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An improved D’Angelo optimization framework based on the surrogate model and opti-
mization algorithm is proposed to design and optimize a new high altitude propeller
which is applied to the propulsion system of the stratospheric aircraft. The framework
adopts a multilevel optimization strategy to determine a high efficiency and light weight
propeller. The aerodynamic characteristics of S1223 airfoil are calculated by Computa-
tional Fluid Dynamics (CFD) method. The aerodynamic performance of the D’Angelo
propeller which is obtained by the first-level optimization is predicted by Blade element
momentum (BEM) theory. Then the D’Angelo propeller chord and twist angle, which
are regarded as the initial conditions of the second-level optimization, are optimized to
achieve the maximum efficiency by Multi-island genetic algorithm (MIGA). In addition,
the non-dominated sorting genetic algorithm II (NSGA-II) is applied to maximize the

propeller efficiency and minimize the propeller weight. And the Pareto frontier solutions
about the efficiency and the blade area are obtained by NSGA-II. What is more, the
aerodynamic characteristics of the D’Angelo propeller, the optimization propeller by
MIGA, and the optimization propeller by NSGA-II are calculated by CFD simulation
and compared with BEM results. It is shown that the CFD results are in fair agreement
with BEM results and the aerodynamic performance of the NSGA-II propeller is prior
to the MIGA propeller and is close to the D’Angelo propeller. Besides, the NSGA-II
propeller is the lightest among them and can satisfy the cruise requirements of the high
altitude propeller.

Keywords: High altitude propeller; multilevel optimization; blade element momentum
theory; MIGA; NSGA-II; CFD simulation.

1. Introduction

The stratosphere is defined as the atmospheric region from about 20 km to 100 km
above the Earth’s surface, which is between the highest flight altitude of the plane

‡Corresponding author.
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and the minimum orbit height of the satellite. Many countries compete for the
development of the stratospheric aircraft [Colozza (2003); Meng et al. (2017)].

Stratosphere aircrafts are divided into high-speed and low-speed stratosphere
aircrafts according to the velocity. Low-speed aircrafts include the stratosphere
airship and long-endurance solar unmanned aerial vehicle such as: Pathfinder,
Pathfinder Plus, Centurion, HP01, and HP03 [Noll et al. (2004)]. The propulsion
units of these low-speed stratosphere aircrafts is the high altitude propeller. The
efficiency of the propeller has a great effect on the total efficiency of propulsion
system and the propeller needs to have a high propulsive efficiency in the cruise
flight [Morgado et al. (2015); Liu and He (2017)]. The stratosphere air density is
much lower than the ground and the speed of aircrafts is extremely slow, which
lead to the low Reynolds number for the propeller and make the propeller efficiency
become low [Zheng et al. (2017)]. The air density at 20 km is one-fourteenth of the
sea level and Reynolds number ranges from 104 to 106. If the section airfoils of the
low altitude propellers are used in the high altitude propellers, low Reynolds num-
ber may affect the airfoil aerodynamic efficiency. So, it is very necessary to further
study the high altitude propeller.

Blade element momentum (BEM) [McCrink and Gregory (2017); Morgado et al.
(2014); Jiao et al. (2018)] theory is widely used to predict the aerodynamic per-
formance of the propeller and the prediction accuracy of BEM depends on the
reliability of the airfoil aerodynamic characteristics data. So knowing the chord
distribution, twist angle distribution, and aerodynamic data of the section airfoil,
the thrust, torque, and efficiency of the propeller can be obtained by using BEM
theory. The minimum induced losses theory was proposed by Betz [1919] and Gold-
stein [1929] to design a propeller at the beginning of the 20th century and then was
developed by several famous scholars [Adkins and Liebeck (1994); Larrabee (1979)].
So, BEM theory is used to calculate the aerodynamic performance of the propeller.

With the development of the computer technology, numerical simulation is
widely used to calculate the performance of the propeller. Rahmati [2009] adopted
the modified k–ε turbulence model to simulate the four-bladed propeller model.
The results of the numerical calculations are in reasonable agreement with the
experimental data. Sodja et al. [2012] carried out the computational fluid dynamics
analysis method to calculate the rotating propeller. The k–ε turbulence model was
adopted. CFD analysis was used as a post-analysis method for aerodynamic charac-
teristics calculation of the high altitude propeller. Mieloszyk et al. [2013] performed
the Spalart–Allmaras and k–ω with the shear-stress transition (SST) turbulence
models to simulate the turbulence of the contra-rotating propeller. By compari-
son with wind tunnel experimental results, S–A and k–ω SST turbulence models
yielded accurate results. Morgado et al. [2014] applied k–ω shear-stress transport
turbulence model to calculate an APC 10 × 7 inches propeller. He selected the
SIMPLE algorithm and second-order upwind scheme. CFD results show the real
trend. Li et al. [2015] employed k–ω SST turbulent model to simulate the turbu-
lence of a two-blade propeller. The results of CFD calculation are in good agreement
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with experimental results of thrust and torque coefficients. Kwon et al. [2015] used
the k–ω SST turbulence model to predict the aerodynamic characteristics of the
commercial propeller. The thrust predicted by CFD analysis was about 6% lower
than experiment, whereas the torque was about 14% lower than the experimen-
tal data. Morgado et al. [2015] applied the k–ω SST turbulence model to simulate
the turbulence and the performance of the high altitude propeller was obtained.
Qin et al. [2018] applied the k–ω SST turbulence model to calculate a worldwide
employed ducted propeller and verified the numerical simulation. So, the aerody-
namic performance of the optimal propeller can be verified by Computational Fluid
Dynamics (CFD) method.

D’Angelo et al. [2002] integrated the vortex theory, wing theory, and momentum
theory to calculate the aerodynamic performance of the propeller and proposed
the inverse design theory of the propeller. Besides, the maximum efficiency of the
propeller could be obtained in the context of knowing the required thrust, the
forward velocity, propeller rotation speed, and the flight altitude. Romeo et al.
[2012] adopted D’Angelo’s method to design a high efficiency two-blade propeller
for the ENFICA-FC project [Romeo et al. (2007)] and the propeller was tested
and validated by the flight experiment. This two-blade propeller showed a good
agreement between the theoretical and experimental data.

