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Fig. 1 Overall layout of experimental bench
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Table 1 Parameters of ducted fan

Parameter Value
Duct diameter/mm 150
Hub diameter/mm 60
Number of rotor 10
Number of stator 6
Design speed/(r/min) 11 000
Design thrust/N 40

Fig. 2 Layout of lip static pressure hole

Fig.3 Layout of casing static pressure hole
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Fig. 4 Scanning of wake flow field
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Fig. 6 Calculation and test characteristic curve of isolated
ducted fan
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Fig.7 Pressure distribution of the ducted fan lip
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Fig. 8 Distributed layout

Fig. 9 Isolated layout
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Fig. 12 Velocity map of wake flow field
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Fig. 15 Lip vortex structure of distributed layout
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Fig. 18 Ducted fan joined plates

Wall velocity/(m/s)
/ ™ ss

52
39
a B
13

¥ S
Longitudinal vortex 0

Fig. 19 Vortex structure under virtual wall conditions on
both sides of ducted fan
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Fig. 20 Slip wall condition, vortex system and streamline structure without wing condition
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Table 2 Fans speed settings in off-design condition

Case Speed of Fan 1/(r/min) Speed of Fan 2/(r/min) Speed of Fan 3/(r/min) Speed of Fan 4/(r/min) Speed of Fan 5/(r/min)

1 11 000 11 000 11 000 11 000 11 000
2 9 000 11 000 11 000 11 000 11 000
3 7 000 11 000 11 000 11 000 11 000
4 5000 11 000 11 000 11 000 11 000

0 11 000 11 000 11 000 11 000
6 11 000 11 000 0 11 000 11 000

2 1 PERE S B W, RENHE ) B B A 2 3.3.2 KU - KU Z a9 38 HAE

i 2 R B8 B AR 3 R D A ) T8 T AR A T TR
K, AFUAH EL T o0 A 2A Sy b BT RS TR 09 0 18 1 g
Ay ol 2 B R TE RN o X T TR] B B A B4 XUR 3, R
LARFF R 96% Fr A 1Y IR SE AL A Jay 16k 3 KU 7 4 g i
T R

1.0 3 —as = 2

0.96

osl Thrust loss in distributed layout
- —®—Fan 1
] —e— Fan 2 /
g 061 —a—Fan3
3 —v— Reference state
204
<
£ /
(=]
Z 02t T o

ool v"/

0 2000 4000 6000 8000 10000

Rotating speed of Fan 1/(r/min)
Fig. 21 Influence of Fan 1 rotating speed

X bR T HEAT T RO B O IR 0 Rb S,
22 B 2 00 1~5F XUBd 2 B9 s 10 1 80 T 1Y) 3
BEAr A o Horr Ry 5 TE KU 2R 2 R A IR S L R
S R E KU A . NIRRT DU A L T
U, RURS 2 0 J 0 0 Ak Pl g 3ok R ) Wb 2 ey, EL B 2 XL
J 1B A BRI T B R B o R A e R Y
B0 23 Sk TR TE XU R TR A A O A, SR 5
i 25 2L — 2

541 | Hub Duct

48

Axial velocity/(m/s)
W
o ]

IS
o

~
N

04 05 06 07 08 09 1.0
r/R

Fig. 22 Axial velocity distribution of Fan 2

N TS BLHE T  A ACHE R B 2 20T B A M
Pt AfE BE 25 55 LB LA R AS TR o s A S2 BAE T . 2
22 A~ XU A 0t Al BT O LR T B3R SR I, 23 i
WE M HAE M o 1823yt B o 22 19 AR B 1 T
O 3CANER 2 7 ) B BUE B AL A5 5, A rpnl LA i
JRURS 1 %% 5 AR 22 7 000 o/min B, 5 & AR A L,
PR 155 KB 2 22 T #9971 o 5 88 0l 355y KUR 1 7
73 H BL Bh 7 B BL G HLEE — M BT i 5 A 1 g
HEIE N B S i 3 o /TR IS I S R v ) = m R v
HE T A RS R L T O R 11 3 400BE TR A B BIL
S5 AR UL 1 T i JRE IR T 40 A R XUB I 5
VI 305 o 2 Ah T 00 3 I, HLER AN BT 375 S 4 114 O 1)
T TH 2 P AU 22 ) PR 3 1] o 5 J3E D553

