝑖𝑛𝑖,
𝑈𝑖 = [1 − ( 𝜌𝜌0)] V𝑖 + (𝜌𝑢𝑖𝜌0 )

(17)

Equation (16) can be solved by the famous Farassat 1 and
Farassat 1a formulation in time domain [26]. Equation (16)
can be solved by utilizing the formulation of Farassat 1a,
which is given as follows:

𝑝 (𝑥, 𝑡) = 𝑝𝑇 (𝑥, 𝑡) + 𝑝𝐿 (𝑥, 𝑡) (18)

with
4𝜋𝑝𝑇 (𝑥, 𝑡)

= ∫
𝑆
[𝜌0 (�̇�𝑛 + 𝑈 ̇𝑛)
𝑟 (1 −𝑀𝑟)2 ]𝑟𝑒𝑡 𝑑𝑆

+ ∫
𝑆
[𝜌0𝑈𝑛 (𝑟𝑖�̇�𝑖 + 𝑐0𝑀𝑟 + 𝑐0𝑀2)

𝑟2 (1 −𝑀𝑟)3 ]
𝑟𝑒𝑡

𝑑𝑆
(19)

4𝜋𝑝𝐿 (𝑥, 𝑡)
= 1𝑐0 ∫𝑆 [

�̇�𝑟𝑟 (1 − 𝑀𝑟)2]𝑟𝑒𝑡 𝑑𝑆

+ ∫
𝑆
[ 𝐿𝑟 − 𝐿𝑀𝑟2 (1 −𝑀𝑟)2]𝑟𝑒𝑡 𝑑𝑆

+ 1𝑐0 ∫𝑆 [
𝐿𝑟 (𝑟�̇�𝑟 + 𝑐0𝑀𝑟 − 𝑐0𝑀2)

𝑟2 (1 −𝑀𝑟)3 ]
𝑟𝑒𝑡

𝑑𝑆

(20)

where 𝑝𝑇(𝑥, 𝑡) represents the thickness sound pressure,𝑝𝐿(𝑥, 𝑡) denotes the loading sound pressure, 𝜌0 and 𝑐0 are
the fluid and sound speed, respectively, 𝐿 represents the
aerodynamic pressure with 𝐿 𝑖 = 𝑃𝑖𝑗𝑛𝑗 + 𝜌𝑢𝑖(𝑢𝑛 − V𝑛), 𝑢𝑖
is the fluid velocity, and V𝑖 stands for the velocity of the
surface. The relative speed (𝑢𝑖 − V𝑖)=0 and 𝑈𝑖 are reduced
to 𝑈𝑖 = V𝑖 when the control surface is solid. 𝑀 represents
the local Mach number vector of source with respect to a
frame fixed to the undisturbed medium with components𝑀𝑖. And the subscript 𝑟 denotes projection onto the source
observer direction.The subscript𝑀 represents the projection
on theMach number vector. For a low speed rotor application
in this paper, monopole source is the dominant and dipole
source while quadrupole source is shown to be negligible.
Thereby, the thickness noise of the rotor would be taken into
consideration only.

3.3. RCS Method. The total RCS of the rotor could be
computed as the sum of surfaces and edges. The scattering
field of the surfaces and edges is calculated by PO and MEC,
respectively. The initial point of PO is the surface currents
produced by an incoming electromagnetic wave. To improve
the PO solution and take into account the diffraction by
edges, the MEC has been proposed by Michaeli [27]. The
MEC describes the source of the field in terms of fictitious
equivalent electric and magnetic currents along the edge.
Some necessary mathematical preliminaries of the PO and
MEC theory are given in the following sections [28, 29].

3.3.1. Physical Optics Method. Stratton and Chu [30] derived
an exact solution to the scattered field by applying the vecto-
rial analog of the Green theorem to the Maxwell equations.
These integral equations, as follows, do not usually have an
analytical solution.

𝐸
𝑠

= ∮
𝑆
[𝑗𝜔𝜇 (𝑛 ×𝐻) + (𝑛 × 𝐸) × ∇𝜓 + (𝑛 ⋅ 𝐸) ∇𝜓] 𝑑𝑆 (21)

𝐻
𝑠

= ∮
𝑆
[𝑗𝜔𝜉 (𝑛 × 𝐸) + (𝑛 ×𝐻) × ∇𝜓 + (𝑛 ⋅𝐻) ∇𝜓] 𝑑𝑆 (22)

where 𝜓 = 𝑒𝑗𝑘𝑅/4𝜋𝑅 is Green’s function of free space, 𝐸𝑠 and
𝐻
𝑠 are the scattered electric and magnetic field, respectively,
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Table 1: The main parameters of the rotor.

