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Short-circuit fault diagnosis of SRM power converter
based on interval current
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2. School of Aeronautical Engineering, Air Force Engineering University, Xi’ an 710038, China;
3. Unit 93705 of PLA, Zunhua 064200, China)

Abstract: The power converter is one of the core components of the Switched Reluctance Motor ( SRM )
speed control system, and it is also the weakest link of system reliability. Aimed at the problems of traditional
power converter short-circuit fault diagnosis methods, such as additional hardware, large controller burden,
limited diagnosis range, etc. , taking the asymmetric half-bridge power converter as the research object, based
on the theoretical analysis of the failure modes, the current sensors are rearranged to extract obvious fault fea-
ture, and a fault diagnosis method for power converters based on current analysis within a specific rotor posi-
tion interval is proposed. In the single excitation interval of the current phase, the ratio of the difference be-
tween the output values of the other two phases current sensors and the output value of the previous phase can
be used to quickly locate the faulty device. This method is not limited by the number of motor phases and con-
trol methods, the controller burden is small, and no additional hardware is required. Simulations and experi-
ments verify the effectiveness of this method.

Keywords: Switched Reluctance Motor (SRM) ; power converter; fault diagnosis; current sensor; cur-
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Fig.2 Network topological graph of ground support process
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Table 1 Operation process attributes for transit flights
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Table 4 Error analysis results of single flight prediction
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Fig.8 Error analysis results of multi-flight prediction
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Dynamic prediction of ground support process for transit flight
WANG Liwen', LI Biao'?, XING Zhiwei’* , LIU Hong’ en’, LUO Qian’

(1. College of Aeronautical Engineering, Civil Aviation University of China, Tianjin 300300, China;
2. College of Electronic Information and Automation, Civil Aviation University of China, Tianjin 300300, China;

3. Engineering Technology Research Center, The Second Research Institute of Civil Aviation Administration of China, Chengdu 610041, China)

Abstract: Prediction of ground support process for transit flights is an important function of airport collab-
orative decision-making system. Aimed at the problems that the refined dynamic prediction of the process can-
not be achieved at present and the accuracy is low, a method for dynamic prediction of the transit ground sup-
port process based on the Bayesian network is proposed. A Bayesian network model of ground support process
was established. The initial sample space generation algorithm based on flight atiributes is designed. Dynamic
prediction method of ground support process is constructed in conjunction with Gaussian kernel probability
density estimation. According to the simulation results of the actual data of a hub airport, it is shown that the
method realizes the dynamic prediction of each support node based on full consideration of flight operation at-
tributes. The average absolute error of each node is only 2.224 1 min, and the root mean square error is about
2 min lower than other methods, which confirm that this method can provide an objective decision-making ba-
sis for the short-term tactical organization of airport operations.
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Infrared and visible image fusion based on latent low-rank
representation decomposition and VGG Net
SHEN Yu® , CHEN Xiaopeng

(School of Electronic and Information Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China)

Abstract: An image fusion algorithm combining low-rank representation decomposition and deep neural
network is proposed to solve the problem of serious feature loss and non-prominent target in infrared and visible
image fusion. First, Latent Low-Rank Representation Decomposition ( DLatLRR) was performed on the source
image to obtain the corresponding low-rank part, saliency part and sparse noise. Then, the VGG Net model
and the joint feature weighting algorithm were used to fuse the low-rank part and the saliency part respectively,
and the sparse noise of two parts were discarded. Finally, image reconstruction was carried out on the low-rank
part and saliency part of the fusion to obtain the final fusion image. Compared with other methods, the experi-
mental results show that the algorithm can fuse the deep details of the image and highlight the “interested” ar-
ea in the scene. The objective indexes of the fused image including the sum of the correlations of differences,
structure similarity index measure, correlation coefficient all improve, with the maximum values of 0. 73, 0. 15
and 0. 11 respectively, and the maximum reduction value of noise generation rate is 0. 041 2.

Keywords ; image processing; image fusion; Latent Low-Rank Representation Decomposition ( DLatLRR) ;

VGG Net; joint feature weighting

Received: 2020-05-08 ; Accepted: 2020-06-19; Published online: 2020-07-20 11:16

URL : kns. cnki. net/kems/detail/11.2625. V.20200720. 1102.001. html

Foundation items: National Natural Science Foundation of China (61861025,61562057,61761027,51669010 ) ; Program for Changjiang
Scholars and Innovative Research Team in University (IRT_16R36) ; Key Laboratory of Opt-electronic Technology and In-
telligent Control of Ministry of Education ( Lanzhou Jiaotong University) Open Object (KFKT2018-9) ; Lanzhou Talent In-
novation and Entrepreneurship Project (2018-RC-117) ; Research Project of Institutions of Higher Learning of Education
Department of Gansu Province (216130) ; Lanzhou Jiaotong University Youth Fund (2015005)

# Corresponding author. E-mail; 18609311366@ 163. com



2021 45 6 H
H4T 8 Hi6 3]

tEMEMRKAEFER

Journal of Beijing University of Aeronautics and Astronautics

June 2021
Vol.47 No.6

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2020. 0155

jbuaa@ buaa. edu. cn

— og - ‘p EE o=
EEB = ANNSEESE
£R AL, 2T, B
iﬁ (1 demt R R PUMCT AR 20, bt 100083 ; 2. Jbmt 3 TR%% H k2B, st 100081 )

i B A BERZ2AGHNBEAERRTIHRAET AT RBRNGE . HXER
EASHABRETHERATI S EEZENRBRA R ERATTEMEKRGFEA,KETAA
AKEFGHNBEBEFEIXALRGEF AR FERR LT W, Rt T EETE T EENFR
THEENBATFRLEZA LB LERA, LABELE, FTEAZLEHSHE, RE
7 —#&T V-REP § MATLAB YRk & (f B 7 i, & 2 R#A AT H xR L@ B ILEA
Wy ABBERN RIET FENFREMTAE. FHARTELATEREAELLIT R, 2 X
B BEANRGEINT h A B E, B T F k8 LA

X 8 WH:2mBHNEAN; FABE; KRF; ATHTE; Kef B

ul

HES XS TP242.6
XHARERG: A

4 [ B S LA A\ AL e S 8 R 98 2l B B 4k
3B Bl T ELAS 5 A 1) LR 0k R S BLAS 1), 3 LR
JECHEL 1 2 S A 33 i 53 1932 37 3K BN A
7% 1) B SR A AT L ) S Sk A2k B AR B
o, B BB RS T 9 KK A R S 4 B
st R, TR SR AR T ERE S 4 R B
R, BT A A BB A A LA R
B F) 5 5 B3R R R0 PR T 0 30 2 B R A TIE
24 () F ik H AR S S AR o

B Rk B EA AT AT
W g EEEY Ak I R BT REA
U B e U R B E T %,
Dai 25700 A" Sk S MU EANSEA % AT
¥ BT A 8RB 25 00 4 7 A g M 1
KAAE B R TSGR R T AR AR T
VR % AR B S R Y 4 R B 0 R A
o B JESTIPE R 5 . Llewyn 281 DIt it ) — Fl
T M 22 T 0 R, 48 T — A T b 4 R 2

A%, hims™”

y “Z

NXEHS: 1001-5965(2021)06-1115-09

RUIEO0AL 7RV SR, 108 1 RERY Y 8 3 B
AR 5 A0 AL B A 2 A T LS B L g AN B2
R 1% 07 2 AR AT LU T A A Y Bl 2k R 3
S, (ELZ Bl T R R R v AL A N B Ak PR
A5 B 0F b B9 B PF R B, Dooraki Ml Lee™™
&t e P2 S B Ak 2 ) SR ARG B ik 2
R A 2] B Y 2 2D ROR T HOBE S S LA A
Rk iz Bl B A4, (H 3% 5 v i B 42 SR b
i N &4 R RPE . Qiang Al Gao' " 4R T
— GG =R AR R B R BE IR AL SR A
R TR R OA 1  B E m Saed  AE ]
R, I ELSR A o e AR PR R R (A
REMH ML 28 A TE R N IABE T SZ PR . Nasrinahar
il Chuah™™ B3t T 4 F 56 AR 147 0 4 4 2% L 43 931
oy B AR BTy R EEAEHIAT N B AR R AT A A
AT S, JF AR 12 48 S 05 K LS B, RERS A
BONE ARSI T SE B B FE kR, %007 ik B
A BRI B R R R BT A S

Wim B H: 2020-04-21; R A BH: 2020-06-19; M4 H ARATIE : 2020-07-13 1002
M 2% H R Mk ;. kns. enki. net/kems/detail /11.2625. V. 20200713.0954. 001 . html

EEWE : PR REARL S &% 4 (FRF-TP-17-052A1)

= BI51E&. E-mail; buaayyj@ 126. com

Sl KAZ, Wik, 2%, & 2HEHNEAGSHETF[T] XX MEMKAFFH, 2021,47 (6): 1115- 1123.
ZHANG D Z, LIU W H, MIAO C X, et al. Dynamic obstacle avoidance method for omnidirectional mobile robots [J ]. Journal of
Beijing University of Aeronautics and Astronautics , 2021 ,47 (6 ) : 1115- 1123 (in Chinese ).


qwqw
新建图章

https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&filename=BJHK202106004&dbname=CJFDAUTODAY&uid=WEEvREcwSlJHSldSdmVqMDh6a1dpZDNmY0RKcE5WZEJzaGM0YXhVOWFrcz0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!

1116 B[N R R NI NS =B

2021 4F

{RUE E % 11 SE B . Eduardo %8 4R T2 Fhgh
E SR @i 7 N B N R L7 Bo R S = RS
(DW4DO ) F1 2 25 & i 9 B 3 &5 0 1 5k
(DW4DOT) , Jf 5 5 T il 28 38 32 32 % 71 00 iy 23
FEW: (PCVM) Fil 2l 25 fy 52 3 i s (DCVM) #4171
PoA, 2R B O TG ) B 1 AT DA RIORE R B A B
Yy, 9 B i e e tt 45 20 ) DW4DOT 5535 fff A il
AR AR A S T 1 0 T P Y AR R 0 R AR
SEOh A B RO AT R R, (A RS
FIFERE S A LA AN Z b, I Ho etk i O 2
BA TS5 = TR

N L#351: (APF) fy F 4544 & 5 JF 8 a0
J ] R JEE R R R R 25 R e 4 T RE AR AL L N E
FhE Ry P R R LN I i — Rl O ik 3R
TR 75 1) S e il LR 4% 13 F LA 3h S B A 11
Yt Guo 2SR 4y Be LRI AR KT A T
I E IEAT O, R ST B AN A B4y i) R A )
(BRI B0 SE BT BTG A HLE 2 T8 A HLFE =
i iy PR AR R {EL A S B B 2 1R Y
Fl. Hu 251 FiI ) Zhukovsky 78 8 X 45 377 4 700
SER AT REIEAT TRk, DA R kY T S
T B R I S 0 O vk R A A AR T 8 Bl R
Yy, B 1k Jm A INMEL AR Ry 1 A AT S50 5
iE ., Lazarowska "' #2 T BJ 8L N T % 37 5 i
(DAPF) , % 5 3 o 44 3 8 HO 4 3 SE B 25 O
P AR AR K O A3 I Hagi T i
FTistIE], ik 5 ) 375 78 MATLAB R85 T 47 T
U7 B0, e DU e 22 2 WK s B s WL g A b kAT T 58
B S5 , (R O v T B AE 42 Jm) b IR 2 A 1 0
T, B2 3 5 LA AT B . Oscar 45 41 T —
Tt R FH 40 B aE AR 5305 ( BEA) slcilt AN T 8837 15 1
TR R 1 BR R AN 4 ( BPF) | H BB AR IE
1B A 3 28 B 9 & 2 v vh R A e AR
ONTEFR I TR 1K il o A (S R vy L
5 11 Mo P17 A RE S B OBE R . Wang 257V 1y
TR N TS O 58 a5 A X B B
BRRC, R FH 8 T2 RO A A= Um0 R 40 B L R i Tk 5
B A JRy i fe /s Ko B AR A AT 3k ) 8, {7 B 45 2R 3R
W, Bt I 7 L RE RS 4R B W 1 e kAR R
SR A R NS N R R AT A S R T
{5 HIAE . Du A1 Nan'" 53 53 i A HLAE A5 H AR
Z ] (AT B 8 e A3 R B, I LB R D0 0 1)
Ok 3t S LA N B A SR AR /M, AL A A RE 2 )05 A
HuE K H AR AR R IZ 0 HORIE A IR EE N kAT
U5 B A e s S M LS 5K

Bt 4 1 B Sl AL A N Bl 45 3k i ) B, AR SC L

K o RIEAR R R N gk, A K
WS F BB AL G N TRk e 1 5 0058
SCL R T HES s AL JR G5 Rl /N 55 )
I T V-REP 5 MATLAB BG40 17k 76 =
HEZh A IR X et e U5 ik PR RE 5 Al AT PR AT
THIE, RS NS SR A A
1B N T3k 1 4 1) A% sh AL g AT 2 25
BESCE , B UE T 5 ik AL I

1 REAIBGERER

N T35S 1 R T 483 % B0 5 T A 3, HG J
ARl Sr H bR BT 0 3 S B R 7 A
W% s, WA S AR TS ™ . BT AL
H L P g A B AR BRI, 38 2o 0 W 5537 1 R
T3 ) AL T8 S AL A% A (8 J0 R4 % A, B2 Sh L
NAEN T3 93 SR @ A 1 s .

HARs *

BB
B R SHLE AL A T % R R

Fig.1 Schematic diagram of forces on mobile robot

in artificial potential field

NTHGEBAAEG ¥ Jx 185 4
%G, s G sl i U, ik A5l
J1 F ., HJ7 1y h # s AL as A48 1 Hbs o b
Y= te s 18 U, ™ B R D1 F H7 18]
i BERSY4E m R sl @y Ao 5l F MF I F,,

AR B LIS AR )
BI04 U, 51 T 3
Un(6) = 2k (x - x,|? (1)
Fuu(x) :_VUuu(x) z—ki..l‘x—xg‘ (2)

S sk, 51 8 W R R x R P A
(8 s, KR ML ALY H bR
F IS 85 U, FUR ) F,, iR

) 2
U, (x) = {2k(c1i _dL) 4= (3)
0 d > d,
F (x) =-VU_(x) =
[k.epz(d_ldo)dz -g—j d<d, "
0 d > d,



5 6 3]

HROR A 45 a1 B Sl Bl dv A 3l 25 58 B U5 1%

1117

Kbk R NGO R LG d B EhLa NS
BB 2 ) B R 25 5 d, Oy BEAGH HOAE H 2PE AR

G R R R/AG R UG F ol
U(x) =U,(x) + U, (x) (5)
F(x) =F,(x) +F,(x) (6)

N LS BRI 0 Lk 5 g 284 1
IAEAE— SRR AU TE DL o 28 1 R DUAR 9 B AR
FM /NS AR 2 BER . BRI RS S LA A
ZENE 10 0 HARBE H bRl

55 2 B OLFK O B bR s A ATk e Y
3fF 7R o B H AR 7R B 9 45 T X SR
W BCE T HAR AL, 51BN R g BTG o, 7 R
6 IR S L as AN TS i 2138 H bR o

55 3 b DR Ry B IR v 1) R ] 4
o MR BB g N AE BE 5 5 1 34 i
FPHER S T REAAE R L S B GR LL IR G, ™
TN Al BB 2 T BOK ARl A

R

Ja s A

RERH2
B2 SEEEAJR R R SR

Fig.2 Schematic diagram of algorithm with local minima''

Y
Hbr&  RHEiZ5)

REA4)

8]

B A M FH X 35k

B3 HbRSA T kR R

Fig.3 Schematic diagram of unreachable target point "’

R BRs e

R
CEREEE AN U

Fig.4 Schematic diagram of trajectory oscillation’

2 ETAKBRFBHONIEGE

BEXL GE N T35 1 1 i FAR 5O AT 38k
5 JRHR AR /NS TR B Y — i T K 3 AR Y
BT

Vi 77 s VNS (B R o IV W e T S
SHiR

E5 KimrERE

Fig.5 Schematic diagram of water flow field

TR A H A g A IR T b B AL 24 H 8 B A
Beal Ry, &t ge il gk 2k m) st AR AL TR
B, X JE— A 8 SRR BG4 40 W EEOK IR 3 ik
TF B 54 ) AL EE BT L & 3R, A B al 5 1 X K TR 3%
B 2 i) 2 A I T I A 0 A9 10 2% e B, DT 28 T
[EREXY/ IS

B K kB A 5 A8 e N T3 37 Tk M 45
AL EHE Rk g N TRk, 5 h 3
B S M R S s T
0 ey gkmp(%-dio) (Jx -x, )" d<d,
0 d > d,

(7)
K 0 WAL SR

B 1 T4 50 h B S AR AR A 1
B |x - x, 131 AR 5 BT, 2 b
R WL AT B AR T W0, B 95 i e B
PRAERAA T, 2(3) R (7) 1T F1 45
BT 975 16 M B B 4 16 RS B AL ER A, 2R
itk L HL 551 18 0 B ol A 3 i R A 3
HLES KI5 IR M52 B, T SRR s s % .
ZOKW R K L0 O R 00 AR )
Y0077 160 T R 500 00 4 19 B 4 1) L S BRS B
BLAE AT B

S 1 S bR VLT 5 L B B L A 3K A
KO ADHE BP0 B AR A0 B0 R L AR
FE s 8 15 £ B 5400 0 5 0O 1) L R 0 g
By J7 AR I S BT R K T 1 R L ik B
S b B RS S LSS AR TR Bl A 1 B
B IOK AR R I 6 TR . B0 hE
PSS A TLE B Bt K 0 4 T 2R TR
LM FAAT R TN (x0,,) 5 HARA G 1528
R TR N (x,,y,) , B FRAEHR 0'C K
BT, ARG B x BRI N o

H T ARE K A8 b BT R 9 AR T L 5
6 18 A B 7R A5 B A 3 46 B R RS E O AL
WM.



