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1 REESHMERETE

1.1 RERREALEN

N EER SR, BEERRREG. EHHE
TE NACA 8-H-12 FJ 3SR MAA R4k T e B A sh
fe, SRS, BEERETMHL NACA R R ITEAH
AR B BT BH EL R RECELE SR, B
TEHL. BEFRLSE AR, & 24 B2 ATk b s 3R A
NGRS HRE RS, K31 R%. SRS
WRERG . NI RGN G RERR, WK1 R, g
FAPAE 151 m, BHRECN2 B, MR 6 mm, fx
KEFE 9.3 mm, %KRN 780 mm, M5z ERE 20 mm.
R B LMK 5 &, FARE RS RE
WA FRBREE . W, REHLSRE BESE AR B AR bR
RIEESHE 1 R,

G W —

LA 2 2305k 3 e B 4. 5 REIR 6. L& 7. TR KB 8. F ik 9.8
BB A 1055 11L.S A 12008 558 13588

1.Rotor 2.Rotor fixture 3.Rotor shaft 4.Shaft sleeve 5.Retainer plate 6.Topside
bench 7.Aero-engine 8. Underpart bench 9. Friction clutch 10.Belt wheel
11.Conductive slip ring 12.Pull pressure sensor 13.Propeller hub

B 1 s=EREE = R
Fig.1 3D model of rotor test bench

*1 mRERRARAESY

Table 1 Parameters of rotor test bench
¥e45 Index HUH Value
BIRRF (Kex B8 x7&)

Bench size(lengthxwidthxheight)/mmxmmxmm 997x69T7x1 447

e AT Rotor load range/N 0~1 000
Jie 3848 715 | Rotor inclination range/(°) 0~90
JiE 3 4 IR )4 Rotor shaft driving torque/(N-m) 0~60
e F 4% 36 Bl Rotor shaft speed range/(r-min ") 0~2 000
R ENHLAE T2 Engine rated power/kW 30.87
1%z L Transmission ratio 12

HUB A 3 28 G036 R S ML IR i H ) 3 A 305 45 DI e 32
FERM e i RE b AT 71, AR Ak B HTD 5M [F]
A kiatesl, fLshidEmE 2 s,

3 F7%th
KA Outputpower | @& | | Wk
Engine g Cluth Belt drive
N T AL e SR
ke [¢— Main transmission [« e RBER
Bevel gear shaft Rotor shaft Rotor hub

B2 Bashzsiifel

Fig.2 Flow chart of transmission system

1.2 RERERAEEMERS
.21 #¥EREZ%

B RAE RS A AR IR A AR 40 kg, P
W T BAE N 4 MME R M B 2 A HEAL 2
K H K A5y ZNNT-1000Nm, £ % 1000 N-m, %% &
BT SRS, RERS A el kA E R
TR & e 5 H, A58 HL-20N1; HERE RS
79 USB-3133A, X LabVIEW #5828l REFEF .

P e S AL A AL AR AL BB MR S ik B AL Ay, IF
HEATARE . 1E LabVIEW fF E 38 ae 35 & 1) 20
KEFIH .. HA TS, A R e E A s
RT3, F P RE S B SR B AR S L. e 3R
R G B R E 3a s, BERERITHER,
WE 3b Fiw.
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a. Rotor test bench data acquisition interface
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b. Data acquisition block diagram

B3 HEREAR
Fig.3 Data acquisition system

1.2.2 #=41A%

WG K MW AE LA 528 DS3225MG, 5 Ardu-
ino P IR 30T DR . BRBh 77 SN Bk eh 5 B PR 45 5
(PWM {5 5) . RaWHLEH DLE430 XKL E.5 P FE K&
WL, KL% 30.87kW, &FiE 32.25kg, FHi/11110
N, #xfE#5E 7000 r/min, JEOE L 2.55,

I PWM (5 510 5 S i Ko al s s a7, b
M PWM 15 5 & #1220 ms, Jik % Y5 FE 9 0.5~2.5 ms,
Jik TE AT 0 °~180 HIFE A XT Lo I8 L% 1) 88 7= AR ik 55 A [H)
1) PWM 15 S HI L% 50 o

