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Optimal design and experiment of
propellers for high altitude airship

Jun Jiao, Bi-Feng Song, Yu-Gang Zhang and Yu-Bin Li

Abstract

The multi-objective optimization design method and experimental validation of the propeller for high altitude airships are

presented in this paper. The method of predicting the propeller’s aerodynamic characteristics is based on the vortex

theory. The non-dominated sorting genetic algorithm II is introduced and applied to solve the optimization problem.

Then the optimization model which aims to design an efficient and lightweight propeller for high altitude airships is

established based on the conditions of high altitude airships propulsion system. In addition, the effects of various design

variables including pitch angle, chord length, diameter, rotational speed, and the number of blades on high altitude

propeller performance are presented and discussed in a gradual manner. The optimization results indicate that the

desirable tradeoff between the efficiency and weight of high altitude propeller is associated with the absorbed power,

structural strength, and even the manufacturing and installation conditions. In order to evaluate the mathematical model

and performance of the optimized propeller, wind tunnel experiments of scaled model on the basis of scaling laws and the

full-scale propeller test using mobile testing system were carried out. It is shown that results obtained from the

experiments agree well with those of the numerical calculation, which verifies that the designed propeller can satisfy

the requirements of the high altitude airships’ propulsion system.
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Introduction

The potential of lighter-than-air (LTA) platforms
for high altitude application has attracted growing
interest in the past few decades.1 In particular, high
altitude airships (HAA) is considered as an excellent
platform for many different purposes in both civil and
military fields such as aerial exploration, communica-
tions support, Intelligence, Surveillance, and
Reconnaissance (ISR).2,3 The concept of an HAA
began with the United States Navy in the late 1970s
when the initial program was sponsored by Navy and
developed in the 1980s. Since then, along with the
rapid progress of aerospace technologies,4 there
have been numerous researches and trials focusing
on the issues of designing the HAA to achieve a
great performance, such as High-Altitude Airship of
Lockheed Martin Company,5 Stratospheric Platform
Airship of Japan,6 Stratospheric Airship Program of
South Korea,7 ‘‘Berkut’’ Solar Powered Airship in
Russia,8 and Multibody Advanced Airship for
Transport Project of European Union.9

With the development of airships, the propeller
driven by an electric motor is widely used in the

propulsion system of HAA, which allows much
more control over the craft and changes in mission
goals.8,10 In order to make full use of the power of
engine or electromotor and reduce the energy con-
sumption, the propeller system needs improving its
efficiency and reducing weight as much as possible
to satisfy HAA’s requirements during the high alti-
tude and long endurance flight period. Thus, it is
essential to establish a reliable numerical method to
predict the high altitude propeller’s propulsive
performance and weight. In reality, the design of the
propeller based on minimum induced losses started
with Betz and Goldstein at the beginning of the 20th
century and then was developed by a variety of excel-
lent scientists for more than a century.11 These
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numerical methods are still utilized in the design of
high altitude propellers, and also play a significant
role in the preliminary design of HAA propulsion
system.12–14

In addition, HAA is a kind of low-dynamic vehi-
cles cruising in the stratosphere where its atmospheric
density is extremely low, resulting in a low Reynolds
number of the high altitude propeller. Therefore, the
similarity criterion of the scale-propeller for the wind
tunnel experiment should be confirmed to simulate
the real flight conditions.15 And it is also significant
to evaluate the aerodynamic characteristics of the full-
scale propeller for the purpose of validation. Several
approaches of propeller testing such as wind tunnel
experiment, APEX Flight Experiment and atmos-
pheric Drop Test are proposed and conducted in the
past and deserve being researched continually.12,16

In this study, a method of predicting the aero-
dynamic performance and weight is integrated into
the multi-objective optimization design of a high alti-
tude propeller. Based on the vortex theory and
the non-dominated sorting genetic algorithm II
(NSGA-II) algorithm, an investigation of the design
variables, including pitch angle, chord length, diam-
eter, rotational speed and the number of blades on
high altitude propeller performance and weight is dis-
cussed in detail. Meanwhile, according to the wind
tunnel experiment of scaled propeller model and the
full-scale propeller test on a mobile testing system, the
performance of the designed propeller are obtained
comprehensively and proved to meet the requirements
of the HAA’s propulsion system.

The remainder of this paper is organized as fol-
lows. The upcoming section outlines the vortex
theory of propeller as well as its implementation pro-
cess. Next, the NSGA-II is briefly introduced to solve
the multi-objective problem firstly. Afterwards, the

optimization model of the high altitude propeller is
built based on the design constraints of HAA’s pro-
pulsion system. The scaling laws of the high altitude
propeller in the wind tunnel are discussed, and the
mobile testing system for full-scale propeller test is
established. Subsequently, the numerical solutions of
the optimization problem are conducted in a gradual
manner, and the optimization results are discussed.
Finally, the performance of the designed high altitude
propeller is verified through the comparisons of
experimental results and numerical calculations.

