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In this paper, an improved propeller design method for the electric aircraft was presented. For a given
operative condition and profile distribution along the blade, the present method can determine the chord
and pitch angle distribution of the blade, together with its efficiency and its torque and thrust coefficients
of the maximum efficiency propeller. According to the flight velocity, thrust and rotate speed of cruise

condition, the propeller of an electric aircraft was designed using the present method. Wind tunnel test of
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scaled model of propeller (diameter 0.96 m) was carried out. The test results show that present method
was suitable to design the propeller of the electric aircraft.

© 2018 Published by Elsevier Masson SAS.

0. Introduction

Due to their ‘near zero emission’, low noise, electric aircraft
powered by Lithium-ion battery are becoming increasingly attrac-
tive. In the world, several companies have researched and man-
ufactured the electric aircraft powered by Lithium-ion batteries or
fuel cells. For examples, Pipistrel company of Slovenia, Airbus com-
pany, Yuneec company of China, Shenyang Aerospace University of
China.

Taurus Electro G2 of Pipistrel is the electric 2-seat aircraft in
serial production available on the market. The propulsion motor
of G2 weighs an impressive 11 kg (rather than 16 kg) and gen-
erates 40 kKW power. Pipistrel’s Taurus G4 [1] is the World’s first
four-seat electric aircraft with the unique twin-fuselage configura-
tion, maximum take-off Weight of 1,500 kg, total energy capacity
of 90 kWh, maximum power of 150 kW. G4 is the winner of
the NASA Green Flight Challenge 2011, sponsored by Google. The
E-Fan is a two-seater electric aircraft being developed by Airbus
Group. The aircraft uses on-board lithium batteries to power the
two electric motors and can carry two passengers. A test flight was
conducted in April 2014 at Mérignac Airport, France. The target
market is pilot training. Airbus announced that the E-Fan 2.0 will
go into production by 2017 with a side-by-side seating layout. The
Yuneec International E430 is a Chinese two-seat electric aircraft
designed for commercial production by Yuneec. The first flight of
the E430 took place from the Yuneec factory near Shanghai, China
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on June 12, 2009. The RX1E is an electric powered two-seat, com-
posite construction aircraft with a T-tail and tricycle landing gear.
The aircraft was developed by the Shenyang Aerospace University,
and is one of the first electric airplanes in production. The com-
pany has 28 orders for the aircraft. Politecnico di Torino [2-5]
developed the environmentally friendly inter-city aircraft powered
by fuel cells. The fuel cell system of ENFICA-FC was installed on
the light RAPID 200 sports.

The propeller was used to generate thrust for the electric air-
craft powered by Lithium-ion batteries or fuel cells. But the most
of the existing propellers were designed for the conventional fuel
engines. The fuel engine has sufficient torque to drive the pro-
peller. Due to the torque of electric motor is limited, the design of
the propeller for the electric aircraft is difficult. In order to enhance
the endurance of the electric aircraft, a highly efficient propeller
was required.

Many scholars have researched the design, analysis and testing
of the propeller. Angelo et al. [6] presented two numerical proce-
dures for the propeller. The first algorithm allows for the determi-
nation of the geometric characteristics of the maximum efficiency
propeller for a given operative condition. The second algorithm al-
lows for the evaluation of the efficiency, the thrust and torque co-
efficients of a propeller of known geometry. Romeo et al. [7] dealt
with the design and testing of a propeller for a two-seater aircraft
powered by fuel cells. In their studies, an optimal two-blade pro-
peller has been designed and manufactured to be installed on the
Rapid 200 FC airplane. Slavik [8] presented a method for prelim-
inary determination of propeller thrust and power coefficients by
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Fig. 1. Blade profile of radial position r.