1118 G| AN T N N = 4

2021 4F

Bl 6 Kb &
Fig. 6  Water flow field based coordinate system

1 0 0
0 1 0]

x5 —¥, 1

[x, » 1] =[x Yy 1]

(8)
o, AP R JE MR AR AR sy, D32 05 B LAk
bR s, AL AR F B8, BIES 2l B I 5 AR B
A AR sy, YA bR 778 RIS S L& A
G AR R T I AR
P o AR 2R 5 B A e, A B e 2 K K O
COos

%*ﬂ?%\,ﬁ[ﬂ::
sina 0
[z ¥y 1]=1[x 1]|:—sina cos « 0}

0 0 1
(9)

Ko KT A bR R R R AL bR 5y R K T
AEFRFR T BB AR s o N AR AR R ESE 1Y AR

T IR BRI R AL, R B A A TE KR
it bn &% T B9 AL BR R TR 013, JF AT 1 &
TN
U, =- (2" +y'Q) (10)
Ko R FE K AL AR R R IR AL A 5y
H B Y AE AT AL bR R R AR AR

FhmEEmE 7 B, MRS sl
Blags NBI A2 (2" =0) B (WL 7 (a) ), #5 y' =
0, FEr+ YL TR Sh Al s N5 H s sl Z 18], "] BE S
Az JR TR /M (] 81, BE B 5 B AR Ry - xi
sy + 2 i U, PR ) AT LU RS S AL 4 N BT
R AR N A5 Bl E B S AL AR AN R as B o ik A
y' #ORE . #y A0, e M BF 1% 5510
Sy (6] 0 2 £ S0y i fR DT 772 A= 900308 4 3 [ R, ot B
Ty >0 WG EGER - ( -y +2'i) (W
U, Jim), Ty <0 WX 5 246 h
- (y' =x"i) (U, Frw) , N1 5 013 551
NG I AT B . B e B L ge
AR E M CULIE 7 (b)), B B 490 A5 %o 2% 3 L
N BN SR AR Y R E I Y R L P N
Ab B, 2 R S BR A Bl 2 B ) 0 A% Sl HL g

Y BB 1

REhT43
(a) BERFIILERS SIBLAR A B4

pei Y

e HERA

o, y\;\ Y

/
VAR
7/
(FT

BEAT46
(b) FEBIHILERS Sitlan AR 720
K7 Kiigmebs 2T MF %

Fig. 7 Repulsive force field in water flow field
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Dynamic obstacle avoidance method for omnidirectional mobile robots

ZHANG Dazhi', LIU Wanhui', MIAO Cunxiao', YU Yuanjin>"

(1. School of Mechanical Engineering, University of Science and Technology Beijing, Beijing 100083, China;
2. School of Automation, Beijing Institute of Technology, Beijing 100081, China)

Abstract; Dynamic obstacle avoidance is an indispensable ability of omnidirectional mobile robots in
complex working environments. The idea of water flow field is used to redefine the repulsive potential field
function of artificial potential field and its direction, which solves the problems of traditional artificial potential
field method, such as easily falling into local minimum point, inaccessible target point and oscillation. The
improved algorithm can make the robot reach the target point smoothly and safely without increasing the amount
of calculation, and realize the obstacle avoidance process. At the same time, in order to achieve three-dimen-
sional dynamic simulation, a joint simulation method based on V-REP and MATLAB is proposed. By construc-
ting a three-dimensional dynamic simulation environment, the dynamic obstacle avoidance simulation of omni-
directional mobile robot was realized by the proposed method combined with the improved artificial potential
field method, and the smoothness and feasibility of the algorithm are verified. Finally, the algorithm was ap-
plied to the real scene in the laboratory, and the omnidirectional mobile robot successfully realized the dynam-
ic avoidance action, which verifies the practicability of the algorithm.

Keywords: omnidirectional mobile robot; dynamic obstacle avoidance ; water flow field; artificial poten-

tial field method; joint simulation
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E24 B (H B A
JEFE 22/ m 0.914
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with and without slipstream

HT L AT UL, 2 S /N N B3R e R
T DL T AT 52 ), b 3 T R 4 O, T 6 A
T BT 2 O (EUR 2 M A AR AN R R AR T
T3 A B EE ) A e B e e AL R
4 M AW, TE R R I AL3E I A T Ak T
TH A BN B A A o R PR B T
JIo3 A6 32 W R WA A T U EALIE T )
52 B I U B0 R RO R AR /N o 25 A
BRI, P B B A A L 2 17 30 i e K (] 52 39
JE B AT 12 Bl A 9 WAL L R A 15 25 3 £
WARE] TR A B 52 1 IR R B $OE K
KA, FURFEWARORAT P 5 o 2Rk &, N BL

$)
10 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
x/c
(a) a=0°Y=0.48 m
20 — JCIE
e Y AR TR
-1.5 — MRFfR
-1.0
C s
0 S
0.5
10 0.2 0.4 0.6 0.8 1.0
x/c
(b) a=6°Y=048m
2.0 — JCiE
~ VR AT
_1s —— MRFHR
-1.0
C s
0
0.5
]0 1 1 1 1
0.2 0.4 0.6 0.8 1.0
x/c
(c)a=0°Y=15m
-2.0 — T
P AT
—— MRF#7
UR

0.2 0.4 0.6 0.8 1.0
xlc

(d)a=6°Y=15m

B 13 A7/ TGt U ML 3R AT T g A R A X E

Fig. 13 Comparison of pressure coefficient distribution of

wing section with and without slipstream



%6 1

R, S 02 e 3R ATL A SR 25 e 3T U

e AL iR
31

L 7 T 3 A T e N B R I Ty B R
PBLE I TE 8k i, T R s .
J TR R VR, 7E VB L
Ui 10 cm A0 B 2 A4S 2l W A, W Rl 16 fif R,
SR ZE RN 3 iR, g, g, 0538
TRTCW TR W CR S T B EAE, TR 1.2 %
AW AT S, A R sh R i e, aT R
%tﬂﬁﬁXﬂ‘?%?ﬁ"ﬁﬁ«lﬁ@,ﬁ@"ﬁ«lﬁ?‘&T VgL
Ui 1 20 A JIr 8 g, 9 LBt 5 300 1) 388 K, 0 T 34
Ty e B AR, RV R IARMY Ponit 2 1 3 R
(B S 3l FE 3 1 35 K F Point 1, AV B 5 €3 1 1

_ //

»
V/(m-s™)

n

V/(m-s™)

(b) a=6°X=1m

Kl 14 A /TG R = B T
Fig. 14  Comparison of velocity contour with and

without slipstream

BRERE,V REIFERIIA T HER MR IX AN,
PR I 32 30 28 7 380 B 55 e R T SRR TR 4

(a) a=0°X=1m

(b)a=6°X=1m
BILS X =1 m 07T 2 M0 A 43 A2 Ak
Fig. 15 Increment of local angle of attack of

X =1 m section

Point 1 ®

Point2 ®

Bl 16V R 2l s i i Al
Fig. 16  Distribution of dynamic pressure monitoring

point of V-tail

%£3 AEIEMHAT Point 1 5 Point 2 #3) [E 15 &

Table 3 Dynamic pressure of Point 1 and Point 2 at different angles of attack

o/ (°) qu1/Pa 4y /Pa A /% qun/Pa 4pr/Pa Ay /%
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Effect of rotor slipstream of tiltrotor aircraft in cruise mode
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(1. Institute of Unmanned System, Beihang University, Beijing 100083, China;
2. School of Acronautic Science and Engineering, Beihang University, Beijing 100083, China;
3. Hiwing General Aviation Equipment Co. , Ltd. , Beijing 100074, China)

Abstract; The tiltrotor aircraft needs to take into account the power requirements of vertical takeoff and
landing and high-speed level flight, and using large diameter rotor as the propulsion device will make most of
the wing in the rotor slipstream area, which is different from the conventional propeller aircraft. In order to
evaluate different numerical methods and study the effect of rotor slipstream on the aerodynamic characteristics
of a tiltrotor aircraft with two-blade rotor in cruise mode, the actuator disk model, the Multiple Reference
Frame (MRF) model and the sliding mesh model are used respectively for numerical simulation study. The re-
sults show that, compared with no slipstream, the steady effect of slipstream increases the drag of the whole
aircraft, and the maximum lift-drag ratio decreases by 7.5% . The lift generated by the tail wing is increased.
The longitudinal static stability is increased by 17.1% and the pitch down moment of the whole aircraft is in-
creased. When the angle of attack is small, although the slipstream changes the lift distribution on the wing
surface, the lift of the whole aircraft does not change much. The unsteady influence of the slipstream causes
periodic fluctuation of the aerodynamic characteristics of the aircraft. The fluctuation range of lift coefficient
and drag coefficient are 9.0% and 10. 8% respectively. With the increase of the angle of attack, the fluctua-
tion range also increases.

Keywords . tiltrotor aircraft; rotor slipstream; actuator disk; Multiple Reference Frame ( MRF) model;

sliding mesh model; aerodynamic characteristic
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Table 1 Analyzed results of test data

y power, /% power_p,/ % max_derta, /% max_derta_p,/ % derta, /10 ~° derta_p, /10 ~°
¥ 0.104 4 0.1152 0.2223 0.2459 -10.07 -11.11
¥ 0.035 7 0.039 4 0.083 3 0.092 0 7.91 8.73
%/% 34.24 34.24 37.40 37.40 -78.52 -78.52
1
3
power, = ,/mean(sum( (y, —y,)°)) (5)
power_p, = power,/max(y,) (6) 0.14 :2
max_derta, = max(abs(y, —y,)) (7) /
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Table 2 Analyzed filtering results

y S UK B HIT B S IRPEHT WG
Bieis K il i i 22 I 72
*) Uy/V U, /v Uy/V e /% ey/%
-6.45 0.9598 0.9558 0.9552  -0.41 —0.47
-4.30 0.9116 0.9124  0.908 7 0.09 -0.32
-3.24 0.8787 0.8804  0.881 1 0.19 0.28
-2.20 0.8328 0.8299 0.8338  -0.35 0.12
~1.79 0.8031 0.8072  0.8058 0.52 0.33
-1.16 0.7627 0.7671  0.769 2 0.58 0.85
~0.13 0.7340 0.7359  0.7353 0.27 0.19
0.28 0.7588 0.7569 0.7613  -0.25 0.33
0.91 0.8054 0.8095 0.8047 0.52  -0.08
1.97 0.8052 0.8126 0.8121 0.93 0.86
3.02 0.8094 0.8093 0.8128  -0.01 0.41
4.08 0.8516 0.8519 0.8516 0.04 0
6.20 0.9042 0.9029 0.9028  -0.13 -0.14
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Self-adaptive piecewise fitting filtering method for test data in
continuous sweeping angle of attack
WANG Nantian* , WANG Xiong, SUN Peng, XU Xiaobin, ZOU Qiongfen

( Hypervelocity Aerodynamics Institute, China Aerodynamics Research & Development Center, Mianyang 621000, China)

Abstract; When the traditional step sweeping attack angle data processing method is used for directly
processing the test data of continuous sweeping attack angle test, the low-frequency vibration component cannot
be removed. Based on the characteristics of approximate symmetry and local linearity in the test data, a piece-
wise binomial fitting method is presented. Principle of the method is presented, and its minimum variance
based piecewise length determination is introduced in details. The experimental results based on the test signal
show that the method can filter the low-frequency component signal by nearly 70% , effectively improving the
data processing accuracy. The method is also verified by common mode test, and has been successfully ap-
plied to some model tests.

Keywords: wind tunnel; strain balance; continuous sweeping angle of attack ; minimum variance; filter;

low-frequency vibration
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Numerical analyses of liquid-vapor interface in two-phase thermal-controlled
accumulator under microgravity condition
ZHOU Zhenhua'?, MENG Qingliang"** , ZHAO Zhenming'">

(1. Beijing Institute of Space Mechanics and Electricity, Beijing 100094 , Chinaj
2. Beijing Key Laboratory of Advanced Optical Remote Sensing Technology, Beijing 100094, China)

Abstract; Two-phase thermal-controlled accumulator plays a vital role in mechanically pumped two-phase
loop system. And the distribution state of liquid and vapor is one of the key factors that decide the temperature
control performance of the accumulator. The distribution state of fluid in accumulator under on-orbit micrograv-
ity condition is significantly different from that on ground, which brings great difficulties to the accumulator de-
sign. In order to study the two-phase medium distribution characteristics of accumulator under on-orbit micro-
gravity condition, Computational Fluid Dynamics (CFD) method was used to simulate the two-phase flow be-
havior. The continuum surface force model and volume of fluid method were adopted to calculate the surface
tension and track the liquid-vapor interface shape, respectively. By comparison between simulation results and
theoretical solution, it shows that the results are consistent. Several influence parameters, including different
Bond numbers, contact angles and filing ratios, were studied, the movement and distribution characteristics of
the two-phase medium were obtained. The results indicate that the liquid-vapor interface shape is related to the
size, wall wettability and medium filling ratio of accumulator. The results presented in this paper can provide
theory basis for the control of liquid-vapor interface in accumulator, and can guide the research, development
and on-orbit application of accumulator.

Keywords: two-phase thermal-controlled accumulator; mechanically pumped two-phase loop; liquid-va-

por interface ; microgravity ; numerical simulation
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Fig.5 Simulation and verification scenario for

throughput optimization method

AT AR AN o S ~ B 7 B2 il e KT i — 4k
R JLARAR AR b, R R /INX 2 v 5 vl R i
PEKF T B A DL . 16 ML T v s v gk
ol AV TS Ak AN S AR R 12 A% B B A i O
o] (R B T AU S (ED) | B A AR BE I T IR 5 S B
D9 O AT A5 S A A wr B B, b 4738 f5 A AR AE
RO BR) 5 10 VAR B T UL Sy LR A7
WA S A TE A RO B, B ATl fE &k AR TR AT
B

B 6 H 4 RN, A ik AU T 5 e 2R
1Yk 55 5 eas ip ikl UAV, ~ UAV S 5i i i 5 v

250}
200
150
100F \

yim

S50

—50F .

~100 £ - s - -
-10 0 100 200 300 400

x/m

V=0 o=]

P 6 (BT B AT kAL T IR AR 1 AR 55
Fig. 6  First service using proposed throughput

optimization method



5 6 3]

B A A B IO ALY 5 85 200 26 5 0 £ ot oy A AL

1169

300
250
200 f
150
100}
50+ /

y/m

50}
-100 ¢

v =0 0 =]

B 7 AT B A kB A 5 R A 2 IR 55

Fig.7 Second service using proposed throughput

optimization method

S TS ARG AP . FE, X5 %&
FEREA TR A S A 1 BEE 1 W (5 IR 55
5 A% BE B ATAR Rl AL Oy 1o DA B 25 R BT A
w5t A Ak 5 vk T DA ZS v Sl oAE G A a3 [ E
B Ik 5 I FH AR [6) 4% 4 7 1) o FE &k 5 1 IR
505 A RIS 5 A M1 T s A AE T A %
/INX Cell, 1y,

ME7 hgs R WoR, 5 2 Wl fE RS+,
UAV, [UAV, UAV, Fil UAV, ¥ Fh & &5 B2 i
o 1) R w5 Y AR A% 7 55 Celly T IEES % A
BT R X T RE RS AL S T, BT R UAV,
Xof o7 B B 0 T MR sl Ry O, i HiAth 4 SR 25 rh gt
il Xof o7 i % 0 TR B (o 1. A5 R, A
JT B ik A A 0 mT DAl i 2 N X s e 3
S 3 Ao T e v R 7 i 4 /)N X DA T 4 L e iR B
iR Mt A h L S A B, HE S
Bl PN B 65 88 FHAS TR A 6
4.2 HBREHRARMESPERSEREGMARLA
EEWNLEAEREFHELEE

FRMENRAPHABEALT 24FH
Bk F ik

AR ZE/N X B R B B L S 1 A
23 T Rl R R BRSO AR T vk SR L O R A
WO, WNE 8 FrR . B A SO AL,
AL 7 I Ak X B R L R B I B AR
i 77 T AR AL R BT 2 RE A B I A% T )
BEAIL s X b J7 15 3 e BE T, B % 1% i 1] B L o
Bl 8 i Ak b 7R 1 2E /N IX Celly P 8 H A2
AL, AR bR 3 7R A AR SCO7 s R X L 5 1A Y
Ak B (10a) o

Xof b 7 12 A6fE P e K ) A IR 95 R e i 3 IR 95 W
U], i 5% 1% i 1) B ML A8 R A% B % 1% i 7 o) B

4.2.1

BLEET 1 80 9T P e s i, [ % 5 2 46 == 2
Wi Y Ry (H, + H,) /20 B 5o, A 31
FENIX Celly, PR HN 2, RGP Ak R GE
PR R B, X R N O B A P 2E /N X R P
B 2, 23 v i i 75 200 O 2 ) ok AR 55 P
A M P AR G B A kR B T . H
Je [ AT LR 21, A LG T 00T 3 Fhoxd b7 ik , 1
PSSO A 110 A B e A2 i 7 1 R 225 6 sl 85 B 119
Ak AT % AT DL S SR T R G S A
WUl A SO ik R AR DT i A Rk . R 2 B4
T T AR SCT5 3k MR FE B i (g 2 T 7 o g 1%
7 1) BEAIL ) AEAS [R] 91 € /N DXOR P S0H IR A7
i LS AR THE RO O, A Fe v rT LS 21, 241 5E
AN FECH RAR AN A P B H 1~ 36
I, B BT AN A D0 A B % 1% i O 1) 2 v B v
19 JEE BN F T 35 AR SO ik T R T RGP A it
8 A .