5 X Arduino 25 i8R 1 807 DR A% 4 0, H e
BUES &S5 7 ER:., 4t sibohss 4 gk
P, TR A A AR T 5 F23-BB-TX!Y, 2k
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Tk AR T ERTE AR R < stk fE 27

R 36 A TR B B AL 854y Arduino #EHIR. BT
JiE BRGS0 R S AL T TR T I 4 R 25 M s, Rk
BREALE e AR & L, REVURRE SR gk, Y
A R W s e D N G S NP AP T B
R T =, R PR, s d AR g f LA
k2 TAE, IR E 3. 15 1k DU F
B, g, AT SE Bz AR A R S AL TR/,
RENHLIGH . S f 75 BEAE A RS R AR g 2 it ke
Bt A7, HRE e E BRI R 0E, Wik
WIS, FR M Hdd FahiiT, BEbls
H &R AT ThRg.

DLE430 XL 41 4 i F2 & AL F A3 26 an 1] 4
Fim. Mileshdk el B s, FXME, HaHm
ML, RENFUIFURIZAT . A K gk 2R B By f S, T
KWFF, Kzt TAE.

FOKARL FKER2 fFib A RshiE

4 4 ARER iEeY
Igniter 1 Igniter 2 Stop button Start button Red thick line
- T e
Green line
0O O O~
i %%
W 2 Throttle| handle 2500k Fh
)]z
''''' “\ Starting
relay

Crankirjg motor

—| " {2
—— Black thick line

+ —
I |
|
12 VAL
12 V battery

A4 R AdsHliEL B

Fig.4 Engine electrical control wiring diagram
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Inductor 1 Inductor 2

2 BERERWTE
2.1 WIERIS R EBER

e 38 e k- [l S e B R K i B e AR R g, HoR R
H- (138 BIPIR A5 2 e 3 37 3 10 B R R0 N ER AU e
FAE S SR A EE LR AR, RO R B E R
W90 22 (R S B e

TR IR A P NBE, Wi Sa AR, B
AR, R B N TN RIS s R A
5% h%m. ik, AT &N R LA S Rz
IR EME R ARBEE, FHMRFRESK RS
INERBCE T 77 A0 Th e 5 e 38 LA Rk 1y o /P i
FAE R S N R R IE N Sb BT . fEEE HORATHY,
BEIRAS TRk SR R [ e AN AR, RS B K )
JIRTAMU BT E O 7, K2R 28 e m A2 B AT 3R
BELT,

A T 3 DA 1) A T R 0T BT T O ) e A, LG
AL AN Sc fror, 2R R, AT AAL I E
HNwR, K EEC/Ev. PLIRAE B A 2552 J 15 00
K 5d fios.

MR IR AR M s = neR, HAn KM F¥EG o
NEM 2K, me G5 GRS AT BUE R JOT 5
FHar HEM . ThEPIOHE TR

1
T = =CrpV*s (D
2
1 2
M= ECMpv SR (2)
1 2
P= ECppv s (3
KHCry Cyv Coi A IREL HHEREL UEREEG p N
TEERE, kgim®s v ORI, m/s; s AR, m?.
T .
Blade element \gix }:Ib
K
dr
a. & b. M Z AR

b. Coordinate of blade element

a. Blade element

VetV dR

c. SR

c. Top view of rotor
Ee REMAR, my o AN RSREMER, m; dr AHRWEE, m;
WNTERMERE, sy oRNERLEE, ms'; o NEHM, ) B
RNEHPITR A, (°): ¢RI, (°): dAMEMZHIAT, N; dR N
HEFTZM A, Ns Ve A& ERE EFHOHEE, ms's Vv, 8% S%
B, mesTs AT AMEFTZALS, Ni dH AWEIERES, N.
Note: R is the blade radius, m; r is the distance between the blade element and
the rotor axis, m; dr is the blade element width, m;w is the rotor axial angular
velocity, r's’'; wRis the speed at the blade tip, m-s’;a is the blade angle, (°); 8 is
the angle of attack of the blade section, (°);¢ is the inflow angle, (°); d/ is the lift
force exerted on the blade element, N; dR is the resistance exerted on the blade
element, N; V¢ is the relative velocity of vertical rise on blade element, ms’; Vi
is the induced velocity, m's '; dT is the tensile force applied to the blade
element, N; dH is the rotary resistance applied to the blade element, N

BS5 #RABRLZAHHAE
Fig.5 Rotor and its force analysis

iZH] CFD Jy ki AT he g RS dr . H R A
ANSYS ICEM #EAT S5 K WS Rl 73 #8 Jie BART6: 5 B
AUEF IR Herp G BB (K 338034 2.18 m, 15 0.31
mo JYPRIUETH 545 RATRS oI, B AR PR S5 dskd /) i 5
BRI, BRI AMRE RS OR, X R A
N35m, AT EEGARNR, o BEHR BRI S
FIRHE 239 1 A1 10 m.