Weakening of longitudinal vortex

Velocity/(m/s)

M

52

panwise vortex

Upper surface of wing

Fig. 23 Vortex structure in Case 3

XU 1 — AP T B 0 BRI, gk 2
(9 T00 5, 1] 24 S 08 7 A BE RS R o IR paT LA
B KU 15 XU 2 22 T A O f) 36 AR T R HIL 3R
5 XURR 22 (6 B 1o e 2R AR 2 T ) R T T i JEE
WSRO 355 o 25 5 b SOOI 368 7 A i HILER B4 2R
UL A8 AT AE A W 5y 5 A A o AR T IR A
I P X =2 T ) 3L e 4 AR R O T — 2, N &
(9 AL T 369 5 38 A58 g, (L 2 G rp g — A JXUB T
R, HG O 4l A E 0 AR T o5 — A, DA O 1] 5 5 JEE
fIREE B ek .

e XURE = XU B 22 6] B4 52 EAT DTS AT LA, 2
3 A XA SRy H A 0 T8 XU B e T R A 2 X A

2208036-8



WasE 3

A X HL A HE AR T PR T8 KU R RN A X 5 B (BT S

2024 4

Velocity/(m/s)
LE

52

Weakening of
spanwise vortex

Disappearance of
longitudinal vortex

39

13

Fig. 24 Vortex structure in Case 5

0

Upper surface of wing

I R 0 P RE i B e, SR B Dy B TR AR TR IR
I 368 56k B U 55 XURE B T T 3 B 40 S B R U 5
3.3.3  MLE - Z 8B 52 5 AEH]

T A SCRT R 98 Y T 000 2 0 A X A AR /AT 2
LAY T 2 — (1 B T EL WL EE ST A AR B, KRB
A HLIE A TERE T AN 1 AR A T AR A5 R P AT
AT AL LA B IR A TR T8 5 AT 0 6 4 HL 3L B ST
149 IAE B A1 243 A, L3R - IXUBR 22 ) 32 B A FH X AL 3
PERE 5 U 5% i B IR A B SR AR R i T . R %
T2 90 I e T B A B, A S 3 56 T R fig S B HL
SR S o, R R SO LA T 5 5 T 6 1
BAE A LS R T .

P25 AT 26 S T80 S AT T80 6 (L3 2) F ML
R EERE M, TH55 TR 6MER
TE T WURS 2R B0 B AN R, KUBE 15 43 A0 =X A0 = 19
G A 34T o A AT B b A A7 . T HhR]
IR 1, 2 MU 158 2 R A0, B <83 i XU 2 )
W T ok B KU 1 b I YA 2 XU 3 98 A R R,
B3 R XU 2 R XU R 4 T e XU 1 A O
H O AT LU B A3 A XA Ry b 7 T 32 2 T TE XL
149 & S800F i B0 1) 5 el i 150 T o 1] A e XUB o

Velocity/(m/s)

.20

stagnation flow-of Fan 1 7

Fig. 25 Velocity flow on wing surface in Case 5

FENLFE WU 22 8] 1 28 AR T WF 58 AT RUAS XL
P 28 AL AN TR) 6 L 3l 55 1 BB R R R [ K A
TE AR AT A% AT 23 A5 55 T A 4fE B -4 o — 1

Velocity/(m/s)

The stagnatﬂ n3 -
flows to Fan 2 and Fan'4 /[ 1\
respectivel 7

Fig.26 Velocity flow on wing surface in Case 6

it v, i B R ) HE R A A 07 BN [ 23 R
A TR B S B RE

4 45 £

AR SCRE 4 A 20 KR AR E R G b TR IR S
5 AR RS T A E AU =2 8] DL S XU S LB 2 (R
PR A AR HEAT T 098, o] DA B0 R 45148 -

(1) AH B F RS B A JRy |, 43 A7 =0 A Jmy v KUt B0
Tan =8, e S5 8E T BREEGRAED
S M R 1 B W e ol I A B ) B G A VA
22 28 Ji) BUAE B A1 B B 00 O 3h B B4 L A 4B
S Bl TR A TG Il T R A N S S R el TR A2
s R R I YT 5 | I o = W B B 7
A7 AE W AR HOR B8 Sy vt Fr B AL 38 50 0 i SRR, DT
B0 KU AR T R