Propeller blade theory

Vortex theory

In order to design a propeller or to predict the per-
formance of a rotating propeller accurately, various
methods have been proposed to analyze the aero-
dynamic characteristics of the blade in detail. All of
these methods involve the use of ‘‘blade elements’’,
which subdivide the propeller into individual section
along the radius. Each of these sections can be viewed
as a two-dimensional airfoil section and analyzed
individually when the associated parameters are con-
firmed. The forces acting on each section are finally
integrated to obtain the thrust and torque of the over-
all propeller.17

Referring to Figure 1, the propeller is rotating with
a rotational speed of ns and advancing through the air
with a velocity of V. The pitch angle, �, is defined
relative to the zero lift line of the airfoil section,
which varies with the radial distance r. Similar to
finite wing theory, the total down wash angle, �, is
the sum of two parts, the advanced angle, ’, and the
induced angle of attack resulting from the induced vel-
ocity !, �i, the contribution of one-blade element to the

(a) (b)

r

ns

dr

Figure 1. Section forces and velocities acting on a rotating propeller blade. (a) Front view of the propeller; (b) blade element at

radius r. The blade is rotating with a speed of 2�nsr, V is the wind speed, � is the pitch angle, � is the angle of attack, � is the down wash

angle, which composed of the advanced angle, ’, and the induced angle of attack, �i. The induced velocity, !, is the sum the tangential

and axial component of induced velocity, !t and !a. VE is the total relative velocity of the airfoil section. The total force, dRF, can be

divided into the thrust, dT, and tangential force, dFQ, or the differential lift and drag forces, dL and dD.
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thrust, dT, and torque, dQ, are related to the differen-
tial lift and drag forces, and can be calculated by

dT ¼ dL cosð�Þ � dD sinð�Þ ¼ 1
2�V

2
Ec½Cl cosð’þ �iÞ

� Cd sinð’þ �iÞ�dr

ð1Þ

dQ ¼ rdFQ ¼ r½dL sinð�Þ þ dD cosð�Þ�

¼ 1
2�V

2
Ec½Cl sinð’þ �iÞ þ Cd cosð’þ �iÞ�rdr

ð2Þ

The section lift and drag coefficient, Cl and Cd,
depend on the local Reynolds and Mach number,
Re and Ma, and aerodynamic angle of attack for
the blade element, �. From the tangential and axial
component of induced velocity, !t and !a, the angle of
attack � can be determined as

� ¼ �� ’� �i ¼ �� � ¼ �� tan�1
Vþ !a

2�nsr� !t

� �

ð3Þ

And the induced angle can also be determined
easily from the same geometry as

�i ¼ � � ’ ¼ tan�1
Vþ !a

2�nsr� !t

� �
� tan�1

V

2�nsr

� �

ð4Þ

The total relative velocity, VE, at the plane of the
blade section is given by

VE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðVþ !aÞ

2
þ ð2�nsr� !tÞ

2

q
ð5Þ

The Kutta–Joukowski theorem states that the lift on
a finite propeller blade is related to the bound vorticity
through the vortex lifting law. Thus, the local section
circulation, �, of a propeller blade can be expressed as

� ¼ 1
2cClVE ð6Þ

According to Goldstein’s vortex theory, the
induced velocity can be predicted under two hypoth-
eses which also satisfy the Betz condition. First, the
vortex sheet trailing from a rotating propeller blade
was assumed to lie along a helical surface of the con-
stant pitch. Second, the induced velocity was assumed
to be normal to the resultant velocity. So the two
parts of the induced velocity are related by

Vþ !a

2�nsr� !t
¼
!t

!a
ð7Þ

This equation can be solved for !a as a function of !t

!a ¼
1
2 �Vþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2 þ 4!tð!r� !tÞ

ph i
ð8Þ

Goldstein’s vortex theory relates the local tangen-
tial component of induced velocity, !t, to the bound
circulation, �, around any blade section by

B� ¼ 4�r�!t ’ 4�rF!t ð9Þ

The Goldstein’s kappa factor, �, is available in
graphical form but never been presented in closed
form. A close approximation of � is known as
Prandtl’s tip loss factor, F, which can be expressed as

F ¼
2

�
cos�1 exp �

Bð1� 2r=d Þ

2 sin�t

� �� �
ð10Þ

where d is the propeller diameter, B is the number
of blades, and �t is the pitch angle at the propeller
blade tip.

Calculation procedure

In the calculation process, one of the most difficult
issues for vortex theory is to determine the induced
velocity and angle, ! and �i. The propeller blade
geometry and operating conditions include the
chord length, c, the pitch angle, �, the diameter of
the propeller, d, the airfoil types, Y, of each section,
the free stream wind speed, V, the rotor rotational
speed, ns, the number of blades, B, and the operating
altitude, H. These parameters and their relationships
associated with the lift and drag coefficients of each
blade element is shown in Figure 2 in terms of the
propeller blade theory. From the diagram, it is evident
that the performance of the airfoil with a certain angle
of attack, a, is mainly related to Reynolds and Mach
numbers. Drela’s XFOIL uses a linear-vorticity panel
method for inviscid analysis as well as adopting an
integral boundary-layer method for viscous ana-
lysis.18 The XFOIL has proven to be a powerful and
useful tool for the design and the analysis of the airfoil
aerodynamic characteristics at low-speed and low
Reynolds numbers.19 So in the design process,
XFOIL (version 6.99) is employed for the calculation
of Cl and Cd of the airfoils along the blade radius with

b V nsr H

a Re Ma

Cl & Cd of  blade element

c Y

q VE r µ a

Figure 2. Relationship of the parameters associated with

blade element aerodynamics.
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different angle of attack, Reynolds and Mach
numbers.