Total weight Rotor shape Number of blades Radius of blades Chord length of blades
9071.8kg Rectangle 4 9.144m 0.6096m
Rotor solidity Root cut ratio Negative twist Tip speed Airfoil shape
0.085 0.15 -10∘ 198.12m/s NACA 0012

Table 2: The comparison of the calculated results and the results in [22].

Results in Ref.[22] Calculated results
Thrust coefficient 0.01438 0.01485
Torque coefficient 0.00119 0.00122
Hover efficiency 72.45% 74.78%

𝐸 and 𝐻 stand for the total electric and magnetic fields,
respectively, 𝜇 and 𝜉 are relative permeability and permit-
tivity, respectively, 𝑛 denotes an outward surface normal
erected on the surface element 𝑑𝑆, and 𝜔 refers to the angular
frequency.

3.3.2. Method of Equivalent Currents. In this paper, simple
diffractions by edges are treated with the usage of the
formulation of equivalent currents proposed byMitzner [27].
The scattered field of the equivalent line can be written as

𝐸𝑑

= −𝑗𝑘𝜓0 ∫
𝑙
[𝑍0𝐼𝑒𝑠 × (𝑠 × 𝑡) + 𝐼𝑚𝑠 × 𝑡] 1

sin 𝜃𝑒−𝑗𝑘𝑟⋅𝑠𝑑𝑧
(23)

where 𝐼𝑒 and 𝐼𝑚 are equivalent line electrical and magnetic
currents, respectively, 𝑍0 denotes the impedance of free
space, 𝑘 = 2𝜋/𝜆 and 𝜆 are the wavelength, 𝑑𝑧 denotes
the length of ledge, 𝑡 represents the unit vector along edge
direction, 𝑠 is the unit vector along diffraction direction, and
𝑟means the position vector of reference point of target.

Solving (21), (22), and (23) numerically, the RCS of the
rotor can be obtained. And the solving process can be found
in [30].

After the RCS of 𝑛 face elements and𝑚 edges of the rotor
are calculated, the total RCS of the target can be acquired as
follows:

𝜎 =

𝑛∑
𝑖=1

(√𝜎𝑓)𝑖 +
𝑚∑
𝑗=1

(√𝜎𝑠)𝑗

2

(24)

where 𝜎𝑓 is the RCS of rotor surface obtained by PO and 𝜎𝑠
denotes the RCS of rotor edges obtained by MEC.

4. Results and Discussions

4.1. Test Case. In the aerodynamic case, the rotor of [22]
is selected to verify the effectiveness of the blade element
momentum theory in hover. The parameters of the rotor are
displayed in Table 1.

Table 2 shows the calculated aerodynamic characteristics,
including the thrust coefficient, the torque coefficient, and the
hover efficiency. FromTable 2, one canfind that the calculated
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Figure 4: The comparison of the calculated results and WOPWOP
code results.

results are in good agreement with the results in [22]. It has
been demonstrated that the approach is suitable for solving
the aerodynamic characteristics of rotor.

In the aerodynamic noise case, the Farassat 1a is utilized
to compute the thickness noise and the loading noise of the
Caradonna-Tung rotor (C-T rotor) (parameters of the C-
T rotor are shown in Table 3), and to compare the results
with the widely used WOPWOP code [31], which is a
computational aeroacoustics code based on the Farassat 1a.
Figure 4 presents the calculated results and the WOPWOP
code results.

It can be seen that the thickness noise is in good
coincidence with the WOPWOP code results. There are
discrepancies between the calculated loading noise and the
WOPWOP code results because of different methods to
calculate the rotor’s aerodynamic characteristics. Since the
sound pressure level of thickness noise is much bigger than
the loading noise, thickness noise is only considered as the
acoustic constraints.
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Table 3: The main parameters of C-T rotor.

Rotor shape Number of blades Radius of blades Chord length of blades
Rectangle 2 1.143m 0.1905m
Aspect ratio Pitch angle Rotation speed Airfoil shape
6 8∘ 1250rpm NACA 0012

Table 4: The main parameters of the 5-rotor.

Rotor shape Number of blades Radius of blades Chord length of blades
Rectangle 5 6.595m 0.4m
Pitch angle Rotation speed Rotation period Airfoil shape
12∘ 1250rpm 0.048s ONERA OA213
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Figure 5: The comparison of the calculated results and the FEKO
results at f=3 GHz.