(2) XF 37t 2 43 15 5 9 1) 10 19 T2 B ML B DA R Ay A
A SR ML - XUB R - XU RS R AT TR
Foo A CH B B 4 B 0 R R A A HL SRR G AR
LI e = B Ny I N o A I £
7 AR AL R AN R R U 7 1) ) U AR TR T T AT
ROV R 3 25 i A2 VR B IR IE L. 431 XA )R
H 408 3T TR XU B S T TR XU B A A R UL G
I BE T 45 K, 92 M 400 RE TR 45 A 23 15 R TR I XU
A Py 98 X 1o 365 o B RS KT AR R KU T O AR AE
SR ELAT 0 BE TR 25 44, 12%RE T 45 K 43155 % W 1 XU
J& 11 B 5 (A3 B0 4 185 LA B 3 WL — 0 ) — S 358 1) 3

(3) X 56l T R AR BT R S UEAT THFSE . 24
43 A1 2 A R RS A W T KU T R B A4 X 4
T XU B P B T B ), R B AR L TR RAS
U R R S XU R T B B A B A
S, AN B [ B 7 Ak R E XU o AN R A A i
TE R R BT s R S AN L B SR Bk < T
S5 1) IR T XU 1) 2R RORT 3L 8l 1 5 e v 8 b a] Y
T T AU o

2208036-9



Hast 3 fle #oH R 2024 4F

potential advantages of distributed—propulsion for aircraft

S 3k :

[R]. ISABE-2003-1094.

[ 1] WADEL M, FERNANDEZ H, ANDERS S. Advanced [13] KIM H D, SAUNDERS J D. Embedded wing propulsion
air transport technology (AATT) project [R]. NASA conceptual study[ R]. NASA/TM-2003-212696.
GRC-E-DAA-TN 72727, 2016. [14] KIM H D, FELDER J L, TONG M T, et al. Revolution-

[ 2] SCHMOLLGRUBER P, DOLL C, LIABOEUF H R. ary aeropropulsion concept for sustainable aviation: turbo-
Multidisciplinary exploration of DRAGON: an ONERA electric distributed propulsion[f{] ISABE-2013-1719.
hybrid electric distributed propulsion concept [C]. San [15] AARONT P, PHILLIP J A, MICHAEL F K. Aero—pro-
Diego: 2019 AIAA SciTech Forum, 2019. pulsive coupling of an embedded, distributed propulsion

[ 3] GIBSON A R, HALL D, WATERS M. Superconducting system [J]. Journal of Aircraft, 2018, 55(6) : 2414~
electric distributed propulsion structural integration and 2426.
design in a split-wing regional airliner [C]. Orlando: [16] KIM H D, PERRY A T, ANSELL P J. A review of dis-
49th ATAA Aerospace Sciences Meeting, 2011. tributed electric propulsion concepts for air vehicle tech-

[ 4] SMITH L. Wake ingestion propulsion benefit[J]. Jour- nology [C]. Cincinnati: AIAA/IEEE Electric Aircraft
nal of Propulsion and Power, 1993, 9(1): 74-82. Technologies Symposium, 2018.

[ 5] ROLT A, WHURR J. Optimizing propulsive efficiency [17] WANGHT, WANG Y G, WANG S W, et al. Optimiza-
in aircraft with boundary layer ingesting distributed pro- tion strategy for performance improvement of a lift fan
pulsion[ R]. ISABE-2015-20201. cowl lip based on panel method[J]. Journal of Mechani-

[ 6] PERRY A T, ANSELL P J, KERHO M. Aero—propul- cal Science and Technology, 2021, 35: 2961-2970.
sive and propulsor cross—coupling effects on a distributed (18] & #h. WAOHLRR RS B EEMID]. Bat: At
propulsion system [C]. Kissimmee: 2018 AIAA Aero- ALz AR, 2012
space Sciences Meeting, 2018. [19] MICHAEL K. Aero—propulsive coupling of an embed-