After achieving the local lift and drag coefficients
of the blade section, an iterative approach of the
induced angle, �i, proceeds as outlined in Figure 3.
The induced velocity, !, and its tangential and axial
components, !t and !a could also be calculated
during the iteration, then the differential thrust and
torque, dT and dQ of each section are uniquely
determined.

The thrust and torque on the overall propeller can
be calculated by integrating the differential quantities
from the hub diameter, rh, to the tip diameter, rt,
using the following equations

T ¼

Z rt

r¼rh

dT ð11Þ

Q ¼

Z rt

r¼rh

dQ ð12Þ

Optimal design of high altitude propeller

Multi-objective optimization theory

Multi-objective optimization problem involves mini-
mizing or maximizing multiple objective functions
subject to a set of constraints, and it is an extension

of the single objective optimization problem.21 A gen-
eral multi-objective optimization design can be
described as

Min=Max FðxÞ ¼ ð f1ðxÞ, . . . fkðxÞÞ

Subject to : giðxÞ40, i ¼ f1, . . . ,mg,

hj ðxÞ ¼ 0, j ¼ f1, . . . , pg,

where F(x) is the vector-valued function, and x is a
n-dimensional decision variable vector x¼ (x1,. . ., xn)
from some universe �, gi(x)4 0 and hj(x)¼ 0 repre-
sent constraints.

The concept of Pareto optimality is integral to the
theory and the solving of MOPs. For a given MOP, a
vector u¼ (u1,. . .,uk) is said to dominate another
vector v¼ (v1,. . .,vk) (denoted by u4 v) if and only if
u is partially less than v, and that is

iff 8i 2 f1, . . . kg, ui4vi and 9i 2 f1, . . . kg : ui 5 vi

The Pareto optimal set, P*, and the Pareto Front,
PF*, is defined as

P� ¼ fx 2 � :9j x0 2 � Fðx0Þ4FðxÞg

PF� ¼ fu ¼ FðxÞ x 2 P�j g

The NSGA-II, which is an improved version of
NSGA, is one of the contemporary multi-objective
evolutionary algorithms that exhibits high
performance and has been widely applied in various
disciplines. The algorithm makes use of a fast nondo-
minating sorting approach to discriminate solutions,
which is based on the concept of Pareto dominance
and optimality.21

The flow chart of the NSGA II program is shown
in Figure 4. It starts with a random initial generation.
First, the parents and offspring are combined. When
the objective functions of all strings in a generation
are calculated, the solutions are classified into various
nondominated fronts. The crowded tournament selec-
tion operator is used to compare two solutions and
returns the winner of the tournament according to
two attributes: (1) a nondominated front in the popu-
lation and (2) a local large crowding distance.
The first condition makes sure that the chosen solu-
tion lies on a better non-dominated front, and the
second condition ensures a better spread among the
solutions. The simulated binary crossover (SBX) is
used here to create two offspring from two-parent
solutions. The random simplest mutation operator is
applied randomly to create a solution from the entire
search space.22

Optimization model and scheme

Objective function. The ability of airships to operate for
an extended duration of time (months to years) at

Initial value of ai is given by  
assuming w t=0, Eq.(8), Eq.(4)

Calculate the value of a, Eq.(3)

Determine Cl, Cd XFOIL with Re, Ma

Calculate the value of VE, Eq.(5)

ai = ai
*

ai
*-ai <TOL

U
pd

at
e 

va
lu

e 
of

 a
i=

a i
*

NO

YES

Calculate the value of G, Eq.(6)

Calculate the value of w t, w a, 
Eqs. (8~10) new ai, Eq.(4)

Figure 3. Calculation flowchart for the induced angle and

velocity.
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high altitudes requires a renewable based power
system with an efficient propulsion system.
Therefore, in order to take full advantage of the
motor power and reduce energy consumption, the
propeller systems of HAA need to be highly efficient
and lightweight. So, one of the objectives is the aero-
dynamic efficiency of the propeller at the design point.
Besides, the propeller’s weight also directly affects the
total weight of the power system and needs to be con-
sidered during the design process. In general, high
altitude propeller is made of composite materials.
The blade density distribution varies greatly because
of the different lamination design and the complex
shape. It is very hard to obtain the blade weight by
using composite laminate theory. Therefore, weight
estimation of the propeller can be converted into
blade surface area calculation if the layer thickness
and material density are considered to be the same.
It is an effective approach to avoid building complex
structure model of the composite blade. The two
objectives are defined in the following equation

Objectives : f1ðxÞ ¼ maxð�Þ, f2ðxÞ ¼ minðSÞ

ð13Þ

The aerodynamic efficiency of the propeller is
defined as the propulsive power, Pp, divided by the
brake power, P, which will be calculated based on
the vortex theory. l is the advance ratio of a propeller,
which is defined as l¼V/nsd.