In the RCS case, a 5-rotor is selected to illustrate the
validity of the PO and MEC under the conditions of radar
frequency of f=3 GHz and f=6GHzwith vertical polarization,
respectively.Themain parameters of the rotor are displayed in
Table 4. Figures 5 and 6 present the comparison between the
calculated results and FEKO results (FEKO: A commercial
software, Fast multipole method is used [32]) for different
frequencies. The peak of the RCS for varieties of methods is
very consistent, and the tendency of the RCS is similar to each
other by taking a closer look at Figures 5 and 6. The averages
of the RCS from 0∘ to 180∘ between ours and FEKO results are
both less than 1.5dB, which are accepted in engineering.

4.2. Comprehensive Design of Aerodynamic, Acoustic, and
Stealth of Rotor. The comprehensive analysis about the aero-
dynamic, acoustic, and stealth characteristics of the rotor is
an MDO issue, and the blade shapes of rotor to improve
the aerodynamic performance and reduce the noise and
RCS at the same time are generally inconsistent. Therefore,
the key is to search the aerodynamic, acoustic, and stealth
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Figure 6: The comparison of the calculated results and the FEKO
results at f=6 GHz.

compromised results which can be described as the optimal
solution. For thisMDO issue, themathematicalmodel should
be established first. Due to the influence of airfoil shape on
aerodynamic, thickness noise, and scattering characteristics
of rotor, the optimized rotor can be designed by the means
of optimizing the airfoil shape. Subsequently, the objective
function is as follows:

max − 10 log10 (𝐴V𝑒𝑟𝑎𝑔𝑒 (𝑅𝐶𝑆 (→𝑋))) (25)

where 𝑅𝐶𝑆(→𝑋) denotes the RCS of airfoil, and the design
variables are

→𝑋 = {𝑥𝑖} , 𝑖 = 1, 2, 3, . . . 2𝑁𝑏 + 4 (26)

where 𝑥𝑖 is the coefficient of the airfoil parameterization, and
the constraint condition is
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Table 5: The range of the design variables of C-T rotor.

Variables 𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 𝑥6 𝑥7 𝑥8
Lower bound 0.1 0.1 0.1 0.1 -0.1 -0.1 -0.1 -0.1
Upper bound 0.2 0.2 0.2 0.2 -0.2 -0.2 -0.2 -0.2

Table 6: The comparison of the initial design variables and the optimized design variables for C-T rotor.

Variables 𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 𝑥6 𝑥7 𝑥8
Initial 0.177 0.1458 0.1462 0.1445 -0.177 -0.1458 -0.1462 -0.1445
Optimized 0.1173 0.1563 0.1224 0.1956 -0.116 -0.1022 -0.1886 -0.1633

Table 7: The comparisons of the aerodynamic characteristic and the noise between initial and optimized for C-T rotor.

Thrust /N Thrust coefficient SPL/dB
Initial 1099.7 0.0614 96.50
Optimized 1256.3 0.0701 95.08

𝐶𝑇 ≥ 𝐶𝑇0
𝑆𝑃𝐿𝐻 < 𝑆𝑃𝐿𝐻0

𝑥𝑖𝐿 ≤ 𝑥𝑖 ≤ 𝑥𝑖𝑈
(27)

where 𝐶𝑇 and 𝐶𝑇0 denote the post-optimization and ini-
tial rotor thrust coefficient in hover, respectively. 𝑆𝑃𝐿𝐻
and 𝑆𝑃𝐿𝐻0 denote the post-optimization and initial rotor
thickness noise, respectively. 𝑥𝑖𝐿 and 𝑥𝑖𝑈 denote the lower
bound and upper bound of each design variable, individually.
The thrust coefficient is calculated by the blade element
momentum theory, the thickness noise is computed by
Farassat 1a, and the stealth characteristic is approximated by
PO. GA, as global optimization method, uses the objective
function and searchers from the population of points [33].
It is a search algorithm based on the principles of natural
selection and natural genetics. GAuses three elements: repro-
duction, crossover, and mutation. Reproduction is a process
in which individual chromosomes in a population are copied
according to their objective function values [34]. Crossover
is the exchange of genes between the parent chromosomes.
Mutation refers to a genetic change in a chromosome to
prevent GA from failing into the local optima [35]. In
this section, binary code is used, the population crossover
probability is 0.8, mutation probability is 0.01, the population
size is 100, and the genetic number is 200.The flowchart of the
comprehensive analysis of aerodynamic, acoustic, and stealth
of rotor based on GA is given in Figure 7. Next, the test case
of the C-T rotor and 5-rotor is utilized to optimize design,
respectively.

