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Abstract

Performance analyses were performed on a propeller developed for use in a PAV (Personal Air Vehicle)
under 600 kg Maximum Take-Off Weight (MTOW). The actuator disc theory and CFD analyses were used to
estimate the hovering time with regards to MTOW variation for a given battery weight. The interference
induced power factor kint was introduced to account for the effect of flow interference between the propellers
and to estimate the performance of counter-rotating propellers. The Maximum Figure of Merit (FM) value of
the propeller pitch was determined and the design RPM range for the required power inversely obtained from
the CFD results. Previous research indicate that the flight time of large multi-copter is limited by the
available battery energy density. Similarly, the propeller pitch settings and spacing are important factors in
reducing the kint value.
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Table 1 Results of mesh test

Coarse Medium Fine
Cell (+ 109 7.1 11.5 27.5
Thrust (N) 972.74 990.18 994.16

Torque (Nm)| 107.24 106.85 106.70

Fig. 3 Computational grids generation
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Table 2 Hovering time in terms of weight

Weight T, P, Hovering time
(kg) (kN) (kNm/s) (min)
350 3.43 40.28 36.18
400 3.92 49.2 29.61
450 4.41 58.72 24.81
500 4.9 68.8 21.18
550 5.39 79.36 18.36
600 5.88 90.44 16.11
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Table 3 Hovering power in terms of weight,

O75 = 4°~16°, (KNm/s)
Weight
04° 08° 12° 16°
(kg)
350 68.08 60.2 59.16 | 60.52
400 83.2 73.56 | 72.28 | 73.92
450 99.28 87.8 86.24 88.2
500 116.28 | 102.8 101 103.32
550 134.12 | 118.64 | 116.56 | 119.2
600 152.18 | 135.16 | 132.8 | 135.84
160 ‘
—=— Momentum Theory °
] o CFD analysis 8,,= 04’
1091 & CFDanalysis 8,= 08" ¢
@ v CFD analysis 6,.= 12°
% 1204 © CFDanalysis 8,,= 16°
;fmo 9
g 0
8 &0 /
2 ¢
g e /
T
40

400 450

500

Weight (kg)

550 600

Fig. 8 Comparison of hovering power in
terms of MTOW



62 Ay

o
£
o

= —a— Momentum Theory

@ CFD analysis 6,.= 04
© CFD analysis 8,,= 08
v CFD analysis 6,.= 12
<& CFD analysis 6,.= 16

35

8

R
@

: -~
b v \..\“

o o
o

Hovering time (min)
8
Rel

e
(9]
o}
2]
A

4
o

N
o

30 400 450 50 550 600
Weight (kg)
Fig. 9 Comparison of hovering time in terms
of MTOW

3.2 Z=2HY FHo RSEAM

Fig. 10& A A4 A3l FA7h 12°e4 Z=sl
Ho] 2l 3 B A frvF S5S o2 UE
Wtk 2l oA W ASHE Tip vortexts T2 A

]l ¥ shEA
A

;

2] =
ATH17]. R & ol oo FAdESE A

7] 7]

=)

7 9

=

=] 2

Zs

2 2

RISES

Fig. 10 Tip vortex and hub backflow of propeller

r]I.
2
[H
i
i
v
L
i,
fo
off
L)
_%_I‘
o
Ry
=
o
Ry
I
>
o)
i

5
FASA. AFololE] vsa ojEow FHM 2
Bl BEe Adshd AgEE FEEY HAAFE
WA NG Astol A gstel WelFH] Aol
wel Wew sk Beah wa ALAE AN v
wakgith AT Aahe thewt gol aokd Ak

ARAR =]
sgdee] FHEHES fFESH 0.47~0.67W FF

o7 wAysit

) mzaee) gl Mg ¥e AAG 1= A
ARHA AHew AaFAe Adste F4F u 4
Aua A&AZe FEEHOZ AT Aol s B