� ¼
Pp

P
¼

TV

Q2�nsR
¼

CTl
CP

ð14Þ

As shown in Figure 5, the blade area is obtained by
numerical spanwise integration of the length for each
blade section profile, which can be expressed as

S ¼ B lim
dr!0

X
�S ¼ B

Z rt

r¼rh

l ðx, yÞdr ð15Þ

where l(x, y) is the length equation of the blade pro-
file, (xi0, yi0) the airfoil coordinates of a unit chord,
(xi, yi) the transformed airfoil coordinate of the pro-
peller blade.

The length of the blade profile is defined as the
limit of the lengths of the inscribed polygons with
vertices

l ðx, yÞ ¼
Xm
i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxiþ1 � xiÞ

2
þ ð yiþ1 � yiÞ

2

q
,

�
xi ¼ cðxi0 cos�þ yi0 sin�Þ

yi ¼ cð yi0 cos�� xi0 sin�Þ

� ð16Þ

Thus, after applying equations (15) and (16), the
blade surface area of the whole propeller can be
obtained.

Design variables and constraints. The propeller blade
geometry and operating conditions determine the
aerodynamic efficiency of the propeller. The high-lift
airfoil series self-developed are used in this case, and
the position of these airfoils is also previously deter-
mined. The relative thickness of the blade airfoil
arrangement decreases monotonically from the blade
root to the tip. The airfoils of typical profiles across
the blade and their performance are presented in
Figures 6 and 7.

In addition to the cross-sectional airfoil, the geom-
etry of the propeller blade is mainly determined by the
distribution of chord and pitch angle. In order to
make the blade shape smooth and continuous along
the spanwise direction, the cubic Bézier curve is used
to describe the blade chord and the pitch angle
distribution

c xð Þ ¼ 1�xð Þ
3c0þ3x 1�xð Þ

2c1þ3x2 1�xð Þc2þx3c3

ð17Þ

� yð Þ¼ 1�yð Þ
3�0þ3y 1�yð Þ

2�1þ3y
2 1�yð Þ�2þy

3�3

ð18Þ

where c0, c1, c2, and c3 represent four control points of
the chord distribution, one at hub, one at tip and two
at intermediate stations, �0, �1, �2, and �3 represents
the control points of the pitch angel distribution, x, y
changes in [0, 1], the range of eight parameters is
limited as follows

cimin4ci4cimax �imin4�i4�imax i¼ 0, . . . , 3

Start

Initialize population gen=0

Non-dominated Front =1

Crowded tournament selection

Creat new population
Selection &Crossover&Mutation

gen<genmax?

stop

ge
n=

ge
n+

1

Combination of parent 
and offspring

Is population 
classified?

Perform non-
dominated sorting

Front =Front+1

Figure 4. Flow chart of NSGA-II optimization procedure.
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Aside from the geometry (airfoil and blade twist) of
the propeller blade, the propeller’s diameter and the
number of blades are important factors which will
significantly affect the performance of the propeller
at a given altitude. In addition, in order to take into
account the performance of the drive motor, the range
of values for rotational speed should be subject to a
reasonable limitation as a design variable. Thus, the
design variables and their bounds are described in
Table 1.

Design variables : c0, c1, c2, c3,�0,�1,�2,�3, d, ns,B

ð19Þ

Besides the geometrical dimension constraint, sev-
eral important constraints are applied here to satisfy
the performance of the propeller for HAA. The
required thrust under the flight condition and the
rated power absorbed from the motor are both
restricted based on the task requirement and propul-
sion system of HAA. Because the diameter and the
rotational speed are both changing during the design
process, the tip Mach number defined in equation (20)
of the propeller must be limited around 0.7 Mach,
which can be achieved easily under high altitude and
low density environment.23 This is done to avoid the
formation of shock waves over the surface of the

blade, which can severely reduce its performance if
not destroy the propeller.

Matip ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2 þ ð�nsd Þ

2
q

a
ð20Þ

Constraints : T5Tmin, Pb ¼ Prated, Matip4Mamax

ð21Þ

The equality and inequality constraints according
to the requirements of the HAA propulsion system
are summarized in Table 2.

Design process. It is noted that there are many design
variables during the propeller optimization design,
apart from the change of blade twist and chord, the
complexity further increases due to the variation of
the diameter and the number of the propeller blades.
In general, the reason multi-blade propellers seem to
be inefficient is the need to use considerable lower
diameter propellers (in comparison to two-blades) in
the propeller design process, but the situation is quite
different in the high altitude propeller design. The
restrictions on the size of the high altitude propeller
are not as strict as those of the conventional aircraft.
In addition, the engine power of the HAA propulsion
system is usually relatively large, the airship designer
needs to design a propeller capable of efficiently
absorbing that higher power at high altitude.
Increasing the diameter or the number of blades can
both be helpful to transfer more power produced by
the engine to the air. But obviously, these changes will
have different effects on the efficiency and weight of
the propellers.