4.2.1. C-T Rotor Case. According to Table 3, the airfoil of
the C-T rotor is NACA 0012, take 𝑁𝑏 = 3, parameterizing
this airfoil by CST. Since the thickness of the trailing-edge
of NACA 0012 is equal to zero, Δ𝑦𝑡𝑒,𝑢 = 0 and Δ𝑦𝑡𝑒,𝑙 = 0.
Thereby, 8 design variables are needed to parameterizeNACA
0012. Table 5 presents the range of these design variables.

Using the blade element momentum theory, the initial
C-T rotor thrust coefficient is 0.0614. The initial C-T rotor
thickness noise is 96.50dB at the 1th blade pass frequency

(BPF) by Farassat 1a. Figure 8 presents the comparison of
the initial airfoil and the optimized airfoil. The comparisons
of design variables between the initial airfoil and optimized
airfoil are established in Table 6.

Figure 9 indicates the comparisons of the RCS charac-
teristics (f=10GHz with vertical polarization) between the
initial and optimized airfoil. When compared with the stealth
characteristics of initial rotor, the RCS reduction effect of the
optimized airfoil is very obvious at the trough, and it nearly
decreases by 5dBsm (maximum). According to Figure 9, the
omnidirectional mean of airfoil RCS before optimizing is -
19.37dBsm, and the omnidirectional mean of airfoil RCS after
optimizing is -21.05dBsm, decreased by 1.68dBsm.

The RCS of the C-T rotor at f=10GHz with vertical
polarization for initial and optimized airfoil is shown in
Figure 10. FromFigure 10, one canfind that theRCS reduction
effect of C-T rotor is outstanding in the majority azimuths.
The omnidirectional mean of C-T rotor RCS before optimiz-
ing is -19.33dBsm, and the omnidirectional mean of airfoil
RCS after optimizing is -22.42dBsm, decreased by 3.09dBsm.
As a result, it is demonstrated that the optimal method
can satisfy the RCS reduction requirements in the practical
applications.

The aerodynamic characteristic and the noise of the C-
T rotor are displayed in Table 7. When compared with the
aerodynamic characteristics of the initial C-T rotor, the thrust
and thrust coefficient increase. However, the sound pressure
level (SPL) of the thickness noise is reduced by 1.42dB. Figures
11 and 12 present the comparison of the SPL’s curve for the
time-frequency domain. It can be concluded that the noise
of the optimized C-T rotor decreases at many points. It is
further illustrated that the optimal method can obtain better
aerodynamic characteristics as well as the lower noise and
RCS.

4.2.2. 5-Rotor Case. Since the airfoil of the 5-rotor is ONERA
OA213 (seeTable 4), the shape of this airfoil is rather complex,
and Δ𝑦𝑡𝑒,𝑢 ̸= 0, Δ𝑦𝑡𝑒,𝑙 ̸= 0.Thus, in𝑁𝑏 = 4, there are 12 design
variables for parameterizing this airfoil by the means of CST.
The range of each design variable is displayed in Table 8.
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Start Determine design variables and
their range

Initialize the population and code

decoding

Calculate fitness and statistics for the initial
population

Satisfy convergence
conditions?

MutationCrossSelect

Generate new
population

Geometric parameters of rotor

Calculate thrust coefficient, thickness
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Determine the objective function

Take value of the objective function

Optimal solution

End

Yes

No

Figure 7: The flowchart of the comprehensive analysis of the aerodynamic, acoustic, and stealth of rotor based on GA.
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Figure 8: The comparison of airfoil between initial airfoil and optimized airfoil for C-T rotor.
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Figure 9: The comparisons of RCS characteristics between the
initial and optimized airfoil for C-T rotor.

10

0

−10

−20

−30

−40

−50

−60

−70

−80

0 50 100 150 200 250 300 350

Azimuth (degree)

RC
S 

(d
Bs

m
)

Figure 10: The comparisons of the RCS characteristics between the
initial and optimized C-T rotor.

Utilizing the samemethod to optimize this airfoil, one can
compare the initial airfoil and the optimized airfoil, which is
given by Figure 13.

The comparisons of the design variables between the
initial airfoil and the optimized airfoil are displayed inTable 9.