501

—— ARk
BT\ e wHrE
40\ X H T2

RYF- ATt (bps-Hz ™)

1 6 1116 21 26 3 36
PE/NX M EH

K8 AR E T R kb
Fig.8 Comparison of system average throughput under

different ground user numbers of congested communities

R2 TRAAEHEHELR
Table 2 Throughput comparison of different methods

AN E ATk MHITE g/
1 49.5 6 8.25
6 21.9 2.7 8.1
11 16.15 1.8 9.0
16 12.15 1.4 8.7
21 9.8 1.1 8.9
26 8.5 0.9 9.4
31 7.6 0.9 8.4
36 7.1 0.8 8.9

4.2.2 ARETEALERAKSEMAT 2ETH
Boek AR
2RI AR S H L BUE 50 ~ 400 m Y,

o FF B S 15 i 75 1) R0 2 v il g P2 WK 45 DA T



1170 G| AN T N N = 4

AL ALF

2021 4F

S S o B g BE X LT 1 0 R G0 B A
EAEOL, WA 9 B B AR SO LA,
i S A% i T (I Ak 5 X e D5 i R BE L SE | B A%
T AL o Herp, X He 75k v e R T D =S P
ol fre R B RIS P 9 o 2 b 7 3k 24 0 B
FEARMACHE AL F T 17 o R ROR 25 v 2R
AT IR i R R O, A SO 1 R G R
AR THBOK o

el

— RTTIE
= XF Tk

RGP TR (bps Hz )
S = N W A U O N ®

50 1(.)0 léO 260 2I50 3(I)O 35IO 400
I B
B9 Az SRl AR B H LT RS
TR L
Fig.9 Comparison of average throughput at different

UAV minimum altitudes

423 FARAMBREHRALTZAATFHELE
26823

Ak B B 15 2 9 A AN [ B foff P 6% o A%
f5 7 1) 0 s v R e BEIE A O AR O s PN LAk
&AL 7 ] B R L T 0 R G B Ak RS O
WE 10 fros, B ) by g A ml B AL,
1o BE LA s A SO i AT g el A, e R G
o Horr X by Al R T A R R X s e
i FEREAT T Ak 1810 thg5 R oK 3 B Bk
P& 5 3 P ™ L O 2 A Or I RGO
Ak v A SR AT DR A < IE B B

1.6

¢

1.0 /"*
0.8} //

0.6} P

o //

0.2

RGOV /(bps-Hz ™)

—a- AW
N > .1
4 6 8 100 12 14 16 18 20
A HT OB R 1t dB
10 ANl B OLBE B BT 52 T v S (1 O T
A YT Pk A R

Fig. 10 Comparison of average throughput under different

non-direct-looking shadow fading averages

SRR O™ B A A OB Y R A A
/N TCAR AR SCTT 15 38 2 AN A B 3% 12 i 77 160 114
Xt TT i A AR AR EALEE B O TR T4, TR L &
Gt B T . S5RE BoR A SCHR G
P et A2 i 5 1) AR 25 v el g R I8 1) % o G
TTIEAEE T A D0 A0 68 5 42 i O 10 B9 % L 7 3%
AT RUVBOR AR BE PR T 2R 407 1 A ki, Bk T BT 4
TIEW A R

5 & RiE

AR SR TE 1 I G 10 A B % A A O 1) R S
HR R v g R 114 2 3t 0L ) A A kA LA T T
T 52 s IO P 5 HH T i K T) A B o ) 0 30 Al 55
Y DU DT 7 A 22 B1L A7 5% o () 304 90 36 A 2
uli/ P S R, 5 R 0 R L B Sk
T T A B B T 1 s R R . 2
T 55 N B UE 45 SR 3 R AR SO D 10 B % 1%
b 7 1) A S R Al v B2 R A ek AR AL T i, B
LT HABARER & AL B0 FeJ5 i, Hov, 24 26/
KPR H AR 2D XA P B H A 1 ~36 4%
B, AH EE AN & 0 1 B I 1% i 77 1) A 25 e 3
19 B H T 3k B PR U5 ik n R TE R AP
8.

2 &3 #k (References)

[ 1] MOZAFFARI M,SAAD W ,BENNIS M, et al. A tutorial on UAVs
for wireless networks: Applications, challenges, and open prob-
lems[ J]. IEEE Communications Surveys and Tutorials, 2019,
21(3) :2334-2360.

[ 2] ZENG Y,ZHANG R,LIM T J. Wireless communications with
unmanned aerial vehicles: Opportunities and challenges [ J].
IEEE Communications Magazine ,2016,54(5) :36-42.

[ 3] SELECKY M,FAIGL J,ROLLO M. Communication architecture
in mixed-reality simulations of unmanned systems[ J]. Sensors ,
2018,18(3) :853.

[ 4] HAYAT S,YANMAZ E,MUZAFFAR R. Survey on unmanned
aerial vehicle networks for civil applications: A communications
viewpoint[ J ]. IEEE Communications Surveys and Tutorials,
2016,18(4) :2624-2661.

[ 5] KHAMSEH H B, JANABI-SHARIFI F, ABDESSAMEUD A.
Aerial manipulation—A literature survey[ J]. Robotics and Au-
tonomous Systems,2018,107 ;221-235.

[ 6 ] PRIEST L,TERRY C,ERICKSON R. Tethered unmanned aeri-
al vehicle-based systems and methods associated with cell sites
and cell towers: USA,9669945[ P].2017-06-06.

[ 7] SUDHSEEH P G,MOZAFARRI M,MAGARINI M, et al. Sum-
rate analysis for high altitude platform (HAP) drones with teth-
ered balloon relay[ J]. IEEE Communications Letters,2018,22
(6) :1240-1243.



e R

M ]

%6 M B A R B TCANLT 6 55 4000 14 5 38 5 Ak o A k= A0 1171
[ 8 ] BUSHNAQ O M,KISHK M A,CELIK A,et al. Cellular traffic (3):718-726 (in Chinese) .

[10]

[11]

[12]

offloading through tethered-UAV deployment and user associa-
tion[ EB/OL]. (2020-03-02) [ 2020-03-28 ]. https: // arxiv.
org/abs/2003.00713vl.

KISHK M A,BADER A,ALOUINI M S. Capacity and coverage
enhancement using long-endurance tethered airborne base sta-
tions[ EB/OL]. (2019-06-27 ) [ 2020-03-28 ]. https: // arxiv.
org/pdf/1906. 11559. pdf.

R BRE. R TN g 2 R 9 AP [0 ] R
% ,2017,9:12-13.

LI W,LI'Y J. The research on building high-altitude communi-
cation base station by using UAV[]]. Telecom World,2017,9 .
12-13 (in Chinese) .

M. R B 2 eI TG A ALIE 5 R G 7E L 2 I {7 il B
L] #3hiHf5,2016,40(15) :68-71.

WU T. The application of captive multi-rotor UAV telecommu-
nication system in emergency rescue communication[ J]. Mobile
Communication,2016,40(15) :68-71 (in Chinese).
AN BHOE 4 Rk, % R T AL 4kl 5 R 4
TE 07 B2 B 3 v L R BF 5T [T ] R K B AR
2018,13(3) :718-726.

XU X J,JIA R G,YANG Y Y, et al. Technical application of
the tethered UAV relay system in earthquake emergency site

[J]. Technology for Earthguake Disater Prevention, 2018, 13

[13]

[14]

[15]

[16]

[17]

[18]

HUANG W,KIM D M, DING W, et al. Joint configuration of
transmission direction and altitude in uav-based two-way com-
munication[ EB/OL]. [ 2020-03-28 ]. https: // arxiv. org/pdf/
1805.08635. pdf,2018.

HUANG W ,KIM D M,DING W, et al. Joint optimization of alti-
tude and transmission direction in UAV-based two-way commu-
nication[ J]. IEEE Wireless Communications Letters, 2019 , 8
(4):984-987.

AL-HOURANI A ,KANDEEPAN S,JAMALIPOUR A. Modeling
air-to-ground path loss for low altitude platforms in urban envi-
ronments[ C] // Proceedings of IEEE Global Communications
Conference. Piscataway ;: IEEE Press,2014 :2898-2904.
MOZAFARRI M,SAAD W ,BENNIS M, et al. Efficient deploy-
ment of multiple unmanned aerial vehicles for optimal wireless
coverage[ J]. IEEE Communications Letters, 2016,20 (8):
1647-1650.

POPOVSKI P,SIMEONE O, NIELSEN J J, et al. Interference
spins: Scheduling of multiple interfering two-way wireless links
[J].IEEE Communications Letters,2015,19(3) :387-390.
HE H,ZHANG S,ZENG Y ,et al. Joint altitude and beamwidth
optimization for UAV-enabled multiuser communications [ J].

IEEE Communications Letters,2018,22(2) :344-347.



1172 B[ AU =N/ NI NI = 2021 4

Throughput optimization for cellular communication on
tethered unmanned aerial vehicle base station
LUO Yizhe', DING Wenrui>* , LEI Yaolin®, LIU Chunhui’

(1. School of Electronics and Information Engineering, Beihang University, Beijing 100083, China;
2. Institute of Unmanned System, Beihang University, Beijing 100083, China;
3. China Electronics Technology Group Corporation 54th Research Institute, Shijiazhuang 050081, China)

Abstract: Considering the problems of uneven distribution of the number of ground users and serious co-
channel interference of multi Unmanned Aerial Vehicle (UAV) cooperative services when multiple tethered
UAV aerial base stations are used to provide air-ground two-way communication services to multiple communi-
ties, this paper proposes a throughput optimization method with both aerial base station height and link trans-
mission direction optimized. This method determines the co-frequency link pairing and drone/user pairing by
using the maximum co-frequency link criterion and the nearest service criterion. By optimizing the drone
height and link transmission direction, the average throughput of the system is improved and the co-frequency
interference between users is reduced. The verification results in various scenarios show that the proposed
method is significantly better than non-joint-optimization comparative methods that do not jointly optimize the
link transmission direction and the height of aerial base station. When the number of users in a congested com-
munity is 1 — 36 times the number of users in a non-congested community, compared with the comparative
methods, the proposed method can improve the average throughput of the system by about 8 times.

Keywords; aerial base station; tethered Unmanned Aerial Vehicle (UAV) ; air-ground two-way commu-

nication ; optimization methodology; link transmission direction
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Fig.1 Basic structure of hydrodynamic face seal and
structure of rotating ring
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Table 1 Structural parameters of rotating ring and
structure form of rotating ring
24 ol
42 d,/mm 50
L IIME dy/mm 58
IIME dy/mm 76
B IME dy/mm 55
g54 1SR RHSME ds/mm 57
S5 T8 3R 6, /mm 10
g4 110 235 L 6, /mm
FE VLR JEL 85/ mm 4
S50 i iR A o,/ () 15
S5 1A AR BURN A oy / (°) 25

1.3 HFEE

1 H % 205 24 0 4 T A RE, T P R TR Y A
155 R
pCou - VT + V- (=k+ V) =0 (1)
b p NORHE B €, M RHE IR I 5w g e
SRR T R sk bR S IR B

H i RE AR L T B AR AR I
er = o (T -T,) (2)
e AN ;00 WM B IK R EG T, =
293 K RS HiE .
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Fig.2 Schematic diagram of cylindrical coordinates and

boundary conditions
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Table 2 Load, constraint and temperature

boundary conditions

JUR S o5 2K L
AB TN T,

BC F 1 T,

CD Pea t Padd T,

DE EIET1 T,

EF 0.82p, + p,

FG Py T,

GA Ly (2 10)) i B 2 H

AR ICH3 BT H ORI 22 R 22 36 3 36 5 AL A TE
SR DN A S B AME M (FG) BEE N2 p,
TEWAEM (AB . BC Ml DE) Bt 9% k1. €D 5
Tt o F) Fs B BR A 2l B 4 e B, FEAS SR R A
[TRAE TN N W RRNE & -0k L D3 i )
WREC SR, A ) g AT e R AR AR R A
SOOI 28 B 2 x M6 R 11 1 25 5 5K, A
BRI 10 N - m (8.8 40) , 3T & pn, N
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0. 82 B B AR B, p. MRS

M FASCH A T 450 1 I Ik S5 A8, L E
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i BB 5 IR 1 R (HIR B (AN TR, 254 fi2
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Table 3 Operating parameters

28 B

HMBETHRBE T, /C -200 ~ 300
PALBE T 3L 5 T,/ °C -200 ~ 300
4K J1 p,/MPa 0~20
il ) FE % A7 p.,,/MPa 25 ~ 100

il w/(r+ min ") 0 ~ 100 000

x4 MREH
Table 4 Material properties

YT RE GH4169 S30408
LR E/GPa 205 193
HER/N A" 0.3 0.3

13.4 17.2
B/ (We(m-C)™")
1 4%

435 500

C,/(J(kg-C)™)

11.8 (20 ~100 C) 16.0 (20 ~100 C)
13.0 (20 ~200 C) 16.8 (20 ~200 C)
13.5 (20 ~300 °C) 17.5 (20 ~300 C)

B4 EX
a/(107¢ ¢ 1)

W p/ (kg - m™) 8 240 7 930
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i 2 SCHR [ 33 ] 4y A0 L JEE AL 495 it 6 % B R 2
AT, WERET 0 T A JE I AE e BR b oAt i
RSSO . BRI ESEINE S R .

F BRI A L B 3 R, A
(93 4% S LSRR e R, T LA S i 4%
PERIH 37 R 2 R R . (EL R AR SCiH A

Table 5 Confirmatory parameters

S8 Bl
N AR 242 R,/ mm 109
SMEHEAE R,/mm 153
Ah2f4% Ry/mm 156
K J12E4% R, /mm 122
B @/ (v min~") 1 500
H 0K J) p,/MPa 0.55
ANHES p,/MPa 15.5
% B B AL R B, /GPa 310
W LR E,/GPa 200
HEEFRAER L /(W (m-C) ") 22
W FRAE /(W (m-C) ™) 30
HHBNE KRB B, /(107°C ") 2.5
WK R LB,/ (107°C ") 12

BETHE ) F /N 8 x5 000

— ASCGHEE
35 THRERY

Bl Hg i AR T A /mm

7110 115 120 125 130 135 140 145 150 155
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Fig.3 Comparison of face deformation amount of rotating ring
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rotating ring under different temperature differences
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rotating ring under different rotational speeds
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Face micro-deformation and its control method of rotating ring of
hydrodynamic face seal under high speed, high pressure and
wide temperature range
LI Shicong', QIAN Caifu', LI Shuangxi'**, ZHONG Jianfeng’, LIU Xinghua'

(1. College of Mechanical and Electrical Engineering, Beijing University of Chemical Technology, Beijing 100029, China;

2. Hunan Aviation Powerplant Research Institute, Aero Engine Corporation of China, Zhuzhou 412002, China)

Abstract: Aimed at the deformation of hydrodynamic face seal under high speed, high pressure and
high/low temperature conditions, a thermal-solid coupling model of typical structure of hydrodynamic face seal
is established, and the support and constraints of rotating ring are considered. The face micro-deformation
caused by thermal loads, force and constraints are analyzed, and its control methods are proposed. The results
show that, when multiple loads act together, temperature difference has the greatest influence on face micro-
deformation, followed by the rotational speed and pressure. In two cases, the face micro-deformation of rota-
ting ring is mainly affected by the temperature difference rather than the temperature. Face micro-deformation
is more susceptible to high temperature, and the change of face micro-deformation per unit temperature differ-
ence is 3 —4 times that of low temperature. The farther the centroid of rotating ring is from the rotating center,
the greater the influence of the rotational speed on the face micro-deformation is, and it has a parabolic rela-
tionship. The face micro-deformation has a linear relationship with the pressure difference. For high-speed,
high-pressure, and wide-temperature-range hydrodynamic face seals, controlling the face micro-deformation
should first reduce the temperature difference between the inner and outer surfaces of the rotating ring. Under
high-speed conditions, the thickness of rotating ring should be appropriately increased, and the deformation
range can be increased by 86% by expanding the centroid change area. Under low-speed conditions, the inner
surface of rotating ring is restrained by reasonable structure design, which can control the turning of rotating
ring and reduce the face micro-deformation by 65.2% at most. The axial clamping force designed reasonably
can further ensure that the face micro-deformation is kept in a minimum range.