XY B IR AN I AEAT = H RS R 2, WnlE 6a. 6b
PR, PR RS, A0A0 e BT S AT R AL
o DRkt R Ak ot B W) EE B RN T 0.3, SRATE BT R
Jy SRRV TR R RS, e AR RIS B it 58 /5. T
P R TR, RN O 7 TSR BT UR, A

d. W3R T390

d. Force analysis of rotor element
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H#% R E R 400 mm,  EHEAA IR 420 75

{8 H Fluent A4 %) g F AR BEAT BB AU, 75 20001
WEID KM W KoK T . Hahi b, TR
H BB R N, e BB i 5t
XA, BEMGIHEFRS, BhIAIERI BB SRR s
R 77 R R FH BTV R /) A% %0 SST(shear stress transfer)k-
o ARSI A B O (R RURS B AR A R RS, THEE
77 14 SIMPLE(semi-implicit method for pressure linked
equations) 5. 1%, ¥ ) 7 AR H £ 2 % A F5 & MRF
(markovrandom field) B8 . D34 9 v SRS R, KU
PRI, HEFEHUR I 2 () B . TR sh e ES R E N
TR, RS A R IRE N 0.6, JEIATTARIE S L
BEAT R, R K 3000 P B E R BRI IR E
N107, BRIk EM B E RN 107, EitE Rz
ih 2 oK B TH S & DB bk 2 DLt B X B, '
BT B Z AT e e, TR

FR T [ R
Model grid

FERL A 41
Model topology

b. R

b. Static domain grid

a. BRI

a. Dynamic domain grid
He Mixlsa
Fig.6  Grid meshing
2.2 BERMKSIMESHRE
PREERURS S WP RSO R T 288.15 K,

BRI A 15°C, K 98 PN 101.325 kPa; S N
1.225 kg/m®s 7F 11 km LA RHIRHARE S, dikm B AN
1 km, ¥REFEIK 6.5°CRY, &R SIRT A
T, = 15-0.0065 h (4)

KPR EE, ms TSRS,

PR 4 km YOI, FEAIEEARNRDN, SAEE
T ek B e R A O, U R A B KR R
P,A

T, (5

AT IR BE RIS 7 P, B34 e P X 3 n T
BEA, Hit5sUh

T 27 1 5.226
P/,=Po‘( w4273 5)

P,
= 0.2869- (T, +273.15)
X o N R R EE, kg/m’.

23 N T ST P 5 =108 = AL NG - R A D 1 4
KEEFE, NI P e AR R R R, T AR
W] 4 km RSB RORSIRE R DA S,
L2 HR. AWFEF I AN 52 R A, it

Ie (6)

T AR EIR 9 4 750 m, 3w AR OO0 SE B
RO BTRAASCR FU IR BUER R 2 4 km7,
T2 TEBREETHASSH

Table 2 Atmospheric parameters at different altitudes

ik L 3R THEE
Altitude/km Temperature/K Pressure/kPa Air density/(kg-'m )
0 288.15 101.325 1.225
1 281.65 89.935 1.113
2 275.15 79.605 1.008
3 268.65 70.255 0911
4 262.15 61.815 0.822

2.3 BEBHERSSH
ERERAT B R EAF RIS CRREE.
KAE S KAEE BN RGR R, S
AR HER S R ITE IR I 45 & U IS Hoi 55
5E RS B AL 45 S AT V0 (4 5 Ab 3o T, TR IR
N 0, B3N 1000 r/min I, i3 TF S 284k ih 2R

filanpE 7.
4 350.0000
300.0000
250.0000
200.0000
150.0000
Lift 400.0000
™ oo kA3 0000, F+ AT 21521N