Therefore, in order to obtain the effect of the dif-
ferent design variables during the optimization of high
altitude propeller, the design process will be carried
out in a gradual manner. Initially, the two-bladed
propellers with fixed diameter will be considered,
and the diameter of the propellers will be changed
to understand its effect on the two contrary goals.
At last, the influence of the number of blades on the
optimization design will be investigated subsequently
under the same design constraints.

l(x,y)

dr

x1, y1

x2, y2

x3, y3 x4, y4

x5, y5

x6, y6

x7, y7x8, y8

x10, y10

x11, y11 x9, y9

(a) (b)

Figure 5. Method of estimating the blade surface area: (a) integration along the propeller blade; (b) arc length of blade section.

0.0 0.2 0.4 0.6 0.8 1.0
-0.2

-0.1

0.0

0.1

0.2

0.3

y/
c

x/c

 r/R=30%
 r/R=50%
 r/R=75%
 r/R=90%

Figure 6. Airfoil geometries of several sections across the

blade.
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Experimental setup

Wind tunnel experiment

The wind tunnel test of the scaled model needs to
follow the similitude to ensure valid results, which
consist of geometric, kinematics, and dynamic simi-
larity. When the geometric and kinematics similarity
are confirmed, the main parameters affecting dynamic
similarity are the Reynolds number and the Mach
number. However, the low Reynolds number effect

has the greater impact on the aerodynamics of the
high altitude propeller. Therefore, the main similarity
criteria required here are the advance ratio and
Reynolds number, which are expressed as follows15

ðReÞmodel¼ ðReÞprototype¼
�Vc
	

	 

model
¼

�Vc
	

	 

prototype

ðlÞmodel¼ ðlÞprototype¼
V
nsd

	 

model
¼ V

nsd

	 

prototype

8><
>:

ð22Þ

Then the scaling laws between the prototype and
model can be formulated in the following equation

dr ¼
cm
cp
¼

dm
dp

nr ¼
nsm
nsp
¼
�p	md

2
p

�m	pd2m
¼

r
d2r

Vr ¼
Vm

Vp
¼
�p	mdp
�m	pdm

¼

r
dr

ð23Þ

where xr is defined as the ratio of the associated par-
ameters indicated by the subscript, v is the kinematic
viscosity, �¼	/�, 	 is the dynamic viscosity of the
fluid, and � is the density of the fluid.

The nondimensional aerodynamic parameters of
the scaled model are equal to those of prototype if
the similarity principles are followed, and that is
CTm/CTp¼CQm/CQp¼CPm/CPp¼ 1. The force mea-
sured from the model at that condition is then
scaled to be expected for the real application

Tr ¼
Tm

Tp
¼
�mn

2
smd

2
mCTm

�pn2spd
2
pCTp

¼ �rn
2
srd

4
r ¼ �r


2
r

Qr ¼
Qm

Qp
¼
�mn

2
smd

5
mCQm

�pn2spd
5
pCQp

¼ �rn
2
srd

5
r ¼ �r


2
r dr

Pr ¼
Pm

Pp
¼
�mn

2
smd

5
mCPm

�pn2spd
5
pCPp

¼ �rn
3
srd

5
r ¼

�r

3
r

dr

ð24Þ
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Figure 7. Airfoil performance in XFOIL for Re¼ 5.00� 105 and Ma¼ 0.1: (a) Cl vs a; (b) Cl vs Cd.

Table 1. Design variables and their ranges.

Design

variable Description Range

C0

The control parameters

of chord distribution, m

0.1–0.6

C1 0.2–1.0

C2 0.2–1.0

C3 0.1–0.6

�0

The control parameters

of pitch angle distribution,

degree

20–60

�1 20–60

�2 1–30

�3 1–30

d Propeller’s diameter, m 6.2, 6.8, 7.4

ns Propeller’s rotational

speed, rpm

500–600

B Number of blades 2, 3, 4

Table 2. Design constraints.

Constraint Description Value

H Flight altitude 20 km

V Wind velocity 20 m/s

T Thrust of propeller 5900 N

P Propeller absorbed power 25.5 kW

Matip Mach number of the blade tip 40.7

Jiao et al. 1893



This wind tunnel test was conducted in the NF-3
low-speed wind tunnel at Northwestern Polytechnical
University of China by following the Reynolds
number similarity criteria and the advance ratio simi-
larity criteria discussed above. The facility is a direct-
circuit wind tunnel incorporating a 12m� 3.5m�
2.5m test section. The scaled propeller model is
driven by a converter motor, and the experimental
data is measured by a six component cassette strain
gauge balance and other equipment, as shown in
Figure 8.

Full-scale propeller test

The blade of the high altitude propeller is long enough
to be seen as a kind of slender structure. So it is neces-
sary to check the aerodynamic characteristics of the
full-size propeller, which is prone to deform during
the process of constant rotation. So a test apparatus
whereby all experimental equipment and electronics

are mounted on a mobile platform is designed and
constructed.24 This testing system allows full-size pro-
peller experiment to be carried out at different atti-
tudes under 4 km and offers significant time and cost
benefits compared to other projects.