D’Angelo inverse design method is mainly applied to design the low altitude
propellers. In this paper, the D’Angelo method is firstly adopted to design the high
efficiency stratosphere propeller. The chord and twist angle distributions of the high
altitude propeller are obtained. Sometimes the chord distribution may be relatively
large and may not satisfy the requirement of the engineering, making the propeller
very heavy. Light weight and high efficiency propeller is the goal for the low-speed
stratosphere aircrafts. To overcome the disadvantage of the D’Angelo method and
obtain the high efficiency and lightweight propeller, an improved D’Angelo optimiza-
tion framework based on surrogate model and optimization algorithm is proposed
in this paper. The surrogate model is established by Design of Experiments (DOE)
method [Yin et al. (2011); Berci et al. (2014); Zhang et al. (2017)]. Latin hyper-
cube sampling (LHS) method [Mackay et al. (1979)] is used to train the surrogate
model. The optimization algorithms are Multi-island genetic algorithm (MIGA)
[Zhao et al. (2015)] and non-dominated sorting genetic algorithm II (NSGA-II)
[Bekele and Nicklow (2007)]. The thrust, torque and efficiency of D’Angelo propeller
obtained by the first-level optimization are calculated by BEM theory. These aero-
dynamic samples are approximated by the Response Surface Methodology (RSM)
model [Jin et al. (2001); Yin et al. (2011); Hou et al. (2014)]. Single objective opti-
mization is used to obtain the maximums efficiency by changing the chord and twist
angle distributions of D’Angelo propeller. After optimization, the improvement of
the efficiency is not obvious. It is indicated that the efficiency of D’Angelo propeller
is relatively decent. Besides, the chord and twist angle optimized by MIGA is more
reasonable and the blade area is smaller than D’Angelo propeller. So, the multi-
objective optimization design, which integrates the aerodynamic parameters and
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the blade area, is adopted to optimize the high altitude propeller. The Pareto fron-
tier results of efficiency and blade area of the high altitude propeller are obtained
by NSGA-II and discussed in detail.

In this paper, CFD method is applied to perform numerical simulations of the
propellers obtained by D’Angelo method and multilevel optimization framework.
The results are compared with the BEM aerodynamic data to validate the prediction
accuracy of BEM theory.

This paper is organized into six main sections. The Blade Element Momentum
theory and the improved D’Angelo optimization framework are outlined in Sec. 2.
Next, the aerodynamic characteristics of S1223 airfoil are analyzed and calculated
in Sec. 3. In Sec. 4, the first-level optimization is used to design the D’Angelo pro-
peller. The aerodynamic characteristics database of S1223 airfoil are established,
which are taken into the BEM theory, and CFD simulation is adopted to verify
the aerodynamic performance of the D’Angelo propeller. Besides, the second-level
optimization based on the surrogate model and optimization algorithm is applied to
optimize the D’Angelo propeller. And MIGA is introduced to solve the single objec-
tive optimization problem of the high altitude propeller and NSGA-II is applied to
solve the multi-objective optimization problem. Finally, the optimization results
of the high altitude propeller using MIGA and NSGA-II are discussed and CFD
calculation is used to validate the optimization propellers in Sec.5.

2. Propeller Blade Theory

2.1. Blade element momentum model

In the blade-element method, a propeller blade is divided into a number of sections
along its span. Each element is treated as a two-dimensional airfoil. The basic forces
acting on the airfoil are shown in Fig. 1 [Dorfling and Rokhsaz (2014)].

v∞ is forward speed of the propeller. NB is blade number of the propeller. n is
angular velocity of the propeller. V is total kinematic velocity of the actual airflow. b

is chord of the propeller, va is axial induction velocity and vt is tangential induction
velocity. β is pitch angle. αi is defined as the interference angle. ϕ is actual airflow. r

is radial coordinate. a is axial induction factor and a′ is tangential induction factor.
The thrust dT and torque dM contribution of each element can be expressed in

terms of the elemental lift dL and drag dD.

dL =
1
2
ρV 2CLbdr, (1)

dD =
1
2
ρV 2CDbdr, (2)

dT = dL cos(ϕ0 + αi) − dD sin(ϕ0 + αi)

=
1
2
ρv2

∞
NBb(1 + a)2

sin2 ϕ
Cadr, (3)
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Fig. 1. Schematic of the local flow.

dM = rdF = r(dL cos(ϕ0 + αi) + dD sin(ϕ0 + αi))

=
1
2
ρv2

∞
NBb(1 + a)2

sin2 ϕ
rCtdr, (4)

where Ca and Ct are related to the local lift coefficient CL and drag coefficient CD

of the airfoil section by the following matrix:(
Ca

Ct

)
=

(
cosϕ −sinϕ

sin ϕ cosϕ

)(
CL

CD

)
. (5)

The momentum theory equations are given as

dT = 4πrρv2
∞a(1 + a)dr, (6)

dM = 4πr2ρv∞(2πrn)a′(1 + a)dr. (7)

Equating Eqs. (6) and (7) with Eqs. (3) and (4), the induced velocity components
can be obtained.

a =
va

v∞
=
(

4F sin2 ϕ

σCa
− 1
)−1

, (8)

a′ =
vt

2πnr
=
(

4F sin ϕ cosϕ

σCt
+ 1
)−1

, (9)

where σ is the local solidity of the propeller and it is defined by Eq. (10).

σ =
NBb

2πr
. (10)

F is the momentum loss factor and it is described by Prandlt [Glauert (1963)].
Setting the arbitrary a and a′ for the first iteration, ϕ can be computed. The lift
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and drag coefficients of the airfoil section at the angle of attack can be obtained.
The induction factors can be updated by Eqs. (8) and (9). And they are compared
with the previous iteration. If the difference is less than the set, the iteration stops.
The suitable induction factors are obtained.

It is assumed that the number of propeller blades is infinite in the vortex theory.
But in fact the number of blades is finite. So the momentum functions need to be
modified. Prandlt proposed momentum loss factor F [Glauert (1963)].