The total number of iterations is 3 000,
and the lift converges to 215.21N

0.0000
-50.0000 —|
-100.0000 |

-150.0000 ~+ T T T T 1
0 500 1000 1500 2000 2500 3000

iteration

Total
215.21476

215.21476

TEH175 10, W Z5h L

Lift direction, upward along Z-axis

B/7 HhEnH
Fig.7 Tension variation diagram

P A AU 45 SR AT B Jie 38T 0 B i A v JRE A A A i
e nlEl 8a P . FERE T I HIBUB R A5 KRB 12T
T FEK 4 km JEH A, BEE R SRR, eE Tt
AR TR F—ER&EETY, T S5HERIEL. ¥
#1000 v/min i, 5P, #K 2 km &1 756
12 21.6%; %3 1200 v/min I, 54K = 2 0 AR L,

WA 2 km ZETH I FEAIRZT 20.22%.

Jig B H Rotor speed/(r'min’!)  —a— 800 —=—1000 —o— 1200

500 50

40

N
(=3
(=}

T+
Lift force/N
(9%}

S
S
Power/kW

8

%)
(=}
T

200

/

10 +
100 0
0 1 2 3 4 0 1 2 3 4
TR R R
Altitude/km Altitude/km
a. FHAyihk b. ThFR 2k
a. Lift curve b. Power curve

B8 AR R EHET LM
Fig.8 Rotor performance at different altitudes
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Tk AR T ERTE AR R < stk fE 29

FH S A28 I AN R 4R 2% 1 T L i 2, Rk
BRI S oA T2, 15 3 Th 2R B AN [ v s B 1)
AN, W 8b Frn. BUEBILE KW fER-FIH
B 4 km JEE N, BERRESEREM, RRIFHET
B, N R A MRV PR R T AR e 3R
B8 I 0. #5384 1000 r/min B, SR EE 0 km
AEFAEL, PR 2 km = AL e B IH R PR L) 26%

3 MRERImS O

3.1 REES

N T I E AT T TR BUE R VA A B,
iR G AT SRS, ke BB T ORI
Folk TRESABE R i, RIGHT, SEPRER R 1.941 km,
KAWRE 14 °C, KSJE ST 80.1 kPa, KSIESE 20%.
IR AR WA AR, SEFRXE/N T 1.5 m/s, 5
Hp e B e R T A K, PR R e S Bl M RE R
Wb /N, PEEE AR, A5 15 m) BR8N B JE PR 855 KU AE
X e B A R PR AE T RO, R, RIS ER
5 KRG 55 T4t

AR5 & 3B Hh T IS R KT OO e & 17— K
Pl . BRI G WE 9 s,

(221 Engine 1

B9 rELREEFHA
Fig.9 Physical picture of rotor test bench

3.2 REWHEREN
3.2.1 IHEREY

TEMFIR S 1.941 km [FOR SR T 2 il 047 e 3 4%
N 800, 1000 1200 r/min (] 3 ZHiR56, o065 & %
55 BB AL AP A e R e v, B RS R EAS
[ e 3 T T 1 S RUE RS R, il 10 Fos.

—a— X0 Test —o— F{H B Numerical simulation
350

[o%)
(=3
(=]

T+
Lift force/N

5]
(9
(=]

200

800 900 1 000 1 100 1200
ife 3L e
Rotor speed/(r-min™")
B 10 HAARRmERKIsER

Fig.10 Numerical simulation and test results

IR ISR BT D T HUE R A R, e
SR GRS R R EA—8, THIMRZELE 20~
30N JEHEN, FXHRZELE 11.5% AN . & iRz R
FESERGNEERRRE T JGE, R, HH
F DA A VEE, IR AL RIS, &
IRAR IR AN 2 H AR, A5 g, WA&ASh RS IR
B, HHAFRR, PaENBREE. 55
2 EEE SRR, (AR E f5 B R R AR B R s v T
BRI, S, AKEWLFELE 1200 r/min JEFERHN, &
ML [F) 0 2 8] R AR 2R k2 72 AR 120 r/min BAA 3% 58
Pk FBREEFREAR ST S el — M ER,
WA R, BAREMEN, BEher=EEm, 44
WEFT, THAARZELE 20~30 N JEE N, SHEEMLmgE R
BX R FR, Wik 7 HERAUGE R . R, HE SR
FH i kg 2R, A R BB — Bl Kk R, (B
EBY s 8, SEHEITFERERIRE. BIRER
INT10%, X5 2 RS HE AR A5 R 2 IR A Bl b 3R
BITE G EE N, AHEFURT R BB A 7 A R
3.2.2  ZRGREEIE R AALRIE