The configuration of a mobile testing system,
shown in Figure 9, is composed of three parts. The
test platform is used to install the propeller model and
its driving device including the DC motor with speed
reducer, the generators and stabilized voltage supply.
In the measurement and control system, the force sen-
sors are used to measure the aerodynamic force of the
propeller, and the real-time data is collected by the NI
Data acquisition system configured with NI cDAQ-
9188 and several C Series I/O Modules including NI
9237, NI 9203, NI 9205, and NI 9401. By using an
anemometer and a barometer, the airspeed and
atmospheric pressure will be monitored and recorded
by a control computer through USB to RS485
Converter Cables. The working parameters of the
driving motor including start-stop, rotational speed,
acceleration, and deceleration are also be regulated by
the control computer through the motor controller.
The test platform and control system are supported
by the delivery platform which is a refitted vehicle and
transported along a straight roadway to create the
relative wind speed during the experiment.
Schematic and physical diagrams of the mobile testing
system are presented in Figure 10.

Results and discussion

Analysis of two-bladed propeller

The optimization results of the two-bladed propeller
with 6.8-meter diameter are shown in Figure 11. The
optimal region is divided into two parts by the Pareto
frontier. Part I is an ideal solution region that cannot
be reached under the design conditions, while part II

Figure 9. Configuration of the mobile testing system.

Figure 8. Wind tunnel test.
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is a feasible solution region. The monotonicity of the
Pareto frontier shows that the increase of the propel-
ler efficiency is accompanied by the increase of the
blade weight, indicating that the two design goals
have a certain degree of conflict.

To explain the Pareto optimal solution set better,
three blades marked in Figure 11 are further analyzed.
Blade A is a highly efficient propeller under the power
and thrust constraints, it has the most reasonable
speed triangle distribution from the propeller root to
tip. Blade B is a result in the feasible solution region,
and the unreasonable distribution of the chord length
and pitch angle lead to the relatively low efficiency
compared with the blade on the Pareto Frontier
under the same blade area conditions. On the other
hand, although the efficiency of the blade C reduces
by about 9% compared with blade A, the change of
blade area shows a more significant decline of 47%.

To understand the physical phenomena behind the
results, a preliminary analysis is presented here. It is
known that propeller performance is largely deter-
mined by the efficiency of blade element,25 which
can be calculated by the following equation with ref-
erence to Figure 1 (the advanced angle, ’¼ arctan
(V/2�nsr), the drag-lift angle, � ¼ arctan(D/L) and �i
is the induced angle)

�b ¼
dPp

dP
¼

V

2�nsr

dT

dQ
¼

tan ’

tanð’þ �i þ �Þ
ð25Þ

For different theta values, the relationship between
the propeller efficiency and the advanced angle is
shown in Figure 12. The advanced angle with high-
performance is around 30�–50� for each curve with a
fixed induced angle and drag-lift angle. The efficiency
of blade element decreases with the values of induced
angle and drag-lift angle of the airfoil for the fixed

Figure 10. Full-scale propeller test system: (a) model in CATIA; (b) field test.
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advanced angles. When ’> 15� and �iþ � < 4�, the
efficiency is no less than 80%. However, the high alti-
tude propeller cannot always meet these conditions
from propeller’s root to tip, because the rotational
speed of each airfoil section is quite different as
shown in Figure 13. So the propeller efficiency, as
well as the weight, depend heavily on a reasonable
distribution of the twist angle and chord length.

The geometries and operating speed of blades A, B,
and C are shown in Figure 14. The speed triangle
distribution of Blade A is more reasonable. Thus, it
has the highest aerodynamic efficiency among the
three blades. Besides that, it can be seen from the
figure that some of the propeller efficiency need to
be sacrificed to achieve the goal of light weight. But
the reduction of chord length and the increase of pitch
angle need to change by some disciplines to maintain
the speed triangle at its highly efficient operation
region. Moreover, the rotational speed of propeller
with small blade area increases to meet the design
constraints of the absorbed power and thrust.

Figure 15 presents the Pareto-optimal solutions of
two-bladed propellers with different diameters. The
propeller with large diameter mostly has a higher
aerodynamic efficiency than the small one under the
same condition of surface area. This is because the
propeller blade can be regarded as the wing model

with a certain aspect ratio, and larger aspect ratio
helps to reduce the induced drag and increase the
lift-drag ratio. Consequently, the propeller with high
efficiency is seen to favor larger diameter and smaller
chord length shown in Figure 16, while the smaller
propeller needs higher rotational speed and larger
pitch angle to offset the bad effect on propeller effi-
ciency and assure adequate absorbed power. In add-
ition, the blade surface area of large propellers is
obvious smaller under the same condition of effi-
ciency, which indicates that the increase of chord
length has a greater impact on the surface area of
the propeller than the increase of the diameter.
Therefore, a reasonable increase in high altitude pro-
peller’s diameter can have the advantage of increasing
the efficiency and keeping the blade light weight.