Figure 14 displays the comparisons of RCS (f=10GHz
with vertical polarization) between the initial and optimized
airfoil. Compared with the RCS characteristics of initial rotor,
the RCS reduction effect of the optimized airfoil is very
obvious at the lower surface of airfoil. In Figure 14, the
omnidirectional mean of airfoil RCS before optimizing is -
17.35dBsm, and the omnidirectional mean of airfoil RCS after
optimizing is -18.29dBsm, decreased by 0.94dBsm.

The RCS of the 5-rotor at f=10GHz with vertical polar-
ization for the initial and optimized airfoil is displayed in
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Figure 11: The comparisons of the thickness noise between the
initial and optimized C-T rotor for time domain.
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Figure 12: The comparisons of the thickness noise between the
initial and optimized C-T rotor for frequency domain.

Figure 15. From Figure 15, one can see that the RCS reduction
effect of 5-rotor is remarkable at the peak and trough. The
omnidirectional mean of 5-rotor RCS before optimizing is
-5.9dBsm, and the omnidirectional mean of the airfoil RCS
after optimizing is -7.31dBsm, decreased by 1.41dBsm.

The aerodynamic characteristic and the noise of 5-rotor
are presented in Table 10. When compared with the aero-
dynamic characteristics of the initial C-T rotor, the thrust
and thrust coefficient also become large, and the SPL of
the thickness noise is reduced by 0.36dB slightly. Figures 16
and 17 display the comparisons of the SPL’s curve for the
time-frequency domain.The same conclusion in Section 4.2.1
would be acquired again.



10 Mathematical Problems in Engineering

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Initial airfoil
Optimized airfoil

−0.04

−0.02

0

0.02

0.04

0.06

0.08

0.1

Figure 13: The comparison of airfoil between initial airfoil and
optimized airfoil for 5-rotor.
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Figure 14: The comparisons of the RCS characteristics between the
initial and optimized airfoil for C-T rotor.

Generally, results indicate that the airfoil shape design of
rotor with high aerodynamic performances, low noise, and
low scattering characteristics has been given, which shows
that the optimization strategy in this article is feasible and
credible.

5. Conclusion

An automated process for the comprehensive optimization
design of the aerodynamic, acoustic, and stealth character-
istics of the rotor is developed in the article. The airfoil curve
is represented by utilizing the CST method with few design
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Figure 15: The comparisons of the RCS characteristics between the
initial and optimized 5-rotor.
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Figure 16: The comparisons of the thickness noise between the
initial and optimized 5-rotor for time domain.

variables, which is reasonable for the performance of the opti-
mization problem. The aerodynamic, acoustic, and stealth
characteristics of the rotor in hover are simulated effectively
by utilizing the blade element momentum theory, Farassat 1a,
PO, and MEC, respectively. Optimizing the design variables
of airfoil by objective function with constraints, based on
GA, a new airfoil could be acquired. Adopting the new
airfoil to the rotor, another new rotor with high aerodynamic
characteristics, low noise, and low RCS would be achieved.
The proposed comprehensive optimization design method
is suitable for the preliminary design phase where there is
a need for quick estimation in consideration of the aerody-
namic, acoustic, and stealth factors.
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Figure 17: The comparisons of the thickness noise between the
initial and optimized 5-rotor for frequency domain.

Table 8: The range of the design variables of 5-rotor.

Variables Lower bound Upper bound
𝑥1 0.2 0.3𝑥2 0.2 0.3𝑥3 0.1 0.2𝑥4 0.4 0.5𝑥5 -0.1 -0.2𝑥6 -0.01 -0.15𝑥7 -0.01 -0.1𝑥8 -0.01 -0.1𝑥9 -0.1 -0.2𝑥10 -0.01 -0.1𝑥11 0.002 0.003𝑥12 -0.002 -0.003

Table 9: The comparison of the initial design variables and opti-
mized design variables for 5-rotor.

Variables Initial Optimized
𝑥1 0.2708 0.2079𝑥2 0.2876 0.2598𝑥3 0.1293 0.1718𝑥4 0.4124 0.4688𝑥5 -0.1048 -0.1220𝑥6 -0.0881 -0.0202𝑥7 -0.0668 -0.0565𝑥8 -0.0524 -0.0586𝑥9 -0.1609 -0.1604𝑥10 -0.0475 -0.0816𝑥11 0.0021 0.0023𝑥12 -0.0021 -0.0022

Table 10: The comparisons of the aerodynamic characteristic and
the noise between the initial and optimized 5-rotor.

Thrust /N Thrust coefficient SPL/dB
Initial 40424 0.0364 92.35
Optimized 42448 0.0382 91.99
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