F =
2
π

arccos(e−f ), (11)

where f is

f =
NB

2
R − r

R sin φt
, (12)

where φt is the flow angle of the blade tip.
Dimensionless thrust and power coefficients are calculated from the following

equations:

CT =
T

ρn2D4
, (13)

CP =
2πnM

ρn3D5
. (14)

The advance ratio is presented in (15). The propeller efficiency is computed
through (16)

J =
v∞
nD

, (15)

η =
CT

CP
J. (16)

2.2. Improved D’Angelo optimization framework for high

altitude propeller

D’Angelo et al. [2002] combined the Vortex theory with the Wing theory to calculate
the aerodynamic parameters of a propeller. The maximum efficiency propeller under
condition of the required thrust T , the forward speed, propeller angular velocity
and flight altitude could be designed and the maximum efficiency propeller could
be obtained when all the airfoils along the blade span were at their maximum
efficiency angle of attack. The chord and twist angle distributions of the propeller
can be calculated by D’Angelo method. Actually the chord distribution is relatively
large and the blade area is large. In general, the larger the blade area is, the heavier
the weight of the propeller is. So, a multilevel optimization strategy is put forward
in the paper to design the high altitude propeller. D’Angelo method is regarded
as the first-level optimization in order to obtain the initial high altitude propeller
which can satisfy the cruise requirements. The goal of the second-level optimization
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Fig. 2. Improved D’Angelo optimization framework for the high altitude propeller.

based on surrogate model and optimization algorithm is to get the high efficient and
lightweight propeller. The improved D’Angelo optimization framework is shown in
Fig. 2. The detailed optimization steps are presented as follows:

(1) blade number NB, the radius of propeller R, the hub radius Rh, the airfoil
distribution number along the blade and the section airfoil.

(2) the Lagrange multiplier K is determined by Eq. (17). This equation can be
solved numerically by a bisection method.

T

4πρv2∞
=
∫ R

Rh

(K1 + K2
1)Frdr, (17)

K1 =
K

1 +
(

v∞
ωr

)2 (1 + K)2
, (18)

where F is Prandlt momentum loss factor.
(3) Confirming the distribution of twist angle and the local velocity of the section

airfoil. The twist angle ϕ and the interference angle αi are given by

ϕ = arctan
(

λ

xi
(1 + K)

)
, (19)
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αi = arctan
(

K sinϕ cosϕ

1 + K cos2 ϕ

)
, (20)

V̂E =

√
1 +

(xi

λ

)2

cosαi, (21)

where xi is the nondimensional radius, λ = v∞
ωR is speed ratio.

(4) Setting the initial chord b0 of the section airfoil. The local Mach number and
Reynolds can be calculated.

Mai = V̂EMa, (22)

Rei = V̂Eb0Re, (23)

Re =
ρv∞
µ

, (24)

Ma =
v∞
c

, (25)

where Ma is the Mach number of the undisturbed flow upstream propeller, Re
is the Reynolds number whose reference length is 1 m.

(5) Establishing the aerodynamic database of the section airfoil and calculating
the lift coefficients and drag coefficients under different AOAs, Re and Ma.
And maximum lift–drag ratio of the section airfoil can be obtained. The chord
and pitch angle are given by

b =
8πR

NB

xikP tan αi sinϕ

CL(αmax) − CD(αmax)tan ϕ
, (26)

β = ϕ + αmax. (27)

If (b − b0) can reach the convergence criteria TOL (0.001m), we can continue
the next step. Otherwise go to step 4.

(6) Repeat steps 4 and 5, we can get the chord and pitch angle of every section
airfoil.

(7) Calculating the efficiency and area of the D’Angelo propeller. These data are
the initial values of the second-level optimization.

(8) LHS method is applied to train the surrogate model, including the thrust,
torque, efficiency, and area of the D’Angelo propeller. RSM models are
established.

(9) The MIGA is used to optimize the D’Angelo propeller to obtain the higher
efficiency propeller and the NSGA-II is used to optimize the D’Angelo propeller
to obtain the light weight and high efficiency propeller.

(10) CFD simulation method is applied to validate the optimization results of
improved D’Angelo optimization framework.

The requirements of the stratospheric aircraft propulsion system are: the
advance velocity of the propeller is 30m/s, the efficiency is larger than 0.7 and the
thrust is larger than 100N. According to the requirements, the design parameters
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of the high altitude propeller are D = 2.5m, NB = 3, n = 960 rpm, v∞ = 30m/s,
Rh = 0.1R. And the section airfoil is S1223. The detailed propeller design can refer
to Liu and He [2017]. The improved D’Angelo optimization is adopted to design the
high altitude propeller.

3. Aerodynamic Characteristics of S1223

The air kinematic viscosity of 20 km is 16.15×10−5 m2/s and the ground is
1.46×10−5 m2/s. The Reynolds number of 20 km which belongs to the scope of
low Reynolds number is one eleventh of the ground. The laminar flow separation
phenomenon of the airfoil can appear under condition of low Reynolds number. It
can bring that the lift coefficient increases slowly and the drag coefficient increases
rapidly as the angle of attack increases. S1223 is a high lift-drag ratio airfoil and has
a good aerodynamic performance under condition of low Reynolds number [Ma and
Liu (2009); Zhang et al. (2017)]. And Tang et al. [2015] has performed a wind tunnel
experiment for the counter-rotating propellers using S1223 airfoil. So, S1223 is cho-
sen in this paper. The high altitude propeller is divided into nine section airfoils and
every section airfoil is S1223. There are three methods to obtain the aerodynamic
data of the airfoil, which are XFOIL program [Drela (1989)], CFD simulation and
wind tunnel tests. We can easily gain the aerodynamic data, as long as the Mach
number and Reynolds number are appropriate. But Mach number and Reynolds
number change a lot from the hub to tip of the propeller. XFOIL program may be
no convergence during its execution. And the drag coefficients calculated by means
of XFOIL program is smaller than the experiment results. Furthermore wind tunnel
tests can obtain the accurate data, but it is very expensive and time-consuming.
Therefore, CFD simulation is chosen to calculate the lift and drag data of airfoil.