It should be noted that the propeller is a kind of
slender body which operates like a cantilever beam
which will lead to many difficulties of the propeller’s
structure and manufacture. The force acted on the
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whole propeller is integrated by the section thrust,
circumferential force and centrifugal force of each
blade element, which would generate deformation
including extension, torsion and bending, and even
structural damage if the propeller is very long and
thin.

Influence of the number of blades

The multi-bladed propeller is usually applied for small
propellers to absorb the engine power with the
increase of wind speed and flight height. In order to
analyze the problem better, the diameter of the pro-
peller is determined to be 6.2m to prevent the chord
length of multi-propellers becoming too small and
structurally vulnerable.

Pareto-optimal solutions of propellers with 2, 3,
and 4 blades are shown in Figure 17. The result
shows that the highest efficiency of the multi-bladed
propeller is basically equivalent to that of a two-
bladed propeller with the same blade area. This is
because the optimal multi-bladed propellers, which

are featured by smaller chord length shown in
Figure 18, have higher aspect ratio to counteract the
loss of efficiency caused by blades interference.
Meanwhile, increasing the number of blades decreases
the tip loss based on the Prandtl’s theory, which tends
to have a positive impact on propeller efficiency.26

This indicates that the effect of increasing the
number of blades or chord length is almost the same
under the same blade area and diameter conditions
for the high propeller efficiency in this case. It is
important to note that the interference among mul-
tiple blades significantly increases with the decrease of
blade surface area, so the efficiency of multi-bladed
propellers is reduced faster than that of two-bladed
propellers.

However, the variation of the blade numbers and
chord length has a significant impact on the propeller
structure. The material density of propeller blades is
assumed to be uniform and equal to 5 kg/m2 in this
case. The mass of one blade element, dm, is the prod-
uct of the blade area, �S, and blade density, �b, can
be simplified as

dm ¼ �b�S ¼ �bl ðx, yÞdr ð26Þ

where l(x, y) is the length equation of the blade profile
determined in equation (16). Thus, the centrifugal
force dFC of section at position r0 can be obtained
by integrating the centrifugal forces acting on each
blade element with respect to r from this blade section
radius to the blade tip radius.27

dFC ¼

Z rt

r¼r0

ð2�nsÞ
2rdm ¼

Z rt

r¼r0

ð2�nsÞ
2r�bl ðx, yÞdr

ð27Þ

The section thrust, dT, and circumferential force,
dFQ, are calculated by the vortex theory. Figure 19
presents the distribution of spanwise force of blades
G, H, and I. The aerodynamic force and centrifugal
force of multi-bladed propeller blade are much smal-
ler than those of two-bladed propeller and, as a result,

Figure 18. Geometries of propellers G, H, and I: (a) two-bladed propeller; (b) three-bladed propeller; (c) four-bladed propeller.
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the multi-bladed propeller is beneficial to structural
strength. But just like the situation of increasing the
propeller diameter, too many blades for large propel-
lers may lead to a very slender blade which is prone to
deformation.

Whereas, in fact, the size and style of the propeller
are quite different depending on the different config-
urations and requirements of the HAA. In some cases,
the supporting component of the airship must become
longer to avoid scraping the blade tips on the runway
or the airship hull as the propeller size increases, and
these problems have significant negative effects on a
number of other structural and weight issues.
Moreover, when the demand of propeller power
absorption continues to increase, especially for the
small size propeller, the phenomenon discussed
above is more notable. Accordingly, multi-bladed
propeller could be applied in the high power propul-
sion design which gives attention to both efficiency
and structural strength in such circumstances.

Conversely, instead of simply increasing the
motor’s power and propeller’s surface area, some
HAAs choose an optimum power unit design to
achieve a better propulsion system by suggesting a
rational layout of all devices to avoid a single high-
powered propulsion system.28 Besides, the propeller
installation position of some airships is higher than
the bottom of the airship hull, and the space for
installing is huge enough to use a larger propeller
like the use of a stern-mounted propeller for instance.8

The propeller of HAA in this case, by contrast, could
satisfy the propulsion system’s power and efficiency
requirements by appropriately increasing the propel-
ler diameter.

Results of experiment and calculation

In the practical engineering applications, designers
have to make a decision under different working con-
ditions and consider the tradeoff among various
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factors to develop a high performance and light
weight design. The choice of the optimal propeller in
the practical design should be balanced according to
the designer’s demand with the weight and efficiency.
In this project, the important requirement for the
HAA propulsion system is to achieve the propeller
efficiency of more than 70% at the design point. To
this end, the two-bladed propeller with 6.8m diameter
is selected as the final design for the HAA. Figure 20
presents the geometry of the 6.8-meters optimized
propeller by pitch (p¼ 2�rtan�) ratio, chord ratio
and thickness ratio.26 It is made of composite mater-
ials and a mutual inserted hub design.

According to the scaling laws defined in equation
(23), the associated parameters of the prototype at
design point and model of wind tunnel experiment is
introduced in Table 3. Using the test equipment men-
tioned in the previous section, the wind tunnel experi-
ment and full-scale propeller test were conducted in

Shaanxi (altitude 0 km, 34.05�N 108.72�E) and
Qinghai (altitude 3.6 km, 35.85�N 99.75�E) provinces
in China.