HHoR o 30% Aol

3) Z=aglo] tidt AakGAl slMe A A9 =
FAeo] 7Hs RPM HAE =
F o =gy FHo {F5EA
omz xadlg o] H7 o] o]
4) =] gk H= AAE st
S35 oux Wil wiE = 2E9] 0.57W7bA] e
g FENAY HEFE S dFRAL 30S s
ol MTOWE 450 kg °ol’d9] M= 717
& AoR Fsith oo dldiAE ek E

PAVE ZHFomx TH 224y e FHE
A=

A B AEu o] kAol xR wiE e 7]




HE]FEE PAV(Personal Air Vehicle)?] 5=

W zeaefol] tiek Al 63

“ o] E=E2 20199 ARG EAALE) AYPow
B A1 EA AL T AEA QEAY
FAAdel ALde ol FyE ATY” (No
N0002431)

References

[1] https://diydrones.com/profile/jpkh

[2] https://www.volocopter.com/en/product/

31 "
The ssociated Press. The Guardian. Retrieved, NO. 2,
2016,

First passenger drone makes its debut at CES,)"
from  http://www.thguardian.com/technology/
2016/jan/07/first-passenger-drone-makes-world-debut.

[4] https://www.davidullman.com/air-taxi-visions
[5] W. C. Silva,
Vehicles for VTOL Air Taxi Operations,” American

Johnson, and E. Solis, “Concept

Helicopter ~ Society  Technical  Conference  on
Aeromechanics
Flight, San Francisco, CA, Jan 16 — 19, 2018.

[6] C. P. Coleman, “A

Design for Transformative Vertical

survey of theoretical and

experimental coaxial rotor aerodynamic research,”
NASA  Technical Paper, Vol. 3675, National
Aeronautics and  Space  Administration, Ames

Research Center, 1997.

[7] https://vahana.aero/

[8] M. Tariq, A. 1. Maswood, C. J. Gajanayake, and A.
K. Gupta, “Aircraft batteries : current trend towards
more electric aircraft,” IET Electr. Syst. Transp, Vol.
7, no. 2, pp. 93-103, 2017.

[9] P. R. Payne, Helicopter Dynamics and Aerodynamics,
The MacMillan Company, New York, pp.90-98, 1959.

[10] https://tech.nikkeibp.co.jp/dm/english/ NEWS EN/

[11] J. G. Leishman, and M. Syal, “Figure of merit

definition for coaxial rotors,” Journal of the
American Helicopter Society, Vol. 53, no. 3, pp.
290-300, 2008.

[12] STAR-CCM+ Ver.13.03.11 User Guide

[13] W. Choi, J. H. Kim, K. T. Lee, C. W. Park, “The

[14]

[15]

[16]

[17]

study on the propeller aerodynamic characteristic of
using the MRF method,”
KSCFE Conference 2010, pp.32-36, 2010

M. S. Lee, S. S. Yoo, D. Y. Hwang, B. Y. Han,
and H. K. Park,
characteristics of HWAT Based on
twist angle using CFD,” KSCFE Conference 2009,
no. 11, pp.19-26, 2009.

H. A. Kutty, and P. Rajendran, “3D CFD Simulation

micro aerial vehicle

“CFD Analysis of aerodynamic

the different

and Experimental Validation of small APC Slow
Flyer Propeller Blade,” MDPI
Vol. 4, Issue 1. 2017.

M. C. Sim, and K. T. Lee,

Journal, Aerospace
“The hovering
performance
using MRF method,”
2018, no. 4, pp. 10-12, 2018.

R. H. Stroub, J. P. Rabbott, and C. F. Niebanck,

study for the multi-copter propeller

KSAS Spring Conference

“Rotor Blade Tip Shape Effects on Performance and

Control Loads from Full-Scale Wind Tunnel
Testing,” Journal of the American Helicopter
Society, Volume 24, Number 4, (1), pp. 28-35

October 1979.