HH T e 3| LR AN R R TR AR, e B B i
A& B NRIEPEAEZE R, B ASR w5,
AR D) 2 B B PR AR T IR R A
IR Bz, WA J s K &R,
e B A I R BRI R 2, R R HE
I 0 e 3R A AR R R 2

NIRFAA R ST, 22t M A e 38 7% d 0 e 2
PEBE LA e 3RS & MERE 152, SR e IEsC 4
EIRE VAR 1.941 km A5 R IR, SAHIA
FEHER 134 m B8 45 ot be S, W i v B A R 56
JrEAFE, R MR IR R = R M. EH
e, W AT 1 RERE G R TR A
A ThE . RIEFERAKPRILGWER 3 P R TR
gE RN 4 fror,

*3 BEZFKPHDR
Table 3 Factor level coding table

KF AU Jie Sk
Level Rotor dip angle x1/(°) Rotor speed xp/(r-min ")
1.414 15 1262
1 13 1200
0 8 1050
-1 3 900
-1.414 1 838

x4 REFRMER

Table 4 Test scheme and results

P KM RREE T+ A MIES

No. Rotor dip angle Rotor speed Lift force yi/N Torque y>/(N-m) Power y3/kW
1 1 1 372.38 201.68 25.34
2 -1 1 225.30 195.02 24.51
3 1 -1 241.30 265.95 25.06
4 -1 -1 187.43 249.68 23.53
5 -1.414 0 178.36 205.36 22.58
6 1.414 0 336.95 215.63 23.71
7 0 -1.414 231.56 279.69 24.54
8 0 1.414 384.22 198.65 26.25
9 0 0 309.65 234.90 25.83
10 0 0 301.31 235.32 25.87
11 0 0 319.62 251.01 27.60
12 0 0 315.32 245.63 27.01
13 0 0 325.69 243.95 26.82
14 0 0 314.32 242.16 26.63
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ST 7 22 447 R 7 (] VAR 45 % DR S T 7 1 Y2 =340.16 - 0.11x, — 0.60.° ®
SO, DT EANTINER 5 iR, R RSN 09345, # y3 =-9.52-0.06x] )
W [ 9 A A 5 R 0 A R R R AT, MR PR R Y I 3R 9% 5 LA R L T U 11 BT RR
3525, P<001, PTG mAEREEGRE  BE 1aalm, KR oo~13°, WERFEHEE 1080~
B R, A KT 1200 r/min B, HERTF F8cim. ENERESE N, B

EWABFZRRFELRT I M DRI FRe AR, FH A% TS TR, e R s
VNGEEVE T i, TG . PeAs FA e R E 1 116 r/min,

yi = —413.82+0.32x, +0.98x, +0.03x,x, — 1.39x] (7D B 10.44 OB T 778 356.28 N

®5 EEFERGESH

Table 5 Regression model variance analysis

Szt S SEJ7 A H F P BEM
Index Source Sum of squares Degree of freedom Significance
] 51940.13 5 35.25 <0.000 1 *rk
x] 22602.58 1 76.71 <0.000 1 ko
x) 18513.10 1 62.83 <0.000 1 ik
X122 2172.03 1 737 0.0300 *
95 x? 8460.49 1 28.71 0.001 1 L
Lift force y, X3 662.19 1 2.25 0.1775
k7 22062.68 7
S35 1713.24 3 6.54 0.0507
R 0.9618
GESS 0.9345
] 8597.05 5 53.41 <0.000 1 o
x| 175.35 1 5.45 0.0523
x) 6817.49 1 211.77 <0.000 1 ok
X122 23.09 1 0.72 0.4251
A x 1569.60 1 48.76 0.0002 ik
Torque y; 2 3.25 1 0.10 0.760 0
B 22535 7
P el 32.29 3 0.22 0.876 0
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Fig.11 Response surface analysis
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Aerodynamic performance of plant protection UAV rotor at
different altitudes