means of blade chord and blade angle setting at 70% of the top
radius, airfoil thickness at the radius near the tip and the posi-
tion of the maximum blade width. Sabzehparvar [9] developed a
propeller model that will accurately predict airplane engine static
and dynamic thrust and torque in a full range of advance ratio.
Morgado [10] presented the design and optimization of a propeller
for on the MAAT cruiser airship by means of the inverse design
methodology. Lieser et al. [11] performed the aeroacoustic calcula-
tion of a 6-bladed propeller by the blade element method. Rizk and
Jouj [12] investigated and demonstrated the feasibility of combin-
ing an analysis code and an optimization procedure for designing
propellers. Dorfling and Rokhsaz [13] presented a procedure for
deriving the Euler-Lagrange equations for both unconstrained and
constrained propeller blade-twist optimization. Chang and Sullivan
[14] presented a method for the optimization of propeller twist.
In their method, the propeller is represented by a curved lifting
line and a number of control points. Chen et al. [15] experimen-
tally studied the aerodynamic performance of the high-altitude
propeller, especially the counter rotation effects. Influences of dif-
ferent configurations on a stratospheric airship, included 2-blade
counter-rotating propeller (CRP), dual 2-blade single rotation pro-
pellers (SRPs) and 4-blade SRP, are also indicated. Their research
indicates that the effect of counter rotation can greatly improve
the efficiency.

In this paper, an improved propeller design method for the
electric aircraft was presented. For a given operative condition
and profile distribution along the blade, the present method can
determine the chord and pitch angle distribution of the blade, to-
gether with its efficiency and its torque and thrust coefficients of
the maximum efficiency propeller. According to the flight veloc-
ity, thrust and rotate speed of cruise condition, the propeller of
an electric aircraft was designed using the present method. Wind
tunnel test of scaled model of propeller was carried out.

1. Designed method of propeller

For a given thrust T, flight velocity V, rotation angular veloc-
ity of propeller £2, blade number n, propeller radius R, hub radius
Ry, airfoil distribution along the blade, the energy loss of maxi-
mum efficiency propeller is minimum. If all the profile along the
blade operates at the maximum efficiency (maximum lift to drag
ratio), the propeller efficiency is maximum. Blade profile of radial
position r is shown in Fig. 1.

Design procedure of the propeller with high efficiency is as fol-
lows:

(1) If the blade is divided into nj sections (n, + 1 profiles)

(2) Determining the Lagrange multiplier K, the integral equa-
tion is as follows:

R
T
ATV / (Kq + K3)kprdr (1)
R-Ry

where p is air density, kp is correction factor.

2 _nq_Iy 1L (2R
kp=;arccos(e 2=y I+ )2) (2)
_ K
1+ (gp)(1+ K)?

In Angelo et al. [6], the each blade section chord is obtained by
the iteration method. But in the present paper, the chord distribu-
tion along the blade can be determined by the following function:

(3)

K1

b=cip= @™ @)

where non-dimensional chord length b =1/R, [ is the chord length
of a profile, ¢; is the maximum chord length among all profiles,
non-dimensional radial coordinate of ith profile & = %", m denotes
the non-dimensional radial coordinate of a profile with maximum
chord length, B is the chord distribution coefficient, 2 < 8 < 100.
(3) Determining the pitch angle 6 of the ith profile.
The § is calculated by the Eq. (5).

A
§= arctan[g—(] + K)] (5)
i
where A = % is the advanced ratio.
Induced attack angle «; can be calculated by the Eq. (6).
K sinécosé
oj =arctan| ——— (6)
1+ K cos?$
Vg can be calculated by Eq. (7).
&)’
Ve=,/1+ (f) COS i (7)

Local Renold number and Mach number can be calculated by
the Eq. (8).

Re: =Vgb-Re,  Mas = Vg -Ma (8)

where b can be obtained by the Eq. (4), Re is the Renold number of
free stream, Re = pV R/u, Ma is the Mach number of free stream,
Ma =V /c, c is the sound speed.

Xf0il6.96 is used to calculate the lift to drag ratio of airfoil. ctpax
is the attack angle at maximum lift to drag ratio. Clygy is the lift
coefficient at attack angle omax. Cdmax is the drag coefficient at
attack angle omgx.

Pitch angle 6 of ith profile is

0 =38 + omax (9)

(4) Repeating the Egs. (5)-(9), we can obtain the pitch angle 6,
attack angle omgy, lift coefficient Cliygx and drag coefficient Cdpax
of each profile.

(5) Determining the efficiency of propeller

Thrust coefficient and torque coefficient can be calculated by
Eq. (10) and Eq. (11), respectively.

1
n? ., .
T= TVE(CITTIGX 056 — Cdmax Sin§)bdé

Emin

1
A2 .
X = / nTV,%(Clmax sin§ 4+ Cdmax cos 8)bEdE

Emin
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