Keywords: high-speed, high-pressure and wide temperature range; hydrodynamic face seal; face micro-

deformation of rotating ring; deformation control method; centroid position
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Table 3 Gain-scheduling table of plane mode controller
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Fig. 14  Variation laws of engine nacelle tilt

angle and rotor speed

TR BLAE AR 22 25 5 45 A8 T - 98 3 9, AL 1A A
AR B

TERT K B IR 3 30 m/s B} & s L4816 JT 46
AU o I PR A T T2 i 39, Ol D1 48 4 o SR W T
IG5 2 Bl g E SRS H 0 T LA A
il T EP AR o MO AR a3 A {5 )

Y, T 3T I 4 R I BB R 1R 7 7, ) 301 e 3R
B0 A BRI 1] 437 3 AN, 7 B ROAL R B AR K ok
SR (R P S g T T A A P
Wl /1N v JRE A ) 4% 2 B A B B kR R R
I8 5 R S AU A1 T 25 394 o 7 2 B K T L T
S ST i 3 ek R 3 JEE [ g ] e £ o AR
LS LR TRHLAR S, B 1k 32 B 58 el PR, DA 52 3R
T BRI R AT R, & 15 45 M A A5 AR A R
[ Dy R 4 6 (e e SALAY AT Bl 12 b

Wit 5 L A 1050 10 328 34 00 o, RIS g )
TR AR 5 A T R AR AT LA
>R AR/ 48 4 98 B2 BT A £, AT DL S BT 22 1Y
B R R R 8 AT T R, EL A B 0
1 W 4 A0 A o R AR A A 2l G A AR HL R AT
fi R RLAF o B B AU B AR, RHL 1A
T B 2 Bl e A e B DR AR (o] g 42 o 4 5
R [l A L R P o B ROLAR A
o BUE ST, "RALIZE T T ke (R AV 2 ) e 2 T
LM v JBE MR AR 3 A s [R] 3 8 2 A 368 7 1) A2 A
e, I U S8 TS T AR E o AR HIRCR B,
T ) 3 52 R0 [ e i 22 4 42 1 £ A B 9
P, BRI Ay 5 v BE AR AR I B T 5% . T 16 45
Sl BT A R O 1 o S A B e 1 P R 4% A Bl
i (AR AT AR PR Y P HL AR AR XS A A
Mo BB S LIRS T BCF 25 R A
X o

17 45 i 7 AN 0 i 9 AL 48 LQR $
B iy oS Bun o N BB AR iR UIPE N
AU 328 B2 e S AR A E T A I 0 A, AR 4 LQR



e R

%61 AT, S T 25 R R T 6 M Y40 4 8 e B ML e 1 B o 1195
1.0 10 1.0
05 3 (5) 05
D I EN .
< : < S g 0
S -05 S 10 = 05
1.0, 10 20 30 40 135 10 20 30 40 105 10 20 30 40
t/s t/s 1/s
1.0 10 — — 1.0
—0 HAEE | s WHLEERR —y
05 —--9, 7 i : R -
S 5 | 1 B
05 S0 ; : 05
10, 10 20 30 40 20 10 20 30 40 105 10 20 30 40
tls t/s t/s
80 0.5 — 1.0
=60 = V| g 03
£ 40 £ 0f—————— e = = 0_..—\__}__\__/__&_
3 —u =3 <
20 ) o -0.5
0 10 20 30 40 0510 20 30 40 10070 20 30 40
tls t/s t/s
B 15 af S mlf HAs
Fig. 15 Full-modes real-time simulation results
65 10 T N 1
| EL TR i T AR i KA
o 55t = !
st : s a
& 10 20 30 40 15 NS T S
e 0 S5 10 15 20 25 30 35 40 45
~ 20 0 . /s |
E ol ol TR | PURY % 5oy | G
& : '
£ : :
g o0 5 i '
pre) %)
= I 1
-10 ¢ !
% 1
205 10 20 30 40 i
/s
10
%( di & |
S prod
E 9 fé 0
E =
= 5
5 . . . . & -10
0 10 20 30 40 =
/s -20 L L s L
0 10 20 30 40
16 fF 3l & B i) g 72 ils
Fig. 16  Time history of actuators 10
B RGN 2B L R UUE 3 S0 i:; 5
S T, D04 2 3R R AN R AR AR AR, ELORAT A §
> Z 47 =4 S = 0
TR K T e R0 G 1) ] A B A A R R /N %
W¥i. &6 K 15 /LA, 5&% LOR # il 4% s ‘ ‘ . ‘
s s = 0 10 20 30 40
AHE A GB35 B LOR # il R R AEZ & s
0 2 3k R v O AV 7 382 RN AND A A8 A0 B i e e 52 B 17 f£48 LQR il R i 0 1 4%

1, HAR S a5 5 JC B A Rk, 5o BEAIG, KAT
b S AR ik T A

P 18 R 19 73 53l 4y thy T 21wl 3 P4 £y 4%
REAEBhARAATIRE . A Y A 1 AR R 4G

-H

Fig. 17  Full-modes simulation results of traditional

LQR control system
P e B AT A e i R, 51 AKCP XU
7.7 /s 5 AF N B Dryden RATE AR



1196 b m o= KR

e R

2021 4F

01(°)

0 5 10 15 20 25 30 35 40 45

u/(m-s™")
S
S
N
N

—u
-
10r _~ ==,

0 5 10 15 20 25 30 35 40 45
t/s

AH/m

-0 5 10 15 20 25 30 35 40 45
tls

18 R T Sy B AR
Fig. 18 Full-modes real-time simulation results in

atmospheric turbulence environment

65

SBHAC)

40

0 10 20 30 40
t/s
~ 20
& ol
& 10
=
" or
5
=10t
&
= . . , ,
205 10 20 30 40
t/s
10
;
w3
=
in\
z O
S
-5 . L L L
0 10 20 30 40

tls
Bl 19 RN MRS 4% (] I 72
Fig. 19 Time history of actuators in atmospheric

turbulence environment

Fo WA 20 Fra, B GNAR bR 23 5 DA il AR s R
THY X Y. Z R . fER R TR
i, M ARG RA R RSB E T, BB 5

5
OW\MWWWWWW
-5 : ! .

0 5 10 15 20 25 30 35 40 45
tls

0 5 lb 1I5 Zb 2I5 3b 3IS 4b 45
t/s

0 5 10 15 20 25 30 35 40 45
tls

AV/msT) AV/m-sT) AV/(msT) | 4k

K120 Dryden RAEMBIEE S
Fig. 20 Signals of Dryden atmospheric turbulence model

BB 25 A% AT 55, OF PR 2 ) BE AR Ak AH 7R
+0.7 mN o T ET &R 0 EE s A 1 BR R M e
R 4r H Jo B 3k 8, B meaz 35 i & gtk se i Ak .
TS W B v, RS8N R 2 B b A G il %
MR A2 TEAFAE AN ER I B W B 0T i 4 il ik
FRBEAE I N R G248 Bl ) 2 R Al O 1 A R 22 Sy
PE, DL B 25 R A e e s A R g i B A [T
Y Y RE ) BRI Y e

R LA By, BT RS g R R RO SR AR
il RGA B0 sh 25 BRER PERE A B A& NV RE T, BB
BN 4 BRI A AT, I R E A0 4 2ok v f
L3S0 b I, LA B ™ s BR A v A8 Ak, AR A%
THUHE B B3 1) [6) B A 2 8 45 A 00 fr 04T,y %6
AR, AR SCB T B 2 AR R AERE A B A
B o o op BT B R G MR

3 & it

1) JET 38 2 U8 B0 2 — U e Pl A A O ik
55 D) s 1) SR W AR 25 5, A T X S {050 A Al
ke iR 22 S i R o DL K A A S AR 2l 1 B0
T EBUH R F S I AE T A R E T E
T M e AL AT T 55 o

2) FETFHG AR R B Sk U e I A o U ik
5 RGN R S 45 i U5 1 A B A 2 25 (R
iR R AR RO A A AR AR EOIOE T A
HAR Bl G4y AR, BE 0% 52 B8 A o I8 0 A 19 8%
DLt .

3) el VIl S0 g L AL A, RE g >
1 e 1 4 P B B R AR B SR A SCBET Y
B 48 45 B a5 A 2 A U e R AT A AT
DA T 30 BEARL 70 3 58 R % R o R 9 o AR O S B

4) Dt D) il e 5 T e B AR R RS
L4, BE SC UK 32 iy 114 iy BE P ], ELAE B A5 e
A R T A A 28 PR g JEE AR A



e R

M ]

%6 Wi AR, S5 3T 0 5 VR BE 15 0 i U 40 1 A6 e SR L A 1197
WA [T]. ML TR 5 RN L, 2019,55 (21) :254-
S Z 3 #k (References) 260.
[ 1] KLEINHESSELINK K M. Stability and control modeling of til- CHEN X, WANG X Y, WANG X M, et al. Improved design of

[3]

[5]

(6]

[7]

[10]

[11]

[12]

[13]

[14]

trotor aircraft[ D ]. Washington, D. C. : University of Maryland,
2007 :3-10.

WALZ C, BRICK S, BAUER C. Nacelle control augmentation
for tiltrotor flight directors[ C] // American Helicopter Society,
1999 :10.

MEHRA R K, PRASANTH R K, GOPALASWAMY S. XV-15
tiltrotor flight control system design using model predictive con-
trol[ C] // 1998 IEEE Aerospace Conference Proceedings. Pis-
cataway ;: IEEE Press,1998:139-148.

FERGUSON S W. A mathematical model for real time flight
simulation of a generic tilt-rotor aircraft; NASA-CR-166536
[R].[S.1l. ]:Ames Research Center,1988 :538.

HARENDRA P B J. V/STOL tilt rotor study. Volume 5: A
mathematical model for real time flight simulation of the Bell
model 301 tilt rotor research aircraft; NASA-CR-114614[ R ].
[S.1. ] : Ames Research Center,1973.

KIMBALL D F. Recent tilt rotor flight control law innovations
[J]. Journal of the American Helicopter Society,1987,32(3) :
3342.

CALISE A J. RYSDYK R. Research in nonlinear flight control
for tiltrotor aircraft operating in the terminal area: NASA-CR-
203112[ R]. [S.1. ] :Ames Research Center,1995.

RYSDYK R,CALISE A,CHEN R, et al. Nonlinear adaptive con-
trol of tiltrotor aircraft using neural networks[ C] /1997 World
Aviation Congress. Reston: AIAA [1997.

KIM B, CALISE A. Nonlinear flight control using neural net-
works[ C] // Guidance, Navigation , and Control Conference. Re-
ston: ATAA ;1994.

GADEWADIKAR J,LEWIS F,SUBBARAO K, et al. Structured
H-infinity command and control-loop design for unmanned heli-
copters[ J]. Journal of Guidance, Control,and Dynamics,2008,
31(4):1093-1102.

YANGUO S,HUANJIN W. Design of flight control system for a
small unmanned tilt rotor aircraft[ J]. Chinese Journal of Aero-
nautics,2009,22(3) :250-256.

R, A, AN, Z R 9 3G A ()] S e,
2000,15(4) :390-394.

LI X L,WANG W,SUN W. Multi models adaptive control[ J].
Control and Decision,2000,15(4) :390-394 (in Chinese).
FREUIR R I, B 4 (0% e 3 AL Y 4 5 8 e 4 ) A2
BT[] P RO 28 T R R 222 41 ,2011,43(3) :393-398.
GUO J D,SONG Y G,XIA P Q. Robust control law design of
model stitching for tilt rotor aircraft[ J]. Journal of Nanjing Uni-
versity of Aeronautics and Astronautics,2011,43(3) :393-398
(in Chinese).

SO TN AL AT R BT I [D]. 1w at: i AL
SR K24 ,2013.64-75.

GUO J D. Research on flight control of unmanned tilt rotor air-

21l

craft] D]. Nanjing: Nanjing University of Aeronautics and As-
tronautics ,2013 ;64-75 (in Chinese) .
Whive , e gliE , £ 0BT IS, 45 ok 1 000 é 3R ML R R

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

stable transition control system for tilt rotor aircraft[ J]. Com-
puter Engineering and Applications,2019,55(21) :254-260( in
Chinese) .

LIU Z,HE Y Q,YANG L Y et al. Control techniques of tilt ro-
tor unmanned aerial vehicle systems; A review [ J]. Chinese
Journal of Aeronautics,2017,30(1) :135-148.

SATO M, MURAOKA K. Flight controller design and demon-
stration of quad-tilt-wing unmanned aerial vehicle[ J]. Journal
of Guidance, Control,and Dynamics,2015,38(6) :1071-1082.
MURAOKA K, OKADA N, KUBO D. Quad tilt wing VTOL
UAV ; Aerodynamic characteristics and prototype flight[ C] //
AIAA Infotech@ Aerospace Conference. Reston; AIAA ;2009.
CHEN R T N. A simplified rotor system mathematical model for
piloted flight dynamics simulation: NASA N79-23977[ R]. [ S.
1. ] : Ames Research Center,1979:29.

GAONKAR G,PETERS D. Review of dynamic inflow modeling
for rotorcraft flight dynamics[ C] //27th Structures, Structural
Dynamics and Materials Conference. Reston; ATAA,1986.
CARLSON E,ZHAO Y,CHEN R. Optimal tiltrotor runway op-
erations in one engine inoperative[ C] // Guidance , Navigation,,
and Control Conference and Exhibit. Reston; ATAA,1999.
FERGUSON S W. Developement and validation of a simulation
for generic tilt-rotor aircraft: NASA-CR166537 [ R]. [S. 1. ]
Ames Research Center,1989:276.

ONER K T, CETINSOY E, SIRIMOGLU E, et al. LQR and
SMC stabilization of a new unmanned aerial vehicle[ J]. World
Academy of Science Engineering & Technology,2011,3(10) :
367-372.

KUDINOV Y I,PASHCHENKO F F,KELINA A Y, et al. Anal-
ysis of control system models with conventional LQR and fuzzy
LQR controller [ J ]. Procedia Computer Science, 2019, 150
737-742.

YANG W,HAMMOUDI M N,HERRMANN G, et al. Two-state
dynamic gain scheduling control applied to an F16 aircraft mod-
el[ J]. International Journal of Non-Linear Mechanics,2012,47
(10) :1116-1123.

RAVANBOD L,NOLL D. Gain-scheduled two-loop autopilot for
an aircraft[ J ]. Journal of Dynamic Systems Measurement and
Control ,2012,45(13) :772-777.

YUE T, WANG L, Al J. Gain self-scheduled H, control for
morphing aircraft in the wing transition process based on an
LPV model[ J]. Chinese Journal of Aeronautics,2013,26(4) .
909-917.

BEARUE LI 0 V- T B S DL 2 e p B B M, 1Y
R VA BEAE W L], BT R 224 (A AR , 2016, 55
(3):382-389.

CAT X H,FU R,ZENG J P. Robust H, gain-scheduling control
for mode conversion of tilt rotor aircrafts[ J]. Journal of Xiamen
University ( Natural Science) ,2016,55(3) :382-389 (in Chi-
nese) .

SATO M, MURAOKA K. Flight controller design and demon-

stration of quad-tilt-wing unmanned aerial vehicle[ J]. Journal



1198 Jb = w MR OK ¥ 2021 4
of Guidance, Control ,and Dynamics,2015,38(6) :1071-1082. [31] HUANGZHONG P,ZIYANG Z,CHEN G. Tiltrotor aircraft atti-
[30] HERNANDEZ-GARCIA R G,RODRIGUEZ-CORTES H. Tran- tude control in conversion mode based on optimal preview con-
sition flight control of a cyclic tiltrotor uav based on the gain- trol[ €] // Proceedings of 2014 TEEE Chinese Guidance, Navi-
scheduling strategy[ C ] /2015 International Conference on Un- gation and Control Conference. Piscataway; IEEE Press, 2014 .

manned Aircraft Systems ( ICUAS). Piscataway: IEEE Press, 1544-1548.
2015:951-956.

Optimal control of tilt rotor aircraft based on gain
scheduling and smooth switching
YU Xin, CHEN Renliang "

(' National Key Laboratory of Rotorcraft Aeromechanics, School of Aeronautics, Nanjing University of
Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: In view of the complex control problem caused by variable mechanical characteristics in con-
version maneuver of tilt rotor aircraft, the control synthesis architecture that combines linear quadratic optimal
control based on Gain Scheduling ( GS) and smooth switching control is proposed to realize global optimal con-
trol in conversion maneuver. This control synthesis method alleviates the load of the operating mechanism
while guaranteeing the minimum performance index. First, the high-precision flight dynamics model of tilt ro-
tor aircraft was established, and the control redundancy was overcome by mixed control model. Then, a linear
quadratic optimal multi-loop controller based on gain scheduling was designed, and two sets of controllers were
synthesized by using smooth switching control strategy to realize the smooth transition of attitude in the conver-
sion maneuver. Finally, the full-modes autonomous flight simulation was carried out, which had the desired
trajectory of the middle tilting corridor. The simulation results show that the control system has strong robust-
ness and better system performance in the process of conversion maneuver.

Keywords . tilt rotor aircraft; linear quadratic optimal control; Gain Scheduling ( GS) ; smooth switching
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Fig. 1 Principle of neutron exterior CT scanning
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Fig.2 Sample of exterior CT scanning
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Fig. 6 Reconstruction results from different algorithms when detector width is 128
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FBP 1048.667 17.924 4 1438.552 16.5515
SART 762.909 19.306 1 1436.950 16.556 4
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(a) SART-TVH (b) SART-WDTV3#:

SART-WDTV 431.721 21.778 8 923.005 18.478 8

&l 14 IESXE DL 122 I SART-TV 53k 5
SART-WDTV 55 3 & g K4 4 é:lélr -L/l,:
Fig. 14 Images reconstructed by SART-TV and
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Neutron exterior CT reconstruction algorithm based on
weighted total variation minimization
LIN Qiang', YANG Min" ", ZHANG Xiaomin', TANG Bin’, LIU Bin®

(1. School of Mechanical Engineering and Automation, Beihang University, Beijing 100083, China;
2. Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang 621900, China)

Abstract: Aimed at the requirements of the exterior CT inspection using neutron beam, an exterior CT
reconstruction algorithm based on Weighted Directional Total Variation ( WDTV ) minimization is proposed.
We first use the symmetry principle of parallel beam data to supplement the missing projection data that are on
the other side of the rotation center in the sinogram. Then the FBP algorithm is used for the reconstruction un-
der the exterior CT scanning. In order to reduce artifacts along the radial direction in the images reconstructed
by the conventional FBP and SART algorithms, we choose radial direction and angular direction to calculate
the local directional difference in the WDTV algorithm and then calculate the weighted sum of these two direc-
tional differences. In addition, we introduce two weight parameters into the WDTV reconstruction model to
control the different edge responses’ strength along radial edges and tangential edges. The relationship be-
tween the quality of reconstructed images and the amount of projection data is studied by using the proposed re-
construction algorithm. Computer simulation and real cold neutron experiments indicate that the proposed re-
construction algorithm can effectively suppress the image artifacts along the radial direction and thus high-qual-
ity reconstruction images can be obtained.