According to D’Angelo’s numerical procedure, firstly setting the range of the
chord b = 0.01–0.21R. Re and Ma of the section airfoil are presented in Table 1.
The Reynolds numbers of the high altitude propeller are in the range of lower Re.
We must ensure Y plus < 1. The airfoil is defined with 240 points around its contour
and the complete structure C-type mesh number is 44,000. The general view of the

Table 1. Ranges of Re, Ma, and AOA for the section airfoil.

Section airfoil number Re Ma AOA

1 2515–52814 0.1101 0–10
2 3098.7–65072 0.1357 0–10

3 3909.9–82107 0.1712 0–10
4 4835.2–101540 0.2118 0–10
5 5820.3–122230 0.2549 0–10
6 6839–143620 0.2995 0–10
7 7878.2–165440 0.345 0–10
8 8930.7–187540 0.3911 0–10
9 9992.2–209840 0.4376 0–10
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(a) (b)

Fig. 3. (a) The whole computation domain, (b) the mesh around the airfoil.

computational domain and mesh distribution around S1223 airfoil is illustrated in
Fig. 3.

The commercial software FLUENT 15.0 is adopted to solve the RANS governing
equations. Because of the compressibility of the propeller flow, a density-based solver
is used. The S–A model is adopted as the turbulence model to calculate the aero-
dynamic data of S1223. The boundary condition of C-type mesh is defined as the
pressure far-field boundary condition. The RANS governing equations are solved
implicitly. The flux type is Roe-FDS. A Green-Gauss node-based discretization
scheme is adopted in gradient interpolation and the second-order upwind scheme is
used for turbulence equations discretization. Convergence is guaranteed by moni-
toring the relative numerical error of the solution, until it drops below 1.0 × 10−6.

The numerical simulations are validated by considering the experiment data of
the S1223 airfoil [Selig and Guglielmo (1997)]. The simulation conditions are: Re =
2×105, µ = 1.7894×10−5 kg/(m·s), ρ = 1.225 kg/m3. The airfoil aerodynamic data
predicted at Re = 2×105 using the S–A turbulence model and k–ω SST turbulence
model are compared to the University of Illinois Urbana-Campaign (UIUC) [Selig
and Guglielmo (1997)] wind-tunnel measurements in Fig. 4.

The results show that the CFD simulations are in good agreement with the
experimental data of the S1223 airfoil. From Fig. 4, the lift coefficients calculated
by the k–ω SST model are a little lower than the experimental data and the drag
coefficients are much larger than the experiments. And the S–A model is more
closely approximated to the experimental data than the k–ω SST model. So, the
S–A model is accurate and feasible to calculate the aerodynamic coefficients of the
S1223 airfoil under the low Mach and low-Reynolds number. Therefore, the S–A
model is used to obtain aerodynamic data of every section airfoil.

In order to obtain aerodynamic data of every section airfoil under the different
Reynolds numbers and angles of attack, LHS method [Mackay et al. (1979)] is used
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Fig. 4. Lift and lift to drag polar curves of S1223 airfoil at Re = 2 × 105.

to sample the Re and AOA, the number of samples is 300. The aerodynamic data
are obtained by the commercial software ISIGHT which can combine MATLAB,
MESH software and FLUENT. Sectional lift and drag coefficients for D’Angelo
method can be obtained by using MATLAB spline interpolation function. Lift and
drag coefficients data of nine sections airfoil are presented in Figs. 5–13.

Fig. 5. Lift and drag coefficients versus AOA = 0–10 and Re = 2515–52814 for S1223.

Fig. 6. Lift and drag coefficients versus AOA = 0–10 and Re = 3098.7–65072 for S1223.
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Fig. 7. Lift and drag coefficients versus AOA = 0–10 and Re = 3909.9–82107 for S1223.

Fig. 8. Lift and drag coefficients versus AOA = 0–10 and Re = 4835.2–101540 for S1223.

Fig. 9. Lift and drag coefficients versus AOA = 0–10 and Re = 5820.3–122230 for S1223.
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Fig. 10. Lift and drag coefficients versus AOA = 0–10 and Re = 6839–143620 for S1223.

Fig. 11. Lift and drag coefficients versus AOA = 0–10 and Re = 7878.2–165440 for S1223.

Fig. 12. Lift and drag coefficients versus AOA = 0–10 and Re = 8930.7–187540 for S1223.
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Fig. 13. Lift and drag coefficients versus AOA = 0–10 and Re = 9992.2–209840 for S1223.

4. Optimal Design of High Altitude Propeller

4.1. First-level optimization for high altitude propeller

The design parameters of the high altitude propeller in Liu and He [2017] are
T = 100N, D = 2.5m, NB = 3, n = 960 rpm, v∞ = 30m/s, Rh = 0.1R. The
first-level optimization goal of the improved D’Angelo optimization framework is to
obtain the chord and twist angle distributions of the high altitude propeller. Lift
and drag coefficients data of nine sections airfoil in Sec. 3 are used for D’Angelo
program. The maximum efficiency of the propeller can be obtained if all the airfoils
along the propeller span are at their maximum efficiency angle of attack. The chord
and twist angle distributions along the radius of the optimal propeller are shown
in Fig. 14. Propeller A represents the high altitude propeller in Liu and He [2017]
and Propeller B is the first-level optimization propeller.

The speed triangle distribution of Propeller B is more reasonable than Pro-
peller A. The chord distribution of Propeller B is smaller than at the position of
r/R > 0.3 and its weight is lighter than Propeller A. So, the high efficient propeller

Fig. 14. Chord and twist angle distributions of Propellers A and B.
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Table 2. Calculation results of D’Angelo method.

v∞(m/s) n(rpm) T (N) M/(Nm) η

Liu and He [2017] 30 960 98.19 39.75 73.87%
D’Angelo 30 960 103.45 38.81 79.54%

can be achieved by adjusting the chord and twist angle distributions. The calcu-
lation results of Liu and He [2017] and D’Angelo method are listed in Table 2.
Under the cruise condition of n = 960 rpm v∞ = 30m/s, the thrust is 103.45N and
the efficiency increases by 5.67% for D’Angelo method. And the first-level optimiza-
tion propeller can satisfy the design requirements of the high altitude propeller. The
solid model of the optimal propeller is established by CATIA. The three-dimensional
models of Propellers A and B are shown in Fig. 15.