[ 7] MIRANDA L R, BRENNAN J E. Aerodynamic effects of ded, distributed propulsion system [C]. Dallas: 33rd
wingtip—-mounted propellers and turbines [C]. San Di- AIAA Applied Aerodynamics Conference, 2015.
ego: 4th Applied Aerodynamics Conference, 1986. [20] ZEMAR, T4 &, BIEs . M X5k & VSRS 0 52

[ 8] # &, WKT, PR, 5. 3052 30BN X 53 [J]. MR E I 54F5¢, 2015, 28(4): 7-10.

Ay XA IE R G PR RE S i BUE (1], a3 ) [20] BT ke, FLIKE, WM €, 55 . M RUCAR (0T M i i3 ok
i, 2018, 33(5): 1076-1083. TR SR W BT S ()] s B 1o i, 2019,

[ 9] AARON TP, TIMOTHY B, PHILLIP J A. Aeropropul- 34(1): 410-422.
sive coupling effects on a general—aviation aircraft with [22] ShH . Homam®FoE (). Aias 244k, 1989, 10(5) .
distributed electric propulsion [J]. Journal of Aircraft, 293-296.

2021, 58(6): 1351-1363. [23] SIERVI F D, VIGUIER H C, GREITZER E M, et al.

[10] NHAN N, VAHRAM S. Flight—propulsion response re- Mechanisms of inlet—vortex formation[J]. Journal of Flu-
quirements for directional stability and control [C]. At- id Mechanics, 2006, 124(1): 173-207.
lanta: ATAA Infotech, 2010. [24] BISSENGER N, BRAUN G. On the inlet vortex problem

[11] WINBORN J B. The ADAM III V/STOL concept [J]. [R].NASA CR-132536, 1974.

Journal of Aircraft, 2013, 7(2): 175-181. [25] #&Ouf, Wiss2e . XUMLHb I % i Al fE i BT B

[12] KO A, SCHETZ J A, MASON W H. Assessment of the (3] BRI A AL R R 527 4f, 1986, 12(4): 131-135.

2208036-10

(%mit.8 &)



Hask A3 A X HL A HE AR T PR T8 KU R RN A X 5 B (BT S 2024 4F

Experimental and numerical study on coupling effect of
ducted fan in distributed electric propulsion system

ZHOU Fang', WANG Yangang', WANG Siwei', CHEN Yanjun', QIU Yasong®

(1. School of Power and Energy, Northwestern Polytechnical University, Xi’an 710129, China;
2. School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: Distributed electric propulsion system based on ducted fans has great application potential in
aerodynamic performance, propulsion efficiency and robustness, but the complex coupling effect in the system
lacks in depth study and understanding. In this paper, the coupling effect between propulsors in a distributed
ducted fans system is studied by combining experiment with numerical simulation, and the law and mechanism of
coupling interference between propulsors are analyzed, which provides theoretical basis for promoting the applica-
tion of aircrafts powered by distributed electric ducted fans in engineering. The results show that compared with
the isolated layout of the fan, the inlet velocity distortion of the distributed layout affects the performance of the
ducted fan, resulting in a thrust reduction of 4%. The coupling effect between the fans in the distributed layout is
equivalent to the existence of a virtual and non—stick wall structure on both sides of the fan, which will induce
two pairs of flow vortices on both sides of the fan. The coupling effect between the wing and the fan is that the vis-
cous wall structure of the wing induces the flow separation above the fan lip and a pair of flow vortices near the
wing side. In the distributed layout, when the speed of the ducted fan decreases or the fan fails, it will only affect
the performance of the adjacent fan. Due to the failure of the edge fan, only one adjacent fan takes up the flow up-
stream of the failed fan, and two adjacent fans are used to take up the flow in the middle fan. The influence of the
edge fan failure on the flow is higher than that of the middle fan.

Key words: Distributed layout; Isolated layout; Ducted fans; Coupling effects; Failure of fan
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