Keywords: imaging systems; neutron computed tomography; exterior CT scanning; Weighted Directional

Total Variation ( WDTV) ; iterative reconstruction
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Table 1

Normal force factor and axial force factor of

chaff dipoles at different attitude angles

BEM/(°) Wl 11 - CN 1161 71 - CA
10 7.6 21.7
20 15.9 31.8
30 29.1 43.9
40 39.8 44.3
50 40.3 33.3
60 41.4 22.6
70 43.8 15.1
80 45.2 10.3
90 45.9 1
50
40
g 30
5
& 207
| — 0
- i
0 05 10 15 20 25 30 35 40
t/s

B 10 A5 22 835 M AR B A
Fig. 10 Schematic diagram of orientation

change of chaff dipoles

®2 TRMZHE QMCY itHER

Table 2 Calculation results of QMCV at

different moments

{5 i %)/ INIUR 2R LSS %4 ko
s IR /NLevel NGroup AR/ m?
0.002 5 875 2.2
0.016 6 2 385 5.3
0.052 7 3412 41
0.082 8 3816 260
0.114 9 4233 1.1x10°
0.162 10 4621 7.6 x10°
0.228 11 5169 5.9 x10*
0.322 12 5 645 4.6 x10°
0.454 13 6 231 3.6 x10°
0.642 14 6 805 2.9 x10’
0.908 15 7 432 2.3 x10®
1.284 16 8 031 4.4 x108
1.816 17 8 736 6.7 x10°
2.568 18 9 432 1.0 x10°
3.63 19 10 229 1.4 x10°
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Quantitative characterization method for anti-chaff-jamming
performance of radio fuze based on probability of ignition
LI Ran, HAO Xinhong* , LI Ping

(Science and Technology on Electromechanical Dynamic Control Laboratory, Beijing Institute of Technology, Beijing 100081, China)

Abstract: In order to overcome the shortage of existing anti-chaff-jamming quantitative characterization
methods for radio fuze, taking the fuse of anti-aircraft missiles as an example, a quantitative characterization
method of anti-chaff-jamming ability of radio fuze based on initiation probability is proposed by combining chaff
cloud trajectory model and probability statistical method. Based on the analysis of the spiral descent motion of
a single chaff wire, the trajectory of the chaff cloud is obtained by iterating the 6-DOF nonlinear difference
equation. The dynamic volume density function of chaff cloud is derived by quasi-Monte Carlo method. The
non-initiation probability of fuze under near-zone interference and far-zone interference of chaff cloud is calcu-
lated by using the motion model of chaff cloud and the dynamic volume density function, respectively. The
trajectory model of chaff cloud is constructed based on MATLAB. After detailed analysis, the dynamic point
distribution model of chaff cloud is obtained. On this basis, the dynamic volume density function of chaff cloud
is obtained by quasi-Monte Carlo method. The volume of chaff cloud is obtained by using octree algorithm and
least square surface method. Finally, the probability of fuze initiation caused by chaff cloud interference is cal-
culated according to the probability definition formula. The results show that the proposed method is objective
and reasonable, which provides a theoretical basis for designing the starting conditions of anti-chaff-cloud-in-
terference algorithm of radio fuze in the future.

Keywords: radio fuze; chaff cloud; anti-jamming; quantitative characterization method; probability

of ignition
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Fig.1 Dimensions of test specimen

1.2 EEFk

et S 6 e B A R p S AR R AR N R B 4L
Horp S SLE R A A 125 mm x 75 mm BT 1T, T
FEA A F e 34, LAB Ak oh o o A o R R 3
s R A 2 R .

il 3 T 5 FpAS[R] 2 20 1) wf sk DUBIE 98 Ho ) 2 e
MR op b A7 S B S, A4S 3 D RSE B BRTE wh sk
PLR & I8 o Sk FOSE 5 f e oh 3k o Hirp 2R BROR

B2 b e

Fig.2  Fixture of impact test specimen



1222 b B = R OR

2021 4

Mk B AR 2 12,7 mm (16 mm Al 25.4 mm
(DL 3(a)) s 271 oh 3k i 71 TR JE D 16 mm,
AR 2 mm (D& 3 (b)) ;52 77 M JE nb sk
343 e ¥ 0y 90°, B & B M 2 mm (L
Kl3(c)).

12.7 mm 16 mm

—

254 mm

R=2 mm

4

90° R=2mm

(b) %671 (c) )i
sk

K3 sk
Fig.3 Impactors

1.3 XAHE

¥t B ASTM D7136/D7136M-15"% I Ji& 7% 4
Pl S whl S ML RSO INSTRON 8802, i
TS E R 7.50 kgo 200K JH 35 1.50 1 Al
60 J 11 vp it 68 5 E AT vh o R A SE 5, AR 5 o
REfE oh s M R PR R R R, whidi g
FErh SR T % IR i R B Al R 2 150 4510 ik o )
20\ ) 8 0 ot - TA) il 2R O K 2l 2
S RL L 2 e = = il [ Wi o VR L A R V= A
Lo WRITEWMT .

YR R A ) B AR /N B, AT DA ARUIA Sy o
A IAEZ R BB N R R IR AE ¢,
A RS iR | 7 KT RULE Gree. I i |
ek v, Ny

F,+F,,

- Lzml (t; = t,y) (1)

TE ¢, W20k i A% d, K

v, = Uiy

v, + v,y

d, =d,_, + ) (6 =t;0) (2)
15 o, B2y vh i BE R E,
L,
E, =FE, _7’7”’1' (3)

A em Sy P Yy S R B, ARG bl A
2E
BEAh B il E v, = ITO,YFF*EEJ'J F; R [a]
6, A R R B B AL
i 2 AR R BT T 2 Sn B R e i
S TUIFOTR BE o I T S A J2 B o il 0 02
Tor RAATIE AR 5 A L PR AT B & e

BAF T 2 1 8% 2y, 2 BT 0 R O e R, WD 4 T
IR WAL, 7 bt ARSI I 7 A T YRR 4, i
P05 0L & T LR Y W L4 )2 RN I 22 B S5
KA C 33 40 sk ik 1R 3140 1 Bl — 4 &
1%, IR UG ) 22 A a5 T B E R L i
R R )R m R, I AT 5 10 22 9EF 24 1 1
oL, 5 TR

SR T R o T A P S8, SE R T S R
ASTM D3039/D3039M-14"" | Fii {1345 % 2 mm/min
P S ML 1 T2 ol MTS-370, 35t 14 1 3 35 3 43
SR FHRD AR B o A S50 45 RS AR S0 St TR
PR 24 T8 T8 B0, s R R e S 56 22 HE Gn 5% 2
IR o

FoHFRIHRE
AP B PN ‘Jiij“ﬂ
N T g

&4 MR T s
Fig.4 Methods for measuring dent depth

JE i /mm
ey 2
LT UL 53 2 X Sk
3 s
TCAR A5 X Ik

Bl 5 #AECH_4REB
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Table 2 Test arrangement
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Table 3 Summary of impact test results
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Fig. 6 Specimen damage

A5 A, A 1 ol Sk 2 BRI J= L4908 A2 R
J2 AR ek 458 3 PR S 0

SRR MBS IRE £ 2 MR —
S oo 42 Sl 1A Y Fs g, RV A [R] F ool 42 fih i R
o BRSO 5 T A A [
UG UE l ARU  ETR AV SNV RO DA LI B REi-
AN TR R AR AR B 1 451 03 B RE 1, ) 4 AE
FATR] B o b 2% AR T, A [ B4 4 2= LE 91 T fE 2 B
ATy MR EE

JE AR I 43 J2 F2 32y 2 R DA
—JETE 0Pl MO R AR A A SR ) S R
T, 025 AT 22 3 A2 18] B D)W 3, 24 2 1) 3 4]
IO 7 325 2 J2 18] 5 171 3 5 1 U] 2 51 )2 [ 45 475 Bk
I s R ki i A I Y TR TR ARR BE T 1) A%
3B, 2 N g A 38 B = S AR R T DI 2 R A S
7 A AR I, AT 3 RS (8] 5 AF 1 3 T2 ]
PR 7 35 2 J2 (] L 1 5 1 U 2% 5| e )2 i 458 4
U B

1) Sk 2 7Y 1) 52 g

H12E 3 AT LA 3 TR ERIE oh Sk FEAH R 1
i BE R NE AR P Sk AR T IR ML A
CUPNISEREVE s A ANTTE W NIERES RIS Dras
G ANT-5 3CHR 17 TR 2 AR, 3% SCHk i Hh
I H /N ELAR Y v Sk 7 A N ) 4 B TR
SR S P 6 (b) 7 i) o il 452 £ i 5 C 1 B A
A LAEH,AE35 1,50 T A1 60 J 3 i iE& T,
ANFELAR G wh Sk AE 45° 77 1) 7R AR T BRI 22 U8R
2, Hoh A 0 B8 T ARG e ik 60% 754, T
BOREAR M 0K WA 5 7= e 22 OB R G o Xt
PR ER R 1 ol BE R, /AN HAR I ok AR 5
X JRE FEE T 1) (4 4545, AT J2= TS Al TR AR B
0 22 FUBS X 3R T AR B R (AL
SRR, 22 R B% 24450405 X o) A% 5 B2 ) B2 Wi 3
RN

SRS, FEA ] (Y o o BE R R, 2% 1 ik 3
8458 5 B0 TR RO, T S7. 5 1 oh Sk Bk 35 1 I ey
T A 2238 T A B EAR, A 25. 4 mm



1224 Jb 5B AL R K ¥ ¥

1 2F 3RO i =k 38 B A 458 15 45 52 T AR DR A, At
55 G0 ol B B 8 AR e/ o X RO &
1T w3k 1 ot 22 Sl 1 FR B R, DA 8 B T B KR
AR 453 o T2 7 FAE Sk 1 ol o 422 fl 1 AR
XPEE/IN, T 385 B 1 BEAR v i i 4 . B T 50 J5 M
TE 3k 3 BSR4 00 B Ry A b PR OGRS 1 4
B E R A S - e 2, X — g Al L
MR 6 (b) iy C B R Ay B EDIE

2w o AR Al B, AN R Sk 1 AR 9D TR
JER AR . H12.7 2 BRIE b 3k F0 37 5 £
TE w3k Je S P AR AR B M BT, {1 HI12. 7 2P BRIE o
kBl E vl pE R AR R AR 2 (A& 6 (a) BT
71N, HE IR 0 R 5 Y W AL ) L T S 7 #A T sk Bl
& vty BE B 3G I TR AR Ak B A D . A%
IIIE bk gy MY AR ) 4 o o BB &R Y M
Ul B fe/y (B BE A bl e 3 AR P R A T 5
%o XU R G vhds fE G, AR A sk )2
FEAR 7™ A ML g ) AT

T MTE R B 2 el 1 Al T A TR R A
K, PR DA LA 2% D T B 5T AN (] Sk XoF g A o
7 42 il TET A5 52 1T RR R M T IR R A R BOC R (I
BLT) IR TR 3 B AR SCH i S il i Sk XoF 1 £ e
e LNTES AR AR L E RS A 0P SE = Y@
KI8),D Ry E AR, d Aok AR H8 2 [ 5 1 A #E
BLS AR AR, L KB, W 5 W, X
TASCH S Flowp sk, o Skowt g il 4 AR 5 H
i1 )2 Fe Al ™ A= 1M1 BT 1 RE ) 2 B AH OGP, B i sk X
07 2 R R, ) BN 2 g 8 2 TR A A
MG 5 522z, w3k Xof 07 Hh 2 A AR 2580 /)N ) JHG k25
Gy ZEAR R M ST, K8 LA |, S Mt
TRBE (b BB L) B /N, 57 77 AR o Sk X6 i il 2k
H AR e /N, H12. 7 wh3k (H16 sk F1 H25. 4 2f
BRIE i Sk KU WK 22, T 4% D1 T o 3k X6t 7 il 48 1) 4
FhRK o XULWITE MR B (b BB &) BN,
SEJT TR b 3k B 2 o 2 s AR AR MG 1T 2% )
T w3k W e AN 25 9 A1 )22 e pf ™= AR M b, X 5363
H135 ) ppa e N MIBTUR BEAH — B, ULk, i
Kl 83k ] LUt , XY Bl g M TR 2 (wpadi fE 1) 4
TSy, 3777 T w3k X 2 i R 8 G K i
H12.7 2P BRIE vh sk 1 4% T1TE vl Sk X6 107l £k 11 Ak R
BAERFET 0, XULHIREE MIGTERE (rhdisE &)
B, 575 F I8 b Sk 0 )23 Fe R T 0 R BE Ak 22 3
(R RE J1 38 78 /N T H12. 7 2B BRTE h 3k #1241 TB
Sk 8 2 TR M TV 9 % BE 4k 5 448 o £ BE T B A AR
KOIFSREMEZEREEFE, X5F3 M
GUR FE B 22 AL R AR — 3

S=n(Dd-d?)

(@) ERTB ke

S=2L \/Dd-d?

(¢) SLTTFTB Sk

BT S TR] sk 28 B 7 1 vt 0 fk i 43¢ 5% T B
[T I BE 1 B R R
Fig.7 Function relationship of projection area of impact
contact surface with dent depth corresponding to

different impactor types

2) 2 E B 5

5% 3 ATLAE 3T H16 whsk iy o, L1 4
277 W MR BE 43 5 0379 mm (1. 274 mm Fl
2.454 mm, [ L2 B 2 7 AR 0 ST BE 41 1) R
4.4% 21% F150% , XAR VT HEAZ KA L1 4 )2 ik
A 1 25 TR E L 12 Bl 2 R o A ot RS /S DR
FEARTE Y oph B L1 B2 A I A S R R



e AL iR

2050 mm”> f1 2 723 mm’) it K 2ZE R H6.7% .

%61 BT, 55 A MRHZ AR b5 47 2 B A o B 1225

1000 R BB AR TR A A AR TR, DT A B R 2 Y M
%00 _—_j_gggz;g‘lm:;) SR 5 M1 TR BE 22 S 3 B AN [) 9 2, 76 A [ 1)

E —-— S(Strip, L=16 mm, D=4 mm) AR N LU B R 1R 7 2R 09 401 4% 52 i R

& oof 7 SComen (435019 1232 mm® .1 985 mm® Fl 2 539 mm*) 15

5 L2 G2 A B B LA 910 1196 o

E

&

200

8 10 12
LR /mm

P8 5 i Sk X Rz 4 e ol e S T 45 R 1T FR 5

M I B B 2% 2R

Fig. 8 Relationship of projection area of impact contact

surface with dent depth corresponding to five impactors

i J1/kN

il J1/kN

miki Ji/kN

16
F, ——HI2.7,35]
/ — — HI27,50]
Py e -~ - -HI27,60]
0,
ey
8 /' i
RN SR .
y \ e N
1 \
4, i \
\
N
N \
0 2 4 6 8 10
A i) /ms
(a) H12.73k
20
——H254,35]
. — — H254,501]
o I N -~ -H25.4,60]
W/ N
Y i
12 - o 1.
3 N
W \.
o .
8r y Fy \‘\.
:’ ‘\‘.
N \
4r \F \L
I N
\‘\
0 1 2 3 4 5 6 4
A+ /ms
(¢) H25.4 3k
16
Corner, 35
1= — — Corner, 50
2t F, - - - - Corner, 60 J
8 . &
/\ \\ R N N \‘
/ N
N\
4r VL
N
s
F, \
0 1 2 3 4 5 6 7 8

A+ /ms
(e) ;L fft sk
K9
Fig. 9

PR T RUIA DAy = E )3 458 £ 1 R SR A S T
HZE M+ 73 A R
2.1.2 # & A

B9 A al vh 3k e 3 b ob il B8 4R B9 wb il
Ji-if PR R o O TIHBR IS S T, R
PR LA 407 3 (FFT) 0 HBEAT T 38 DAk
Hlo ATLAFE AR b Sk 7 A ) el g -k ] 2k

16
F, ——H16,35]
.'-Jﬁ\n% — — HI6,50]
Ll <~~~ HI6,607
VAT
.I ,".l" AV ~ N
z g Td A
& ) U Vi
R 8 ¥
= g \ e
i \
! N
4t v
/ F, N
\ .
-
0 1 2 3 4 5 6 7 8
Ff [B)/ms
(b) HI61H%
20
F, ——Strip,35]
16 | — — Strip, 50J
T - - - - Strip, 60J
% I"
z 12} 1]
< A
= P F
- 8F | .
- y |
g |
4r \
Node
TSR T
N \"/- 1 1 1 1
0 1 2 3 4 5 6 7 8
fif ] /ms
(d) &Ik
16 , ——H16,35)
N — — H16,501]
e -~ - -H16,60]
RN
- =P ' 3
12 AR
g 1 . \ £y
5 S\
a 8F ' \
- \
. \
4+ L
\
Fl \
\§
0 1 2 3 4 5 6 7 8
5} &) /ms
(f) H16m 3k (L24H)2)