The aerodynamic characteristics of the section airfoil S1223 are: Mach number
is 0.1–0.8, Reynolds number is 10,000–100,000 and angle of attack is −4–12◦. LHS
method is used to sample the Ma Re and AOA, the number of samples to establish
the approximation model is 300 and 25 random samples are used to analyze the
errors of the approximation model. The lift and drag coefficients are calculated by
FLUENT. Second-order Response Surface Methodology (RSM) is used to fit these
aerodynamic coefficients. RSM is given by Jin et al. [2001], Yin et al. [2011] and
Hou et al. [2014]

CL = A0 + A1α + A2Ma + A3Re + A4α
2 + A5Ma2 + A6Re2

+ A7αMa + A8αRe + A9MaRe, (28)

CD = B0 + B1α + B2Ma + B3Re + B4α
2 + B5Ma2

+ B6Re2 + B7αMa + B8αRe + B9MaRe. (29)

The precision of RSM model is assessed by correlation coefficient (R2) and the
root mean square error (RMSE) [Yin et al. (2011)]. In general, the closer R2 [Jin
et al. (2001); Yin et al. (2011)] is to 1, the more reliable the RSM model is. The closer

(a) (b)

Fig. 15. (a) Propeller A and (b) Propeller B.
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RMSE is to 0, the better the fitting precision is. The R2 of lift coefficient is 0.95386
and the R2 of drag coefficient is 0.97164. The RMSE of lift coefficient is 0.05666
and the RMSE of drag coefficient is 0.04878. So, the second-order RSM approxi-
mate equations can exactly predict the aerodynamic characteristics of S1223. When
Re = 70,000, Ma = 0.1–0.8 and α = −4–12◦, the contours of the lift and drag coef-
ficients are shown in Fig. 16. It is clearly seen that the lift coefficient and drag
coefficient decline as the Mach number increases. Furthermore, the drag coeffi-
cient increases dramatically when the Mach number exceeds 0.55. When Ma = 0.3,
Re = 10,000–100,000, and α = −4–12◦, the contours of the lift and drag coefficients
are presented in Fig. 17. When the angle of attack is small, the Reynolds number
has no significant effect on the lift coefficient. And when the angle of attack is big,
the Reynolds number has a markedly influence on the lift coefficient. However, the
drag coefficient is opposite. When α = 2◦, Ma = 0.1–0.8, and Re = 10,000–100,000,
the contours of the lift and drag coefficients are shown in Fig. 18. It is clearly known

Fig. 16. Lift and drag coefficients of Re = 70,000.

Fig. 17. Lift and drag coefficients of Ma = 0.3.
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Fig. 18. Lift and drag coefficients of α = 2◦.

that the Reynolds number and Mach number have a big effect on the lift and drag
coefficients.

These aerodynamic data of S1223 airfoil are applied into the BEM theory. The
aerodynamic coefficients of Propeller B can be obtained by BEM theory (Fig. 19).
The efficiency of Propeller B is higher than Propeller A.

In order to verify the aerodynamic performance of the first-level optimization
propeller, CFD simulations are adopted to study the features of the flow structure
and to obtain the aerodynamic coefficients. The computational domain is divided
into inner and outer parts. The flow field data between the outer domain and inner
domain are exchanged by the Interface. Inner flow field is rotational and the outer
is stationary. The upstream of computational domain takes 10D. The downstream
takes 20D. The span-wise length is 10D. The boundary conditions of propeller flow
field are shown in Fig. 20.

ICEM software is used to draw the mesh of the propeller flow field. In order
to ensure y+ < 1, the first layer thickness of inflation is 2 × 10−5 m. The blade
is defined by 600 nodes on the spanwise and the element size of the chordwise is
5×10−4 m. The whole computational domain is composed of 6.77 million hexagonal
and tetrahedral elements clustered around the blade surface as presented in Fig. 21.
The number of the outer domain mesh is 1.65 million and the inner domain is 5.12
million. Distribution of the cells on the blade surface is shown in Fig. 22.

The CFD results which are independent on the used mesh are guaranteed by the
mesh independency tests. And four different grids are generated to check the results
independency at the propeller rotation speed of 960 rpm. The number of coarse mesh
is 4.21 million, the used mesh is made by 6.77 million and the refined mesh consists
of 8.03 million cells. The other mesh is 5.56 million. The CFD results of different
grids are listed in Table 3. The maximum discrepancy between the used mesh and
the refined mesh is 0.69% for the thrust and 1.17% for the torque of the propeller.
Since the accuracy of the used mesh is high and its computation cost is acceptable,
the mesh with 6.77 million is adopted in CFD simulation of the propeller.

1950004-17

In
t. 

J.
 C

om
pu

t. 
M

et
ho

ds
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
W

 E
N

G
L

A
N

D
 o

n 
01

/1
5/

19
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



2nd Reading

January 11, 2019 20:18 WSPC/0219-8762 196-IJCM 1950004

X. Liu, W. He & F. Wei

(a) (b)

(c)

Fig. 19. Aerodynamic coefficients of Propellers A and B: (a) thrust coefficient, (b) power coefficient,
and (c) propeller efficiency.

Fig. 20. Computational domain and boundary conditions of the propeller.
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Fig. 21. Meshing of computational domain.

Fig. 22. Distribution of cells on the blade surface.

Table 3. Comparison of the thrust and torque under different grids.

Cells (million) T (N) M/(Nm) ∆T (%) ∆M (%)

Coarse mesh 4.21 95.81 38.98 1.88 3.23
Other mesh 5.56 95.14 38.51 1.17 1.99
Used mesh 6.77 94.69 38.2 0.69 1.17
Refined mesh 8.03 94.04 37.76 0 0

The CFD simulation is completed in FLUENT 15.0. Reynolds-Averaged Navier–
Stokes (RANS) equations are regarded as the governing equations. Rotating coordi-
nate system and pressure-based solver are used. The finite volume method is applied
to discretize the governing equations. Spatial discretization is second-order upwind
scheme and pressure-velocity coupling is the Coupled algorithm. The courant num-
ber is 20. The momentum and pressure explicit relaxation factors are both 0.2.
The turbulence model is k–ω shear-stress transport model which can deal with the
time-averaging. The Multiple Reference Frame (MRF) model is used to calculate
the rotation motion of the propeller. The atmospheric pressure and temperature in
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(a) (b)

(c)

Fig. 23. Comparison between data calculated by BEM and CFD for Propellers A and B: (a) thrust
coefficient, (b) power coefficient, and (c) propeller efficiency.