As shown in Figure 21, the results obtained from
the wind tunnel test are in fair agreement with the
calculation results of the optimal propeller at different
wind velocities. The vortex theory predicts a slightly
bigger power coefficient than experimental data, but
the maximum efficiency is estimated to be about 8%
higher than the test values. This is related to the meth-
od’s overprediction of the thrust coefficient at high
advance ratios. The efficiency of the 1-meter propeller
model is about 70.5% at the advance ratio of 0.346,
shown in Figure 21(b), and is relatively lower than the
calculated result of 75.2%. This indicates that the
optimized propeller can satisfy the design require-
ments of the HAA propulsion system.

The test and computational fluid dynamics (CFD)
simulation results29 of the full-scale propeller are pre-
sented in Figure 22. The comparisons are done at two
different altitudes and the same wind speed of 10m/s.
It is shown that with the increasing altitude of the test
system, the full-scale model has a lower aerodynamic
force under the same propeller speed conditions. This
is because the dynamic pressure is reduced with an
increased altitude as well as the atmospheric density,
which leads to the reduction of the lift and drag of
each blade element. The mean relative errors of tested
thrust and torque compared with CFD simulation
values are both less than 10% by computing, and
are relatively large when the advance ratio of the pro-
peller is low. It is considered that the main causes of
deviation are from two aspects. (1) The testing system
is easy to be affected by the vibration of the road and
the vehicle. The aerodynamic thrust and torque gen-
erated by the propeller are small and can be easily
concealed by the vibration interference, especially
when the advance ratio is small (propeller operating
at low speed). And (2) the flow quality of outdoor
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Table 3. The associated parameters of prototype and model.

Parameters

Prototype

(design point)

Model

(wind tunnel)

Flight altitude (km) 20 0

Air density (kg/m3) 0.0889 1.2250

Air dynamic viscosity

(Pa�s)

1.4216 1.7894

Number of blades 2 2

Diameter (m) 6.8 1

Wind speed (m/s) 20 12.4

Rotational speed

(r/min)

510 2154

Reynolds number

(r/R¼ 0.75)

625,000 625,000

Advance ratio 0.346 0.346
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environment including turbulence level, flow stability,
flow uniformity, and flow angularity fails to meet the
requirements of the wind tunnel. But overall, results
obtained from the experiments agree well with those
of the numerical simulation, which indicates that
there is no large deformation during the operating
process of the composite propeller.

Conclusions

In this paper, a multi-objective optimization design of
a propeller for HAA is conducted based on the vortex
theory and the NSGA-II algorithm. The variation
effects of the different design parameters on high alti-
tude propeller’s efficiency and weight are discussed in
detail on the basis of the Pareto-optimal solutions.
The scaled model of the optimized propeller was
tested in NF-3 wind tunnel according to the scaling
laws, and the full-scale propeller was carried out by
the mobile testing system. The following conclusions
with guidance on the specific high altitude propeller
design are drawn from this study:

(1) The weight of the optimized propeller can be
reduced significantly at the cost of a slight decline
of efficiency.

(2) Bounded by the same design constraints, appropri-
ately increasing the diameter of high altitude pro-
peller can have the advantage of improving the
efficiency and keeping the blade light weight, but
it is restricted to motor speed and blade structure.

(3) The optimum efficiency of propellers with different
blade numbers is basically the same under the
same blade area and diameter conditions, and
thus the choice of blade numbers in the design
depends on the absorption power and the struc-
tural strength.

(4) Results obtained from the two experiments agree
well with those of the numerical calculations, and
it verifies the validity of the optimization model,

and demonstrates that the designed propeller is
able to satisfy the requirements of the HAA pro-
pulsion system and operate well in the stratosphere.
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Appendix

Notation

a speed of sound
B number of propeller blades
c chord length
Cd drag coefficient
Cl lift coefficient
CP propeller power coefficient, P/�ns

3d5

CQ propeller torque coefficient, Q/�ns
2d5

CT propeller thrust coefficient, T/�ns
2d4

d propeller diameter
d[ ] variable at the blade section
D drag
F Prandtl’s tip loss factor
FC centrifugal force
FQ circumferential force
H flight altitude
l length of blade section profile
L lift
m blade mass
Ma Mach number
Matip blade tip Mach number
ns propeller rotational speed
P propeller adsorbed power
Pp propeller’s required power
Q propeller torque
r propeller radial position
rh propeller hub radius
rt propeller tip radius
R propeller radius
Re Reynolds number
S blade surface area
T propeller thrust
V wind velocity
VE total relative airspeed

� angle of attack
�i induced angle
� pitch angle
�t blade tip pitch angle
� propeller efficiency
�b efficiency of blade element
� drag-lift angle
� circulation about the propeller blade

Jiao et al. 1901



� Goldstein’s kappa factor
l propeller advance ratio
	 dynamic viscosity
v kinematic viscosity
! induced velocity
!a axial component of induced velocity
!t tangential component of induced

velocity

’ advanced angle
� air density
�b blade density
� total down wash angle
[ ]m variable of propeller model
[ ]p variable of propeller prototype
[ ]r ratio of associated variables
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