I [a] e Sk ) e ot - 1] i 2%

Impact force-time curves of different impactors



1226 Jb 5B AL R K ¥ ¥

2021 4F

SEANE . B9 (a) 2 M by -k ) gy R
28,78 vt B 16 Y B, it 0 B I DR 1
FE IR BVRRAE it F7 Fy R PR R & 2 T
A IR 2 IR G 2 A 2 T b
F wfrils 3R W K 43 2 R T i, A ik 1
Kbk I3 F o 8 AR % 2B T 20 R B o i 3
T AR 7 2R 2 i b 220 DR e b
LRI0 2 ANRRAE sl J3 (F, R F ) BT RT3 A 1
53 V2 FVET 28 W7 38 % A ) B 2

HIE 9(a) ~ (¢) /] LLAE H,3 Flf 2R ol sk
T2 AR U o J2 B T R p o FL
T 6 kN Zo 47, B AT W35 0 22 51 5 1 3 b 3k 7 Ak
M de Kbt 71 Fu i AN H12. 7h sk AE 3 Fh
s B R = A il I AEL3 KNAE AR T
JE B0 1T [, 3k B )2 Al S AR T B A 1 2T 4
Wigd, H16 ke 35 J i A& T f Kb i
F1294 13 kN {H B A B R 20 4R B i 78 of o
RE Ol 50 ) F160 J B, fe ki Jy F o 7E 14 kN A2
A, I BRI B0 B 156 B s s )2 T AR T G 7 A A
HEWhi 24, T H25. 4 vhk AE S Kb J o 17 kN
FE AT bt 7 il R i R R B0 R [ Ul B e 2
M A B LT 4T 54 . 1T DA 2 BROE vhk 1)
BLAROR , 5k i 2 e AR 41 4k 33405 T 7 i b iy
PN PN

HE 9 (d) BT LAE H, £ J1HE oh 3k it 52 FEAR
VUGS IZ WG T e ) F ol 10 kN 2247,
7 T HAt A wh Sk AT D0 4% 0 TE wh Sk T R R A o
T 1 A RE R FEA AR WG 432 o T 4k 1T vh sk
LT AEWT M T T bk Iy Fo e 15 kN A4, 5
H16 3k AT, 15 s B 2T 4k iy 24 ) o ol A7 Ja 2
TREEARE 1 KN, B sk — B3 2T 4 i
ZA0 2 FEARAR R e A ZEiE 4 o

& 9(e) A LLE Y, 3 5 B vh Sk 7E 3 F o
T AE I N R T AL wh AT R, s R R
BT s 53 J2 458 43 R 2T 2 U SR8 488 405 O 5 2 1) b it
SIS E] 2 KN (XF R F,) Fl8 kN A2 A5 (X i
Fo) B i T Hopth of sk o wF WL b Sk B 45 5
{2 TR AR A 0 06 0 )2 AT e L . X R o %
Hevh B R AR BE, w7 N B I A P B 2
MG 53 )2 LR AW 2 . e Ak, a8 I 2] T Bk 2
Sk B 1 op o AT A, BVAE SR H BR AT 4 b 4 i
by 97 BE R S BT B B vk e R
X5 20101 X% np Sk B9 JUA 43 B A — B, BR
ST 7 AT wh 3k T 45 5 (0 J2 FEAR 7= A 00 46 43 )2 AT
Y W2 0 2 bl B R A, LT AR P T
LA oo 2 P )5 09 2 2 38 R A B T o

XFECIE 9 (b) FIE 9 (f) il LIE H, 78 H16 #h
KAFOUT L2 B2 00 1h 43 )2 400 1 Jor o 2 1 o o
J1F, 36 kN 7245, 5 L1 B2 J0 8 35 22 5% 5 1 1.2
WERN A ARG TR LW & Fyh
15 kKNA A7, b L1 Bl )2 & 20 8% , Uil L2 #i 2 1)
SRYEWT LB B BT RE i T L1 B2, i
L5 L2 G2 09 M 5T o B2 AR T L1 B2 Mg
A — 3
2.1.3 FEas

K10 Ry TRl of Sk 78 3 R oy B8 5 T A9 i 4F
W RE - ) G AR 2 . AT LA AN R o sk
A 1 T R AL RE St - (D i £ 58 AN TR, B 10 (a)
2 R 1 3k W A R R -IsF ) R i £k, AE b Y
IR B B, w3k 1) 3l 68 Bl B 8] — 38 43 4% £k Ry 3 1
1 L SRE O — R A T T A 4y )2 TN AT A T 2
S, R RELRE R £, B, oh Sk 1 3l
AEZE S O T, 3R 47 fith 1 1 SRR O 6 PR B AL R
w3k B BRE I E R — R KO T 5 bk & A 4y
B o MemrmoREALRER E,, S ks REZ 22 /IR
A RAW I op i fE i £, . ZRERE EEAT
FEA A A, L U SRR AT R
DAL I 3 2ok W8 4t W WS i) o i BB B, T LA
A 7 0 TR

HE 10(a) ~ (c) ATLAE M, 78 vh i BE &0
35 JF, HI2.7 wpkXF 0 Y RE W e o 271 T,
W55 T HI6 whsk iy 19.2 ] Ml H25. 4 w3k i)
12.7 Jo XARFFREDIE T H12.7 wfsk 1 a1 ik 1
PGEME, ETREZMWTREHMAE, XY
9 (a) Hoxt oy g £ 19 40 A A — B, Bl A v
wRE LIS N 50 T, H12.7 w3k Xf B A fg T ik
7 40.4 J A% T H16 mskfy 39.9 J 1 H25. 4
ki 24.2 1, H B oif g8 &5, [A) — whok
A RE 1 I CR A E n, Y eh i RE ARSI i =
60 J B}, HI2. 7 o 3k X 3 A9 6E & W o % 42 0
100% , Wi o 3k © 2 58 3% ol 1R OF i A Hob, B
e | IJL P2 T AR, 5
B9 (d) rfr by Jy il 26 i 200 R BE A — B, ik
Ab, oAl 2 Fiowp Sk B ob o g R OCR i —
P

B 18 10(d) /T RAE Y, 75 o BE i 35 1 B,
518w s X N7 1 e S OISR Ry 12,3 T, R R IR
WAL A X A, D6 I R R R A T 2
Pi0s, H5E9(d) Hrbds Jy & A h BLBERE L 5
FH—3, Bl o AR & B 2 50 T, 2 J1TE bk
1) i T AR B2 3 100% |, Bt 44 F2 4R o b 5
LEBHAML T LA T B ILF %A &4 5



5 6 3]

T 55 A PRZE TR o i A7 S A o 3

Jb At 4R

1227

s, DR 0 o ol BB O B S8 MR X il R R Ak 4k
=z 60 J, whili FE AL BE R AE 50 T 24 RIJT 46
Fa, B B 22 95 i3, i Sk 4k 2 Fi 5 a1
T 25 ThT B 4 A o it BE A DA 0 b il B R
BAGNG AE T ms o fy A B FIEAH 60 o BE)S
i Sk AR 144 B 3k 1 S 0 A — R Y
2RI b JE 5 — R A R Ay (8 Bl
A PR S RE R, 1 i 2 W i By bl RE A
H57.7 1,

HIE 10 (e) AT LAF 5205 I oh Sk 7E 3 Fh
el BE AR B ALY vh oy B R AT O, B

100
——HI12.7,35]
- — HI2.7,50]
8l -~ - -HI27,60)
ﬂ: RERII L INE, JE, .
=
g o0 TR 5931
= o
X "/l/ RN
g 40 v s —— - - 404]
27117
20
0 10
i [E]/ms
(a) H12.7mk
80
—H254,35]
— — H254,50]
60 - .- -H254,60]
&
=
=
&+
=t
i [a]/ms
(c) H25.4ph3)%
100
Corner, 357
— — Corner, 50J
sor - - - - Corner, 60 J
ﬁ; 60
= R
= - SN 461
£ 4o e T 405
Ei=t i
R .
7 2851
20+ 7
“/
J
Z . i ; )
0 2 4 6 8 10
i a]/ms
(e) S fate sk
&l 10

e U R F 77% ~84% Z |8, B F )
FIE vh 3B I, vy g e /N B 3 R B
BT AT 4 2, TR R R OR — LA
W Yohidi g R, i T ek 2 e ALY
RGN, A LT 4E W RS AR H12.7 FiZ& )
TE Sk — BE AR H B i, PR I A 2% B o il i R R
FIFRA R B UUE,

XF LG 10 (h) FIE 10 (F) 7] LUA H, 76 vhfi g
HOh 35 J LI g2 RE R IR 19.2 T,
1M L2 il 2 6 N 9 g W I fE o 15,0 T, L1 4 2
W L2 A2 nd 2 Rl 2 R 2

100
——HI6,35]
— — HI6,507
80 - - -HI6 607
]]TE'F
2 60r ,
§ S 50.17
= . 7 ~
£ awor R T - - 399
g 5
.'/
20 v 1927
o/
7
4 L 1 L 1 1 L L

Hf 8] /ms
(b) H161%
100
Strip, 357
80 - - Strip, 507
- - - - Strip, 60 J
=
£ oof
& e 5771
N R 4821
= M
et p
20t
7 12.3]
'/ 1 1
0 2 4 6 8 10
Afa]/ms
(d) &%k
100
—H16,35]
— — HI16,507]
80 - - - -HI6 607
=
B ol
“g 5381
g "/ h AN
+ 40t N \
K 7 \
; . .
y ~_ __ __ 23317
208 1507
Y
/ 1 1 L 1
0 2 4 6 8 10
ff 8] /ms
(f) H16mhk (L26H)2)

I [ e Sk Xof 7 P 350 IR AC R ik - ] o 2%

Fig. 10 Specimen absorbed energy-time curves of different impactors



1228 G| AN T N N = 4

2021 4F

B R o )2, 3% 3 Al L1 g )20 i 4 12 1H
R 12 G2 300 0 55, 55 Al WSO 0 B A A+ —
o B bl e RGN 50 T, L1 G2 X g
SR 39.9 T, T L2 42 X6 R Y BE e IO
23.3 J,L1 MR ST L2 )2, B L2 4
JE v s BB AR ) T L1 Bl JZE . MR
2. 1.2 Ay dokd wpdy 7y it 4 3 B T B L1l
R A T AR 2 T L2 4 2R LA 2
oA R L R R s vl e B S T
L2 B2 . Y bl e 4k L3 = 60 J i), L1
Bl JZ RN L2 Bl )2 % R A ol 8 A W U R 43 R
50.1 J F153.8 J, g & W W 8 1y A v HLJG 18 %% 2%
5o AR 2. 1.2 5 rhoxd b O il R 43 B,
P L) = W o D R s NN . T TS )
BT 8 2 1 v BB
2.2 FIKHMIBES
2.2.1 BMPHEALR

A ol i e A A B B A Rk 4 i
N A o 32 1 B A 5 B2 S 533 MPa, X
£ ) 2 A i B o B AT A D R A O
P S T 2 7 S R 7 R ) A o e R AR
S22 V) ) Ao e A

XF LG 3 R BROE wh Sk mT LI R B, 7E 3 R b g
AR T HI2.7 sk X N7 i 7 45 3 e i B 35415 F
H16 w3k f1 H25.4 wh3k, WA, XULH] 7 H12.7
sk 3 R TR TSR ) 2T 4 e Y, DR O R A R Ay
LA 5 B A BRI

XFF&IIIE ok 7 vhidi g it Oy 35 T B, ik
PEFR AP AR BE Ry 427 MPa, & F HI12.7 ppsk fil
H16 w3k (HES K T H25. 4 w3k, 7EKAE & I 4%
VT w3k 1 o o 2 fi e BRE R A K, R I A 1 46
IS RN P A 0 1 D I N U B < L
AE 3G I 2 50 T, iR R0 A B Ao B R ZU R B 2
305 MPa, A 4% A7 i oh i 7 F0 b o g & 4 B T
AL B BT A 2T 4R DR R Ay
R SR TR, Ml RE 4k nE 60 J
B, 760 4 o A i B 28 0% T B &5 286 MPa, iEHXT T

*4 RMIRERTA

Table 4 Summary of tensile test results

ol A i A 3% / MPa
B Z AL wh kAR

357 50 J 60 J

H12.7 357 355 337

L1 H16 404 372 357
H25.4 459 399 367

Strip 427 305 286

12 Corner 388 369 355
H16 1021 928 824

PRI D S R = o L R e VG I A DS e T
Jei . 4k 22 18 i b o RE X R Ay B RE B4 5 IR R
FEAR

Xt 07 IR WSk, 7E op il AR & O 35 0 i
T A PL 5 B2 S 388 MPa, A X AR . X A2 K R
SEJTFTE b Sk A X B AR B, 7E B ol < B I RD
PR TR ) £ A U 2, AT 1 A I A TR Ay
P AR B L BE A oh o AR A Ak S 5 & 50 T
60 J, 114 1) 0 A B A o BE R IR & 369 MPa il 355
MPa, I R Wi B AH X488/ o 3 02 B O B 4 9D 50
FEXE TN, 575 T o 3k 1 JUATT R AE g T A
18 5T AR BEL g, A1 gt At 4 A 40k 252 7 A T 2 Ty 3L
49 RE 7 BTG, AT 3 47 381 4 B e 5 B2 1) 8 1kt AN
T

Xt b L1 A2 R0 L2 4 2 043 7 4 A o
AU e AR F A oh i B 5N, L1l )2 X R Y
T AP B BN T L2 4 2 0T L A 8 4 B A
BE o XN L2 42 0% 2 F i B i ir
s B Bl 0l 2 M &R 4 42 41L, R 12 B2
T m PSR . BLAh, AT LA L1 A2
W A PLAR SR B T R b L2 f 2P 2%, X E%
SRl L2 B2 0 004l 2 Lt ) 87w , a0 N B
PREFHE Wr 2R 5, AR Sz A 8 T 2% B0 o O 0 1
T34 b DT 9 4 R A A BT Rt Bk g, 2
5 22 A 1 il Y R e T TR A N 1L 11 TR, W]
DI H LY 2 W 24 T 32 22 & A 7E £45° 05 1],
M7 L2 4 )2 04 7 284 10 3 25 A B AT )y ), X R
JEEy L H R +45°77 ] 19 5 2 b g, 3L
PR F T T A R AR A, DR ik A e 24 T Sy
+45°75 ] 5 1 L2 %8 J2 19 0° 77 1] (1 5 )2 Lb 51 AH %
B, AR E S T IR B AR e, BRI 1 I
ST Sy B AR 5 )
2.2.2 BEAY R A5 WL

12 g AN [R) ot S X6 1o 1) o ek i o ift 2 g -7
Bz, nTLIEH, XLl 7E 5 mm 245 fE1E
— AR T AL, BOTE 5 37 a0 Z 1 I AN 4

(a) L1G/Zik 1

(b) L2 =1
L1 g s A i b R 5

Fig. 11  Typical tensile fracture morphology of test specimens



e R

s et e s . g5
%61 BT, 55 A MRHZ AR b5 47 2 B A o B 1229
600 600
——HI2.7,35] —HI16,351]
500 - - ‘HI27,50] 500 - - — HI6,50J
----HI27,60] ----HI16,601]
g 400[ o 400 F
= . 2 "
R L el R L :
S 300 ‘ L 3 300 z
& &
£ 200 £ 200
i T
BEdf Felfe
100 100 |
0 2 4 6 8 10 0 2 4 6 8 10
{7 #%/mm {37 #%/mm
(a) H12.73p3k (b) H16mW3k
600
600 - ——H254,351] Strip, 357
- — H254,50] 500 — — Strip, 50J
500 F ----H254,601] - - - - Strip, 60 J
< < 400
o L &
S 400 | s
R R 300}
R 1 T 300 :
& & I
2 00l & 200 R
BT 4 o
100 |- 100
0 2 4 6 8 10 12 0 2 4 6 8 10
v /mm {7 F%/mm
(c) H25.47k (d) &I vpsk
600 600
Corner, 35J ——HI16,351]
500 b — — Corner, 501J 500 F — — -HI16,501]
- - - - Corner, 601J ----HI16,601]
£ 400F £ 400
2 = =
R 300} SR R 300t i
3 - ! S 300 o
& &
£ 200 2 200F
AT AT
100 - 100
0 2 4 6 8 10 0 2 4 6 8 10
{7 F%5/mm {7 F%/mm
(e) S figE sk (f) H16Wk (L24/2)

P12 A TA] i sk 2% 1F TR B AR 7 - B il £k

Fig. 12 Tensile stress-displacement curves under different impactor conditions

B B, 238 5 Pr il Z 5 i PE R A B e AR AL

TELEFAEB BEA, BBAR AN [R] Y i Sk A o ol i
1 AP B A A AN A TR AR 3 ) o
WIE SDLP- B4 22 57 0 i Je IR Dy el 432 40 £ 4
DK IR 5 3 RO A AT SR /0 i o R JEE
W1 )R AR DR IR A R P 9 B, AN ] 19 2L
BRI LT — 2

i 2 AR e BT i 205 R R S A T B B W1
JERAE T —E R BE R R, X B W 31 A i
— € IR A T IR T o X SE R AR T
AR AT B 2 1 P 1 7 Ak I 2R e v A e G

AP B, PO B B 2 i R R 2T
YRR PLSE |, BT LA 3800 25 2 B > 3 BT i
PERIBE BIREAR o AT, 3 L8 1 26 A R A 2 25 110
BEREBL G, 3 1 P £ 4 07 22 16y i 5 2 AR O A 1Y

3 &

AR SOl 1 S 9 U7 W SE T M21/IMA S5
HHZ FEARAEA [] b 3k JEBUHUA [) o i BE T B9 o
d ATy Kb il 5 R AR faR BEL Bl T LR
4518

1) R R R ah i RE RS, 2 IR T W™ A B



1230

b B = R OR

A 5 4

2021 4F

220, N[5 i Sk 77 AR A M50 R B2 5 447 1T AR AN —
TR AR SE R o T T/ AR ok 38 7 i
JUGRE A B 22 DR O R S ) 45 1 AR
R AH AN S8 BY 22 1% DU, /N ELAR 1 ok 5
DAL EAR VTR 2R & 2 N TTB =9 DAL LIEZ A /5 s g

2) fERmE b BE R, 3L 05 AR i Sk i AR
R 451 475 4 Hh L5103 T R /N, 0 IO ) o e g JEE
S, RO G AN S G B Y ol BB S B o T
A T1IE 3k 3 B 5 R B, G AR ARUR S Y f
BRI w3k B B 3t U2 T M 2 3, EL X R Y 2= TR
AL A 58 B A AR L, DAL b G e O B ) o R
(RIS

3) FERATE o it 25 PF R B2 L 0F 2 R AR Y
21 Y 553 103 BT RE 0 A S 35 B2 i, 257 T R Y
JZ AR B £ A 35 105 FHLT RE 0 B i1 o LB B3
W40 10 B S+ 2 AR

4) ohiliid B v R B 27 4E W RN AR Z W
sy RE AL T 23 J2 450 1 FE 1A o ol RE AR X R D o
PRI 33 6 IR Wi AR s T LA D A T2 e A 48 1
1 — Bl 73k

5) HJZE LB T AR LA W7 2T A
+ 454l J2= O B R 1) )2 T A, R BT 2 i Ay
+45°77 [a) 5 10 0° 77 1) B J= HU ) 58 o 14 J2= TR AR, G
A T 2R THT g B AR

6) (ELFETE E N, vhili 405 JL P AN 22 5
SEAPPRHZ B A Y W BE , (HL7E 38 B — 72 1) B i R
Ty ety B 405 22 kA G2 NE M T, AT £ = s AR
e A BRI It B 2 S A A ) S P A

S 2 Hk (References)

(1] MBS et Z MBS R
2007,24(1) :1-12.