20 km are respectively set as 5474.9Pa and 216.7K. The aerodynamic coefficients of
the first-level optimization propeller using the CFD simulation are shown in Fig. 23.

The BEM method is widely used due to its effectiveness in design and rapid
calculation for the propeller. The BEM theory assumes that there is no momen-
tum exchange existing in the direction of the propeller radius. Moreover, the
aerodynamic performance calculated by the BEM theory does not reflect the three-
dimensional rotating effects of the propeller and the detailed flow characteristics
around the propeller are not obtained by the BEM theory. The CFD simulation
utilizes the three-dimensional Navier–Stokes equation as the governing equation
to obtain the flow characteristics of the propeller. It can obtain the more accu-
rate results than the BEM theory. Sodja et al. [2012] validated that CFD simu-
lation matched the experiment results much more closely than the BEM theory
and the BEM results also followed the experiment results very well in terms of
trend. Therefore, the CFD simulation is more accurate than the BEM method.
However, the CFD simulation consumes much more time and resources to calculate
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the propeller. And the BEM theory can effectively and rapidly design and calculate
the aerodynamic characteristics of the propeller. So, these two methods are widely
used in the design and optimization of the propeller. Since there is no experimental
data, the CFD simulation is used to verify the results of the BEM theory.

Observing Fig. 23, it is possible to conclude that CFD simulation is in fair
agreement with BEM. BEM predicts a slightly larger thrust coefficient than CFD
at the low advance ratios. The power coefficient of BEM is coincident with CFD.
And BEM predicts a slightly larger efficiency than CFD at the high advance ratios.
When the advance ratio J = 0.75, the maximum efficiency difference between BEM
calculation and CFD simulation is 5.55%. It is also indicated that BEM can be used
to predict the performance of the high altitude propeller and the aerodynamic data
of S1223 airfoil calculated by S–A model of FLUENT are correct and reasonable.
Besides, the aerodynamic performance of Propeller B using D’Angelo program is
better than the original propeller.

4.2. Second-level optimization for high altitude propeller

After first-level optimization, the initial high altitude propeller can be obtained. The
surrogate models of the thrust, torque, efficiency, and blade area can be established
by LHS method. These surrogate models can be used to optimize the propeller.
The goal of second-level optimization is to obtain high efficiency and light weight
propeller.

4.2.1. Single-objective optimization of propeller

Multi-island genetic algorithm (MIGA) is a global optimization algorithm, which
uses the principles of natural genetics and natural selection. It utilizes three oper-
ators of reproduction, crossover, and mutation. In such method, the population is
divided into several sub-populations, whereas traditional genetic algorithm oper-
ations are performed on each sub-population separately. Some individuals of the
sub-populations are selected and migrated to the different islands, which can main-
tain the diversity of the population [Zhang et al. (2016)].

Since most energy of the stratospheric aircraft is consumed at the cruising flight,
the efficiency of the propeller must be improved to reduce energy consumption. The
goal in optimizing the chord and the twist of a propeller is to maximize the efficiency.
The optimization problem can be expressed as follows:

max η =
Tv∞

2πnM
,

s.t. v∞ = 30 m/s,

n = 960 rpm,

T ≥ 100 N,

Pm ≤ 4,000 W.

(30)
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Under the cruise condition of n = 960 rpm, v∞ = 30m/s, the output power of
the motor Pm ≤ 4,000W and the cruise thrust is larger than 100N, MIGA is used
to maximize the cruise efficiency of the propeller. Firstly, the bounds of the chord
b and twist angle β are ensured. LHS method is used to sample b and β. Then the
BEM theory in Sec. 2 is adopted to calculate the thrust, torque and efficiency of
these samples. These aerodynamic samples are approximated by Response Surface
Methodology (RSM) model. The approximation model is the objective function of
MIGA. Finally the optimal results are verified by CFD simulation.

4.2.2. Multi-objective optimization of propeller

The goal of the multi-objective optimization is to minimize or maximize multiple
objective functions subject to some constraints. Actually, multi-objective optimiza-
tion can be translated into the single objective optimization by the scalar method.
The multi-objective optimization problem can be described as

min fm(x), m = 1, 2, . . . , M,

s.t. gj(x) ≤ 0, j = 1, 2, . . . , J,

hk(x) = 0, k = 1, 2, . . . , K,

X
(L)
i ≤ Xi ≤ X

(U)
i , j = 1, 2, . . . , n,

(31)

where Xi is the ith design variable, n is the total number of design variables and
X

(U)
i and X

(L)
i are the bounds. fm(x) is the sub-objective function and m is the

number. gj(x) and hk(x) are inequality and equality constraints. k or j is the number
of constraints.

The NSGA-II, which is developed based on the original non-dominated sort-
ing genetic algorithm (NSGA), is the multi-objective optimization algorithm which
exhibits high performance and has been widely applied in various disciplines. It
adopts a quick nondominating sorting approach to discriminate solutions, which
is based on the concept of Pareto dominance and optimality [Bekele and Nicklow
(2007)].

Highly efficient propeller can make full use of the motor output power and the
lightweight propeller can reduce energy consumption of the stratospheric aircraft.
So, the high efficiency and lightweight propeller needs to be designed. In general, the
high altitude propeller is composed of composite materials. The blade weight can
be obtained by building the complex structure model. Meng et al. [2017] established
the complex structure model and achieved a more lightweight high altitude propeller
by GA hierarchical optimization. For simplification of analysis, the blade weight is
estimated by the area of the propeller. The area of one blade is as follows:

Sp =
∫ R

Rh

b(r)dr = R

∫ 1

0.1

b(x)dx. (32)

The chord b and twist angle β of the propeller are the design variables. The cruise
velocity vcruise and the rotational speed of propeller n are the equality constraints.
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The cruise thrust Tcruise and the motor output power Pm are the inequality con-
straints. The cruise efficiency ηcruise and blade area Sp of the propeller are the
objective functions. So, the multi-objective optimization of high altitude propeller
can be written as

Obj max(ηcruise) min(Sp),

s.t. vcruise = 30 m/s, n = 960 rpm,

Tcruise ≥ 100 N, Pm ≤ 4,000 W,

bl ≤ b ≤ bu,

βl ≤ β ≤ βu.