WANG Fa'an’?, LI Donghao'?, YU Xiaolan'*3, FENG Jiang®, YU Qihang®*>, LI Annan'?, ZHANG Zhaoguo**
(1. Faculty of Modern Agricultural Engineering, Kunming University of Science and Technology, Kunming 650500, China; 2. Research

Center on Mechanization Engineering of Chinese Medicinal Materials in Yunnan Universities, Kunming 650500,China; 3. Guizhou
Agricultural Machinery Technology Promotion Station, Guiyang 550003, China; 4. College of Electrical and Information,
Northeast Agricultural University, Harbin 150030, China; 5. College of Mechanical and Power Engineering,

Shanghai Jiaotong University, Shanghai 200241, China)

Abstract: The performance of plant protection drones can depend mainly on the atmospheric environment in plateau areas. In
this study, a plant protection unmanned aerial vehicle (UAV) rotor test bench was designed with adjustable rotor speed and real-
time monitoring of engine speed, rotor lift, and output torque. The rotor speed was adjusted via the engine throttle, where the
throttle line was pulled by the servo crank. The output speed of the engine was achieved to adjust the rudder angle, according to
the PWM signal duty cycle. A set of data acquisition software was developed for the rotor test bench, in order to monitor
engine speed, rotor lift, and torque parameters, and then display them in real time. The overall structure of the test bench
consisted of the rotor, transmission, power, data acquisition, and servo control system, together with the platform. A sensor,
control, and data acquisition were built with a data acquisition card as the core, and then the infrared remote control was added
to increase the safety of the test. The rotor test bench was equipped with a DLE430 dual-cylinder inline two-stroke engine, with
a rotor radius of 1.51 m, an airfoil of NACA 8-H-12, and a blade number of 2. This design fully met the technical indicators of
the rotor system in the test state, such as the strength, stiffness, vibration, and accuracy. The blade element momentum was
adopted to explain the acrodynamic characteristics of blades. The computational fluid dynamics (CFD) simulation was used to
complete the solution. The rotor aerodynamic performance was numerically simulated at the speeds of 800, 1 000, and 1 200
r/min, respectively, within the altitude of 0, 1, 2, 3, and 4 km, respectively. The second-order upwind scheme was used in the
numerical simulation, indicating a more accurate performance than the first-order upwind scheme. A systematic investigation
was made to explore the effects of blade angle and rotor speed on rotor lift, test bench torque, and power using quadratic
rotation orthogonal experiments and response surface method (RSM). The rotor performance tests were conducted, where the
lift was taken as an indicator. The viewing performance tests of spread rotor test benches were also carried out, where the
torque and power were as indicators. The quadratic regression equations were established for the lift, torque, and power. The
relationship was determined between the rotor lift, test bench output torque, as well as the power and blade angle. The rotor
speed shared a significant correlation and a good fitting level. The experimental results show that the rotor power decreased
significantly with the increase of altitude, whereas, the descent rate increased. The power increased with the increase of speed
at the same altitude. Furthermore, the power at an altitude of 2 km decreased by about 26% at a rotor speed of 1 000 r/min,
compared with an altitude of 0 km. The optimized rotor speed was 1 116 r/min, the blade angle was 10.44°, the maximum lift
was 356.28 N, the torque was 227.35 N-m, the power was 26.54 kW, and the efficiency of the rotor test bench was 85.92% at
an altitude of 4 km. Compared with the experiment at an altitude of 134 meters, the lift of the rotor at an altitude of 1.941 km
decreased by 22.38%, which was consistent with the decrease of 20.22% in numerical simulation. The driving torque of the
rotor decreased by about 24.21%, and the engine power difference was about 3.99%. There was a reasonable range in the error
ratio between the experimental and simulation. In addition, the variation trend of the experimental results was consistent with
the numerical simulation, indicating a relatively small error. The main reason for the error was the frictional resistance of the
power device composed of the rotor and engine in the experimental device during sliding. The findings can provide a strong
reference for the high-load plant protection UAV at high altitudes.

Keywords: plant protection; UAV; numerical simulation; aecrodynamic performance; altitude
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