B bR AR

DU S Y. Advanced composite materials and aerospace engineer-
ing[J]. Acta Materiae Compositae Sinica,2007,24 (1) :1-12
(in Chinese).

[ 2] ka8, 5E7R. FE KRBV R HLIGHE S 5 bR AR R 55

BET]. 2 A RRH,2008,25(1) : 1-10.
DU S Y,GUAN Z D. Strategic considerations for development of
advanced composite technology for large commercial aircraft in
China[ J]. Acta Materiae Compositae Sinica,2008,25(1):1-
10 (in Chinese).

[ 3] LIU H B,FALZON B G,TAN W. Experimental and numerical
studies on the impact response of damage-tolerant hybrid unidi-
rectional/woven carbon-fibre reinforced composite laminates
[J]. Composites Part B:Engineering,2018,136:101-118.

(4] MRS, AR & bl $5105 5 & 6ORHI 5 2 A 46 ) A
sRJE[J]. fhias 2# 4 ,2009,30(1) :56-61.

LIN Z Y, XU X W. Residual compressive strength of stiffened

composite laminates with impact damage[ J]. Acta Aeronautica

[5]

—
o)}
[

[8]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

et Astronautica Sinica,2009,30(1) :56-61 (in Chinese).

AHN S S,HONG S W,KOO J M, et al. Evaluation of compres-
sive residual strength in composite material under impact dam-
age[ J]. Transactions of the Korean Society of Mechanical Engi-
neers,2013,37(4) :503-509.

ANDREWA J J,SRINIVASANA S M, AROCKIARAJAN A. Pa-
rameters influencing the impact response of fiber-reinforced pol-
ymer matrix composite materials: A critical review[ J]. Compos-
ite Structures,2019,224(9) :1-26.

CMH-17 Committee. Composite materials handbook. Vol 3 ; Pol-
ymer matrix composites materials usage, design, and analysis
[ M]. Detroit; SAE International ,2012;2-33.

DELANEY M P,FUNG S Y K, KIM H. Dent depth visibility
versus delamination damage for impact of composite panels by
tips of varying radius [ J ]. Journal of Composite Materials,
2018,52(19) :2691-2705.

MITREVSKI T,MARSHALL I H, THOMSON R, et al. The in-
fluence of impactor shape on the damage to composite laminates
[J]. Composite Structures,2006,76:116-122.

MITREVSKI T,MARSHALL I H, THOMSON R, et al. Low-ve-
locity impacts on preloaded GFRP specimens with various im-
pactor shapes[ J]. Composite Structures,2006,76:209-217.
YU Z F,GAO S ]. Increase of contact radius due to deflection
in low velocity impact of composite laminates and prediction of
delamination threshold load [ J ]. Composite Structures, 2016,
147 .286-293.

AMARO A M, REIS P N B, MAGALHAES A G, et al. The
effect of the impactor diameter and boundary conditions on low
velocity impact composites behavior [ J ]. Applied Mechanics
and Materials,2007 ,7:217-222.

BULENT M I,BINNUR G K,MEHMET E D, et al. Impactor di-
ameter effect on low velocity impact response of woven glass ep-
oxy composite plates [ J]. Composites Part B,2013,50:325-
332.

ALl K, MEHMET S, HALIL M E, et al. Effect of impactor
shapes on the low velocity impact damage of sandwich compos-
ite plate: Experimental study and modelling [ J ]. Composites
Part B,2016,86:143-151.

MILI F,NECIB B. The effect of stacking sequence on the im-
pact-induced damage in cross-ply E-glass/epoxy composite
plates[ J]. Archive of Applied Mechanics,2009,79(11) :1019-
1031.

CZANOCKI P. Delamination resistance of laminates with vari-
ous stacking sequences against low velocity impacts[ J]. Solid
State Phenom ,2015,240:143-148.

ZHOU J W,LIAO B B,SHI Y Y, et al. Low-velocity impact be-
havior and residual tensile strength of CFRP laminates [ J].
Composites Part B,2019,161:300-313.

AR, R/ BRI GE. MRS O R A B b i
PR AR BEARUL [T ] b BUE 25 A K K 2 2 41,2008 ,34 (6 )
638-642.

Z0U J,CHENG X Q,CHEN H,et al. Tensile properties simula-
tion of two-dimensional woven reinforced composite laminates
after high velocity impact[ J]. Journal of Beijing University of
Aeronautics and Astronautics,2008,34 (6 ) :638-642 (in Chi-



5 6 3] T 55 A PRZE TR o i A7 S A o 3

e R

M ]

1231

[19]

[20]

[21]

[22]

[23]

[24]

[25]

nese) .

R/, BEAT 52 AR A, 45 O I 4 2R A2 A B RE)ZE A BRI
mhiiJE BB P PERE ()], & A M ORE 224, 2008, 25 (5)
163-168.

CHENG X Q,KANG X M,ZHOU ], et al. Tensile properties of
plane woven composite laminates after low velocity impact[J].
Acta Materiae Compositae Sinica, 2008 ,25 (5) :163-168 (in
Chinese) .

JE R G B VR, S5 S5 M ORHZ A BRI o o 45
Visg N A L] i zs B ORF2A 41, 2011,31(6) :81-86.
QU T J,ZHENG X T,FAN X Y. Exploration of several influ-
ence factors of low-velocity impact damage on composite lami-
nates[ J]. Journal of Aeronautical Materials,2011,31(6) :81-
86 (in Chinese).

AKTAS M,ATAS C,ICTEN B M, et al. An experimental inves-
tigation of the impact response of composite laminates[ J ]. Com-
posite Structure,2009,87:307-313.

EVCI C,GULGEC M. An experimental investigation on the im-
pact response of composite materials[ J]. International Journal
of Impact Engineering,2012 ,43:40-51.

LI X K,LIU P F. Experimental analysis of low-velocity impact
behaviors of carbon fiber composite laminates|[ J]. Journal of
Failure Analysis and Prevention,2017,17(6) :1126-1130.

XU Z,YANG F,GUAN Z W,CANTWELL W J. An experimen-
tal and numerical study on scaling effects in the low velocity im-
pact response of CFRP laminates [ J]. Composite Structure,
2016,154:69-78.

BALASUBRAMANI V,BOOPATHY S R. Prediction of residual
tensile strength of laminated composite plates after low velocity
impact[ J]. ARPN Journal of Engineering and Applied Sciences,
2014,9:320-325.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

KHAN H A,NIGAR M, CHAUDHRY I A. Tensile behavior of
unidirectional carbon reinforced composites for aerospace struc-
tures under varying strain rates[ J ]. Applied Mechanics and Ma-
terials ,2015,798 :357-361.

MOSALLAM A,SLENK J,KREINER J. Assessment of residual
tensile strength of carbon/epoxy composites subjected to low-
energy impact[ J]. Journal of Aerospace Engineering,2008,21
(4) :249-258.

ASTM Committee. Standard test method for measuring the dam-
age resistance of a fiber-reinforced polymer matrix composite to
a drop-weight impact event; ASTM D7136/D7136M-15[ S ].
West Conshohocken; ASTM International ,2015.

ASTM Committee. Standard test method for compressive residu-
al strength properties of damaged polymer matrix composite
plates: ASTM D3039/D3039M-14 [ S]. West Conshohocken:
ASTM International ,2012.

DANIEL W,HYONNY K. Effect of impactor radius on low-ve-
locity impact damage of glass/epoxy composites[ J]. Journal of
Composite Materials,2012,46(25) :3137-3149.

HITCHEN S,KEMP R. The effect of stacking sequence on im-
pact damage in a carbon fiber/epoxy composite[ J]. Compos-
ites,1995,26(3) :207-214.

LI T,YANG Y,YU X, et al. Micro-structure response and frac-
ture mechanisms of C/SiC composites subjected to low-velocity
ballistic penetration[ J]. Ceramics International ,2017,43:6910-
6918.

LIT,MO J,YU X, et al. Mechanical behavior of C/SiC compos-
ites under hypervelocity impact at different temperatures : Micro-
structures,, damage and mechanisms [ J ]. Composites Part A

Applied Science and Manufacturing,2016,88 :19-26.



AL AT W

1232 B[ AU =N/ NI NI = 2021 4

Low-velocity impact behavior and residual tensile
strength of composite laminates
GUAN Qingyu'*, FENG Jianfei’, XIA Pinqi"*, WU Guanghui'

(1. College of Aerospace Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
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Abstract: The low-velocity impact behavior and residual tensile strength of composite laminates are ex-
perimentally studied in this paper. Firstly, the effects of impactor type and layup type on the impact responses
of laminates are investigated by impact tests, and damage characteristics are evaluated by using the dent
depth, damage projection area, impact force and impact energy translation. Secondly, the tensile response
and residual tensile strength of the laminates after impact are investigated by quasi-static tensile tests. Finally,
the mechanism of the effects of impactor type and layup type on the impact behavior and residual tensile
strength of the laminates are analyzed. The results indicate that: the effect of impactor type on impact damage
of composite laminate is closely related to the function of the projection area of impact contact surface with the
dent depth; under the condition of high impact energy, the strip impactor is a critical impact threat to damage,
while the damage caused by corner impactor is relatively not serious; the type of layup has a remarkable influ-
ence on the impact damage resistance performance and tensile fracture morphology of the laminates.

Keywords: composite; laminate; impactor shape; impact behavior; tensile strength
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Abstract; In-orbit self-inspection of Static Random Access Memory (SRAM) in spaceborne electronic
equipment is used in the power-on initialization process. It is able to find the faulty unit of the memory before
equipment starts to work. It provides a basis for evaluating the health status of electronic equipment. The
structure and main failure principle of SRAM were analyzed, and the research in the special background of in-
orbit application was conducted. Then, an improved test algorithm for the typical one was proposed. After the
analysis and evaluation of the improved algorithm, the implementation of the algorithm on a 8 K x 8 bit SRAM
was carried out. Experimental results show that the improved algorithm is feasible. Compared with typical test
algorithm, the improved algorithm has the advantages of low resource consumption and high fault coverage.
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Table 4 Lift characteristics of airfoil small-amplitude

pitch motion at 0° phase difference %
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Table 5 Lift characteristics of airfoil large-amplitude

pitch motion at 0° phase difference %
TH AC, AC,
0 (EJF%AZE) 0 0
1 (MEAEIE) -40.8 -32.5
2 (Rt ) -39.7 -30.2
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Fig.7 Velocity and pressure distribution of flow field

around airfoil at 0° phase difference
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Table 6 Lift characteristics of airfoil small-amplitude

pitch motion at 180° phase difference %
TH AC, AC,
0 (LIF4ZIE) 0 0
1 (&R +36.0 +30.3
2 (JRERMEARIE) +36.0 +28.1
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Table 7 Lift characteristics of airfoil large-amplitude

pitch motion at 180° phase difference %
T AC, AC,
0 (LR&ZIY) 0 0
1 (RHEATE) +45.4 +28.5
2 (JRERMEARIE) +50.3 +34.6
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Fig.8 Velocity and pressure distribution of flow field around
airfoil at 180° phase difference
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Table 8 Drag characteristics and lift-drag ratio of airfoil

small-amplitude pitch motion at 0° phase difference

%
TH AC, AC, AC,/C, AC,/C,

0 (LR&AE) 0 0 0 0

1 (M) -30.5 -28.6 -5.3 -4.1

2 (EZEIE)  -30.5 -25.8 -5.3 -4.0
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Table 9 Drag characteristics and lift-drag ratio of airfoil

large-amplitude pitch motion at 0° phase difference

%
T AC, AC, AC,/C, AC,/C,
0 (RJR%ZEE) 0 0 0 0
L (&MEAZ) -48.4 -40.5 +14.7 +12.4
2 (JELPEATE) -50.7 -40.2 +22.3 +16.8
F 10 180° 48 {i 2 B B BV /MR BE (M B BE
HMEAF R L

Table 10 Drag characteristics and lift-drag ratio of

airfoil small amplitude pitch motion at 180°

phase difference %
IR ACI) ACl) ACL/CI) A CL/CI)
0 (LJE%7AER) 0 0 0 0
1 (MAR) +53.4 +44.3 -11.9 -9.7
2 (R HEAIE) +53.4 +44.0 -11.9 -10.4
F 11 180°fB{r =R E R KIEEFMAIE A
45 FFFEEE

Table 11 Drag characteristics and lift-drag ratio of

airfoil large-amplitude pitch motion at 180°

phase difference %
TH AC, AC), AC,/C, AC,/C),
0 (ER%ZE) 0 0 0 0
INEA RIS +102.2 +93.5 -28.9 -22.5
2 (AELRMEER)  +96.9 +86.6 -23.7 -16.6
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Fig. 10  Peak aerodynamic coefficient variation with phase for
camber morphing airfoil compared with baseline

airfoil at different angle of attack

AN TR RS T ST 3 T BEARR 1 B S 2% 52 Bl i AR
PL2E78 Ak o AT, 3 2 A A R 3 R X7 3 7 BH R
P B 5 e 2 /DN AR AT R0 K S R AR ) 196 0 22 R 8K
K AEFLIL/INGEAEL IR A B, 725 74 BH B % 2 7 R0OR
AN 5 A fr 2EHE - T3° ~45°1), J5 %5 3] L
ARG EE R MR AR A 32 30 1 - 2 THBE L .



1250 G| AN T N N = 4

90°
120° 60°

1509 30°

180° 0°
210° 330°
240° 300° CH
270 E b

+ C(LB2RMAED) -+ C (L2 MIfEL)

— C(LBOKIBAMED -~ C,(THONIFED

(a) Ty T e 2 25 RT3 R bt
IR AL 5 T R e

90°
120° 60°
150° 30°
180° 0°
210° e
240° 3000 [ GHEER
270 SATAIN

—C(LB2ARIOfEL) -+ C(LBL2/NDfAED)
—C(TBORIMME) -~ C(LIOMIFMED)
()RR i T s i R TS B R 5
LA AL SRR H

90°
1202 60°
1509 30°
180° 0°
210° 330°
240° 300° C,/Culgj(
C,/C i/

+~CJC( TR -~ C,JC(LIRVINIFED)
—C,JC(TIOKIFEY) -~ C,JC(TIONIfED

(C) NI AR TS 25 B F AT TIBHL LU
ARALLAEAL L T % LIRS L
L ORI S e RO T K
O AP 225 5 0 B 0
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Numerical simulation of dynamic aerodynamic characteristics of
a camber morphing airfoil
WU You', DAI Yuting""* , ZHANG Renjia®, SONG Chen', YANG Chao'

(1. School of Aeronautic Science and Engineering, Beihang University, Beijing 100083, China;

2. Beijing Institute of Astronautical Systems Engineering, Beijing 100076, China)

Abstract: In order to solve the problem of accurate numerical simulation of trailing edge morphing motion
of a camber morphing airfoil, a spatiotemporal surface fitting method based on two-dimensional polynomial is
proposed , which could accurately simulate the space-time position of the morphing trailing edge. On this basis,
the numerical simulation method of the boundary motion caused by airfoil pitching motion and trailing edge
morphing is developed in OpenFOAM , and the aerodynamic forces of the coupled motions of the airfoil are cal-
culated. The results show that trailing edge motion has a significant influence on the lift and drag characteris-
tics of the airfoil pitching motion, the effect of nonlinear deformation is 6% —10% greater than that of linear
deformation in airfoil large-amplitude pitch motion. Meanwhile, the influence of phase difference between air-
foil pitch motion and trailing edge motion on aerodynamic characteristics is discussed in this paper. In particu-
lar, when phase difference is 180 degree, trailing edge motion increases the maximum lift by 50.3% as well
as the time-averaged lift by 34.6% . When phase difference is 0 degree, trailing edge motion reduces the max-
imum drag by 39.7% as well as the time-averaged drag by 30.2% . The maximum lift-drag ratio is increased
by 22.3% and time-averaged lift-drag ratio by 16. 8% . Meanwhile, during the airfoil pitching motion, nega-
tive drag coefficient is observed and the inducement is discussed. The above results provide important refer-
ence for the design of control law based on camber morphing airfoil.