(33)

Under the cruise condition of n = 960 rpm, v∞ = 30m/s, Tcruise ≥ 100N and
Pm ≤ 4,000W, NSGA-II algorithm is used to maximize the cruise efficiency and
minimize the blade area of the propeller. Firstly, the bounds of the chord b and twist
angle β are ensured. Latin hypercube sampling (LHS) method is used to sample b

and β. Then the BEM theory in Sec. 2 is adopted to calculate the thrust, torque
and efficiency of these samples. These aerodynamic samples are approximated by
RSM model. The cruise efficiency and blade area are the objective functions of
NSGA-II algorithm. Finally, the Patero results are compared with the results of
CFD simulation.

4.2.3. Design variables of second-level optimization

The propeller blade geometry and flight conditions can determine the aerodynamic
efficiency of the high altitude propeller. The section airfoil is S1223 and the propeller
is divided into nine sections. The total number of design variables is 18. These
18 design variables can make the optimization complicated and the optimization
efficiency is low. So, the amount of design variables must be reduced. In order to
make the propeller shape smooth and continuous along the spanwise direction, a
fourth-order polynomial can be used to fit the blade chord and twist angle.

b(x) = b0 + b1x + b2x
2 + b3x

3 + b4x
4, (34)

β(x) = β0 + β1x + β2x
2 + β3x

3 + β4x
4. (35)

The fourth-order polynomial can be written as the Bezier curve which can describe
the chord and twist angle of the propeller.

b(x) = (1 − x)4b0 + 4x(1 − x)3b1 + 6x2(1 − x)2b2 + 4x3(1 − x)b3 + x4b4, (36)

β(x) = (1 − x)4β0 + 4x(1 − x)3β1 + 6x2(1 − x)2β2 + 4x3(1 − x)β3 + x4β4, (37)

where b0, b1, b2, b3, and b4 represent five control points of the chord, β0, β1, β2, β3,
and β4 represent five control points of the twist angle, the range of x is [0.1, 1].

The chord and twist angle of Propeller B in Sec. 3 are regarded as the initial
conditions. The bounds of bi and βi are listed in Table 4. The upper and lower
bounds of the chord and twist angle are shown in Fig. 24.
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Table 4. Ranges of design variables.

Design variable Range

b0 −0.0449–−0.0299
b1 0.2024–0.3149

b2 0.0591–0.1299
b3 0.1018–0.2444
b4 0.0347–0.0595
β0 77.2–108.99
β1 31.54–44.52
β2 23.43–33.07
β3 19.84–28.02
β4 14.79–20.88

Fig. 24. The upper and lower bounds of the chord and twist angle.

5. High Altitude Propeller Optimization Results

Multi-island genetic algorithm is adopted to obtain the optimal high altitude pro-
peller. The parameters of MIGA are presented in Table 5. The first-level optimiza-
tion propeller using MIGA is regarded as Propeller C. The optimal chord and twist
angle are presented in Fig. 25.

Table 5. Parameters of MIGA.

Parameters Value

Number of generations 20
Number of islands 20
Number of individuals on each island 50
Interval generations of migration 5
Crossover rate 0.9
Mutation rate 0.01
Migration rate 0.01
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Fig. 25. Chords and twist angles of Propellers A, B, C, D, E and F.

(a) (b)

(c)

Fig. 26. Aerodynamic coefficients of Propellers A, B, C, D, E and F: (a) thrust coefficient, (b)
power coefficient, (c) propeller efficiency.
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The chord of Propeller C is smaller than Propeller B at r/R < 0.5. The blade
domain from the middle to the tip becomes wide and the twist angle of Propeller
C gets smaller than Propeller B from Fig. 25. The aerodynamic parameters of
Propeller C are calculated by BEM theory and the results are shown in Fig. 26.

When the rotational speed of the propeller is slow, Propeller B can provide
the larger thrust and absorb more energy than Propeller C. Similarly, when the
rotational speed is fast, Propeller C can provide the larger thrust and absorb more
energy than Propeller B. When J < 0.8, the efficiency of Propeller C is higher than
Propeller B. And the efficiency of Propeller C is 80.15% and the thrust is 99.93N
at the cruise flight of n = 960 rpm, v∞ = 30m/s.

In Sec. 4, the efficiency and blade area of the high altitude propeller are opti-
mized by NSGA-II. The parameters of NSGA-II are as follows: the population size is
80 and the number of generations is 600. The optimization results of the propeller
are shown in Fig. 27. The monotonicity of the Pareto frontier indicates that the
increase of the blade area is accompanied by the increase of the propeller efficiency
and there is a conflict in these two objective functions. Three propellers (D, E and
F) marked in Fig. 27 are selected to analyze the efficiency and blade area. The chord
and twist angle of Propellers D, E and F are shown in Fig. 27. The aerodynamic
performances of these propellers are presented in Fig. 26.

As can be seen from Fig. 27, Propeller D is the most efficient propeller among
them but the blade area is the largest. Propeller E has the smallest area and effi-
ciency. Propeller F combines the advantages of Propellers D and E and it has the
reasonable efficiency and blade area. The optimization results of the propellers (C,
D, E and F) are listed in Table 6.

Fig. 27. Pareto frontier of the efficiency and blade area.
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Table 6. Comparison with optimization results of MIGA and NSGA-II.

Propeller T (N) M/(Nm) η Sp ∆η ∆Sp

C 99.93 37.21 80.15% 0.1125 0 0
D 100.04 37.25 80.17% 0.1139 +0.02% +1.24%

E 101.58 39.66 76.43% 0.0924 −3.72% −17.87%
F 99.96 37.345 79.88% 0.1013 −0.27% −9.96%

Under the cruise condition of n = 960 rpm, v∞ = 30m/s, Propeller D has the
same efficiency with Propeller C but the blade area increases by 1.24%. Although
the blade area of Propeller E decreases by 17.87%, the efficiency reduces to 76.43%.
And Fig. 26 shows that the efficiency of Propeller E obviously decreases under
J < 0.9 and it provides the lower thrust and absorb less energy when the rotational
speed of the propeller is fast. Propeller F has the high efficiency and the blade area
decreases by 9.96%. From Fig. 26, the aerodynamic performance of Propeller F is
close to Propeller B and is superior to Propellers C and D.

Table 7. Comparison with aerodynamic data of Propellers A, B, C, and F.

Propeller T (N) M/(Nm) η Sp ∆η ∆Sp

Liu and He [2017] 98.19 39.75 73.87% 0.1588 0 0
D’Angelo 103.45 38.81 79.54% 0.1168 +5.67% −26.45%
MIGA 99.93 37.21 80.15% 0.1125 +6.28% −29.16%
NSGA-II 99.96 37.345 79.88% 0.1013 +6.01% −36.21%

Fig. 28. Solid models of Propellers C, D, E and F.
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The aerodynamic data of the propeller in Liu and He [2017], the propeller
designed by D’Angelo program, and the propellers optimized by improved D’Angelo
optimization framework are shown in Table 7. The more reasonable chord and twist
angle of the high altitude propeller, compared with Liu and He [2017], are obtained
by D’Angelo program. The efficiency increases by 5.67% for D’Angelo method and
the weight of the propeller decreases by 26.45%. The distributions of the chord and
twist angle are optimized by MIGA to obtain the highest efficiency propeller. But
the efficiency only increases by 0.61% compared with D’Angelo program. Because
the efficiency of D’Angelo program is very high and the distributions of the chord
and twist angle are reasonable, so NSGA-II is adopted to seek the balance between
the efficiency and the weight. After NSGA-II optimization, the efficiency increases
by 6.01% and the weight decreases by 36.21%.

The solid models of MIGA and NSGA-II optimization are established by CATIA.
The three-dimensional models of Propellers C, D, E and F are shown in Fig. 28.

CFD simulation method in Sec. 4 is used to calculate the aerodynamic parame-
ters of Propellers C and F. The performance of Propellers B, C, and D is presented

(a) (b)

(c)

Fig. 29. Comparison between data calculated by BEM and CFD for Propellers B, C, F: (a) thrust

coefficient, (b) power coefficient, (c) propeller efficiency.
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in Fig. 29. It is shown that the results of BEM are in fair agreement with CFD
simulations. BEM predicts a slightly larger thrust coefficient than CFD and the
power coefficient of BEM is close to the CFD results. The results also show that
when the advance ratio J = 0.75, the maximum efficiency difference between BEM
calculation and CFD simulation for Propeller B is 5.55%. When the advance ratio
J = 0.75, the maximum efficiency difference between BEM calculation and CFD
simulation for Propeller C is 6.34%. When the advance ratio J = 0.75, the maximum
efficiency difference between BEM calculation and CFD simulation for Propeller F
is 6.39%.

Under the cruise condition of n = 960 rpm v∞ = 30m/s, the pressure distri-
butions on the blade surfaces of Propellers B, C, and F are shown in Figs. 30–31.

(a) (b) (c)

Fig. 30. Comparison of pressure distribution on lower surfaces for n = 960 rpm and v∞ = 30m/s.
(a) Propeller B, (b) Propeller C, and (c) Propeller F.

(a) (b) (c)

Fig. 31. Comparison of pressure distribution on upper surfaces for n = 960 rpm and v∞ = 30m/s.
(a) Propeller B, (b) Propeller C, and (c) Propeller F.
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When the propeller is rotating, the pressure of the upper surface is lower and the
lower surface is higher. Thus, the pressure difference between the upper surface and
lower surface can produce the thrust. The pressure of the lower surface gradually
increases from the root to the tip of Propeller B and the maximum pressure is
between 0.8 R and 0.96 R. The maximum pressure of Propeller C is between 0.85 R

and 0.96 R and Propeller F is between 0.82 R and 0.96 R. It is indicated that the
thrust of Propeller B is larger than Propeller F and the thrust of Propeller C is
lower than Propeller F.

6. Conclusion

This paper proposes that the improved D’Angelo optimization framework is used
to design and optimize a high altitude propeller. This framework adopts multilevel
optimization strategy. The first-level optimization can obtain the high efficiency
D’Angelo propeller whose aerodynamic performance is verified by CFD simula-
tion and BEM theory. The second-level optimization uses the surrogate model and
optimization algorithm to obtain the high efficiency and light weight propeller. In
the second-level optimization MIGA method is applied to obtain the maximum effi-
ciency propeller by changing the chord and twist angle distributions of the D’Angelo
propeller. Then NSGA-II method is introduced and used to solve the multi-objective
optimization problem acquiring the high efficient and lightweight propeller. The
Pareto frontier solutions between the efficiency and the blade area are acquired and
discussed in detail. Besides, the aerodynamic parameters of these three propellers
are calculated by BEM theory compared with the CFD simulations. We can draw
some conclusions on the high altitude propeller:

(1) The improved D’Angelo optimization framework can be applied to design the
high altitude propeller and we can obtain the high efficient and lightweight
propeller.

(2) In the second-level optimization MIGA method can improve the D’Angelo
propeller efficiency, but the efficiency is not obviously enhanced. Because the
D’Angelo method has taken full advantage of the aerodynamic efficiency of the
section airfoil, so it is very difficult to improve the propeller efficiency by chang-
ing the chord and twist angle distributions. However, the reasonable chord and
twist angle distributions are obtained.

(3) The blade area of the propeller can be decreased significantly at the expense of
reducing a little efficiency by NSGA-II. NSGA-II method can obtain the high
efficiency and lighter propeller.

(4) The aerodynamic characteristics calculated by CFD simulations are in fair
agreement with the BEM results. It is indicated that the improved D’Angelo
optimization framework is feasible and the multilevel optimization strategy is
effective and valid for the high altitude propeller design. Besides, the optimal
propeller can reach the cruise requirements of the stratospheric aircraft at the
design point.
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