Keywords: camber morphing airfoil; dynamic stall; negative drag; OpenFOAM; dynamic mesh
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SA&M-Relax target DOA estimation method for passive radar
CHEN Geng, TIAN Bo, GONG Jian® , FENG Cunqian

(Air and Missile Defense College, Air Force Engineering University, Xi’an 710051, China)

Abstract: Due to the low signal-to-noise ratio of echo in passive radar, the target angle is usually esti-
mated after range-Doppler 2D correlation. In this case of single snapshot, the performance of the classical su-
per resolution method is poor due to the non-positive nature of the covariance matrix. To solve this problem,
based on the A&M interpolation iterative algorithm (iterative frequency estimation by interpolation on Fourier
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effectiveness of the proposed algorithm is verified by simulation experiments.
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Structure diagram and stress analysis of piston ring gap
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Table 1 Parameter setting of piston ring
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Fig. 11  Velocity streamline and temperature distribution contour of flow in gap under different internal and external

diameter ratios and different length-to-diameter ratios
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Table 3 Deformation and lubrication characteristics of piston ring under different length-to-diameter ratio

L/D YAl B RAEIE/ KBSy /MPa $e/ VIR R B2/
0.13 0 2.62 159 0.8
0.16 0 2.69 164 0.75
0.19 0 2.76 169 0.70
0.22 0 2.71 165 0.73
0.25 0 2.65 159 0.76
0.27 0 2.59 154 0.79
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Hydrodynamic lubrication characteristics of piston ring gap under
high pressure and high shear rate
ZHANG Letao, LIU Zhiqi® , LI Zhanlong, XU Yan, GAO Yu

(School of Mechanical Engineering, Taiyuan University of Science and Technology, Taiyuan 030024, China)

Abstract: In order to reduce the thermal effect on the lubrication performance of piston ring under high
pressure and high shear rate, the friction pair lubrication performance is characterized by the shear velocity
gradient, the wall shear stress and the oil film temperature rise. RNG k-g turbulence model is used and the
fluid-solid-thermal multi-physics model is established through Workbench to calculate the change rule of gap
flow pattern, the film thickness change before and after temperature rise, the flow velocity and pattern distribu-
tion rule, wall shear stress, temperature distribution and thermal deformation under different L-shaped groove
internal and external diameter ratio and length-to-diameter ratio. The results show that the L-groove viscous
bottom layer thickens with the increase of shear speed, and the oil film thickness becomes thinner with the in-
crease of motion period. When the ratio of the internal diameter to the external diameter of the L-groove is less
than 1.07, the shear stress increases as the ratio decreases, and the maximum change rate is 7% . The average
shear stress of the piston ring reaches the maximum when the length-to-diameter ratio is 0. 19. If the ratio con-
tinues to increase, the oil film temperature rise and thermal deformation decrease as the velocity gradient de-
creases. The research results can provide theoretical guidance and basis for the optimization of motor to reduce
energy loss and improve the lubrication condition of piston ring.

Keywords: high pressure and high shear rate; shear vortex; piston ring; thermo-hydrodynamic lubrica-

tion; fluid-solid-thermal multi-physics coupling
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Predicting the formation uniformity of composite autoclave by
BP neural network
LIN Yuan, GUAN Zhidong "

(School of Aeronautic Science and Engineering, Beihang University, Beijing 100083, China)

Abstract: The difference in degree of cure in the forming process of composite autoclave is one of the
main characterization parameters of degree of cure uniformity of composite. Based on thethree-layer BP neural
network , this paper established a rapid estimation model of maximum difference of curing degree at any time in
the forming process with heating rate, holding time and holding temperature as input parameters. Maximum
difference in degree of cure was obtained by simulating the forming process of composite autoclave as test sam-
ple data to train the BP neural network, and the accuracy of the model was verified after the training. The re-
sults show that the accuracy and efficiency of this BP neural network model are high, which provides a fast and
effective new method for estimating the difference of the maximum curing degree of composite autoclave.

Keywords: composite; neural network ; estimation; curing process; autoclave; residual siress
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Fig. 14  Visual demonstration of partial maneuver movements
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Design and visualization of 3D reconstruction of aircraft
maneuver movements library

SU Guangxu' , ZHANG Dengcheng'"* , WEI Jinpeng’, Li Haiquan®, ZHANG Yanhua', LEI Yuchang'
(1. Aeronautics Engineering College, Air Force Engineering University, Xi’an 710038, China;
2. AVIC Shenyang Aircraft Design and Research Institute, Shenyang 110000, China)

Abstract; Maneuver movements library is an important basis for aircraft air combat simulation. Reliable
and targeted maneuver movements library can improve the authenticity and application value of air combat sim-
ulation. In order to establish a targeted maneuver movements library, a technical approach of calculating aero-
dynamic characteristics through 3D reverse modeling and then establishing the maneuver movements library of
the aircraft is proposed, which provides technical support for the air combat simulation of aircraft with un-
known aerodynamic parameters. Firstly, the aircraft’ s geometry was reconstructed in three dimensions, and its
longitudinal aerodynamic characteristics were calculated and analyzed. Secondly, the aerodynamic data was
added into the restricted link of flight simulation, and a maneuver movements library for the typical tactical
movements of the aircraft was designed. Finally, based on MATLAB function, the visualization of maneuver
movements was studied. The results show that the maneuver movements library reflects the pertinence and reli-
ability of aircraft types, and visualizes the 3D display of flight trajectory and aircraft attitude and the parameter
cursor, which lays a foundation for air combat decision-making, air combat simulation training and combat ef-
fectiveness improvement.

Keywords: 3D reconstruction; aerodynamic characteristics; flight simulation; maneuver movements li-

brary; visualization
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Abstract; Aimed at the reentry guidance problem for hypersonic deformable vehicle, firstly, a shaping
plan of hypersonic deformable vehicle using telescopic wings is proposed, and the aerodynamic model and dy-
namic model with elongation deformation are established. Secondly, with the elongation deformation being ex-
tended to control variables, the relationships between bank angle, elongation deformation and terminal range,
altitude are analyzed. On this basis, the remaining range and terminal altitude are predicted by bank angle
and elongation deformation, the two control variables are corrected by numerical algorithm to meet the range
and altitude constraints, and the bank angle symbol is determined through the heading angle corridor. Simula-
ted results show that the reentry guidance method of the deformable vehicle has high guidance accuracy, hav-
ing stronger terminal restraint ability and smoother trajectory compared with the fixedshape vehicle, and it has
certain robustness under disturbance conditions.

Keywords: deformable vehicle; hypersonic vehicle; reentry guidance; predictor-corrector; guidance

performance analysis

Received: 2020-05-14; Accepted: 2020-06-19; Published online: 2020-07-01 1712
URL: kns. cnki. net/kems/detail/11.2625. V. 20200701. 1709. 006. html
Foundation item: National Natural Science Foundation of China (11572036)

* Corresponding author. E-mail; tangsj@ bit. edu. cn



2021 45 6 H
H4T 8 Hi6 3]

tEMEMRKAEFER

Journal of Beijing University of Aeronautics and Astronautics

June 2021
Vol.47 No.6

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2020. 0307

jbuaa@ buaa. edu. cn

BERUEEREM/FLEFIIREXS LT

Bk, mAE, WK, RER

(Aestfias iR IE fias B2 5 T2 RE, bt 100083)

] B AFAMEEN —HUERERNEZA R TENENMMAX, AAZRRE
MERBAREFAREGWER RERTATEEIH R VR ENFERBENLAELY
BRHBEBRNEE. #ACARARBRIDIBRYULNTEATERATERLAREBRN TR
AT FBL AL, DL Bristol K F Wy ATF & B R E B A N X &, XA by E R S % (VLM) Ao
FAMARTHeMFELAERIABET E, URERIGRELAT T F AN @RS
LUARTHEEMEAMBAIHEET X, 2N EFEFURRATAEN TR HR IR LS
M, sp#t AT R, WRIET A B EREEES XFOIL R Rt HER, EHRLERE
M BB EMBBRAREH TAGHRERNESE MR ARSI AREIN T, FEEH
AN BB T ERIANETLZRBEBREREVRAT AN AR RS WD 8.28% , 1 # A %
W HWD6.86% At Ak R RN AL ENLER EAALF TR NANE,

X 8 . EREEEE UMLK, dEREE(VIM); ZMAEH; BB

hESES: V2217.8
XEFRER: A

BEE AT S B0 B AT g AT IR
B TRA T3R8 AT RCR A 1R E A L3R i
TERC AT BRSSO . RS
SRR SLAE Dy 12 i L3 A 30 AR 3 T 7™ 2R B 3 F0
A 1T B, B s FAE g 85 3 RAL )
A7 42 ) 25 LR AR o P ) 30 TH 2B . LA 2 A
Wiz 3B T A ) U, f A BT LS
FEAF o X BE2REE S5 4 1] P ) 5 fF R 2 B A ik
R B X Ed T e
ALY 7 SO MUIR A BTAR , 2T T & R AR R
FECELIE 1 BT R S O A R T
RBOGOLT o VFZHEFEN B e W] S A0 P el i
BETE P 1Y L 05 % 22 A2 Al 9 L3 OR R T X —
[t

A RPN T — DR AL G s it 3
A A T 30 28 25 B HL3E A 3t T %8, & 1 Woods

XE4HS: 1001-5965(2021)06-1299-12

Rl Friswell ' 52 (1 4K 40 25 g 3 BT it & BEH,
it BEAR /N 9K Bl 8 A7 il E 52 B R S R A AR TE
eI F AT EH RGN, h TRELE
R, IH BATAENLI G54 T 3h T8, HATAE 35 1
SRR, A Gk T B A M O IR AN I
AT R AP 3 T2 0, i 25 Z T
Be 1) Bl #AE 0 M T i

P, A SCFE 03 2% 8 A F R 1R 3 BOR A B g
SRR AL, 32 AR e AT BROC (FEM) A i
TE A% v (VILMD) Sy ik il 14 A 2 1 0 3l 34 23
Bror ik, SE MORAZTE T 1 fh 8 e R 38 B AR 2 v i
B IRE ST, I K 4 R S AR AR AR Bl
SER AT L

1 #HExI*E
HAE 1920 4, TRERATS0 R T —Fr Rl PE 8¢

Wi HHEE: 2020-07-01; EEHHT: 2020-07-10; 4% H AR A [E] : 2020-07-14 13:11
M 4& H R Bk . kns. enki. net/kems/detail /11.2625. V.20200714.0926.003. html

= @15 {E&. E-mail; xiechangc@ buaa. edu. cn

Sl &, A&, WKk, ¥ £FZHERENW FAUFAHBEUXNULAN[IT] LEMEMKXAFFH, 2021,47(6):
1299- 1310. MAO S, YANG C, XIE C C, et al. Comparative analysis of linear/nonlinear static aeroelasticity of fishbone flexible
wing [J ]. Journal of Beijing University of Aeronautics and Astronautics , 2021 ,47 (6 ) : 1299- 1310 (in Chinese ).


qwqw
新建图章

https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&filename=BJHK202106022&dbname=CJFDAUTODAY&uid=WEEvREcwSlJHSldSdmVqMDh6a1dpZDNmY0RKcE5WZEJzaGM0YXhVOWFrcz0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!

1300 G| AN T N N = 4

2021 4F

25, X 0 2 K 3 L A5 R L A 32 Bh RN 3 M SR
M2LA T RS i A P3RSl L S 3 8
AR FERLE BT C G RO — A A IS BRI 5T 4
B ANAE L 25 20 A B AT 60 AUy vk 4R
ti . Barbarino %" Xt B i T4 HEAT T 4TI A
Xy G T R R A5 0 O B EL 3 T

(a) BT

E3dve 354

= |
T
‘|l|\ THID \\/wm TN
(c) DARPA L4755

[

EEHiIER 3

PEBCHE I 5 12 T R L, 32 B 2 T B T M
HER BT R A SR A TR R A5 TR 22
SR K1 RN T AR B LR A LA i Y
Bt o ATLAN R e B I ] A S R A T 45
P BT IS 235 I P8 B i 45 A 1) ] B0 2 PR 254 A2 Al
14 4 JRE R

(b) DLRifh 454

F:Qx—\a_
204, S
208 === T T
= W L_%;
— L= 202 204
211

2067 — 314

(d) Flexsysn] 7% J5 2

202

CRREL RSN 1k ol

Fig. 1 Design of active camber morphing airfoil"*’

A RAVEPLIE R BAR /N A 9K B e il fE 55 B
T A v 2 K B A A, I 2 R
HEEEH R — A HE B RAE AR B — &5
GNTE A AN 2 — TR R NESE R . YR 8l 4 i i N
R LA A R KR A B B 4%
) S o 52 T 4 25 Y TS A X AR, LA ek 2 3K
AT, 3B R RE Ty 1) W A, AR SR R ARE T
BB T AR AR TE XK A2 10 3 R 2
A TT o Woods 4 845 AR LI M &5, R
2t T REMHIIE. 1, A XFOIL IR & i i
Je#55 OpenFORM 5 2 1) T 53 3L 1 1 22 5 ik
3 9% 8B AL T S A ) Bk R HE AT T I, A B
A RV PLIA AR G o A3 BT A A R4
OB o SRR, T AR TR B A RSB, JF 3 A
BIHEAT T — RIS S22 R R, £ 5%
PEPLIE B A7 22 8 8 1 008, 3% 3l 48 A /) 19 10
B BUR IEAT T WA SE B, 5 5 R R 5 &
W, GEGRREHETA L, A R EHLIR T3k

MZEER g HEER R8sk

IKEh & MR FMESRE

B2 fagsiiy R

Fig.2 Schematic diagram of fishbone structure’”’

A TS TR 1 4 B TR EL R 7 25%
FEXGH A 20 m/s FH Ay 2 O° B 26 AR T, i Rk
PLE XS Lo AL G2 [ s ML T ) R AR & 0. 72,

g A B R — R 2R R
AR, F2E W T A Rk a5 i 2
45 A6 5% 1) 25 il W ARG, AR B AR sh B AR fE R, R
B v () BB 2% ] Ik, Woods Fil Friswell 42
T T LA R 2 R W S Y R B R A
Mo ik, R B 5 f0 i L 3 Y O R A IR) A,
SRR o3 LKL -0 %5 A1) 52 38 1 45 A8 o3 A B
RN B 2R A P W BE R 0T, IR Bl ) Ak
NERRGEEEREWNTH, Mo H
XFOIL B R i 4 3 17 A sh 8 o ik T 3X Fh 7
¥, Woods Fil Friswell ™ 3 16 J5 e #F 58 v H £ H
B R A 1) 35 1 B30 0k o B S5 R 0E AT T A e A
it

ATLLE H, Woods Xf F B 45 44 1) 43 #7 13 11
FHIAE X — 2 2o P #1002 R 40 9 B 58 A& 19, T LLig
TR FE Y R 25 LA RO HAT Ry, H2
EAT I R0, SCHR (S J AT gt se g, f 4
ShiA )5 G R O Gl it AR BX K 15% , A K
JI2F R BE R, X2 8 T 454 KAS T i G, 45
M8 H A AR 9 1) JLAT AE LA o T Woods 7 &5
PR A BRIT oA S Ja 2L i KB s o o, 45
Fa 8 43 1) B0 L Al R 2 SR T Rk 1 RR B 2 B
MARICHEIE . BRI E 5] A 8 258 5+
TR BE AN AR 3k — FE 4R P 2% 1 R AE R R A B



5 6 3]

B AR, R B AR M W R B S X A 1301

1 AEATY SR B A 2 B B Kk 72 T R 1) i 3 38 47 114
S, X ER LS PR A AR — iR . I,
MV B 2 e 552 s £ 78 T 1) R EE b R U, B
1 T 1% SR P 2 4 R0 T 495 #4312 R F 7 G
23 W P P RS Sl B

3 A ok R AR 54 B Sl i [ A, By
BERTFE K 22 UL 1) BEAE BT 52 0 b 14 f7 B0 37 2
RIS — S SIS &, AR RN < 2 %
PG AR R 2 i o7 A 3% 7 i AT B T & 4
PEAC S BPE 07 T H UM/NAST | BB 45 1547 i
BRI Y A R (1 S £ Pk S B B O EL AT
JoE FH T 8 25 KT I e A HL 3T 5 JBR 48 B T 2 o
TREFRHIE ST HRBE RS, kBN
ASWING 25 & B340 M7 J7 8, 5 UM/NAST HE 42
Aol (R Al L R A Ok 46 R SR A 2 B
T R 5T P, e B A T A
AR A R T IR . T R
BRI, CFD/CSD FARE & 361 )7 it 9t 1 Tt
BEORAR T G M AR 28 BN B A B, Aok
2SRl CFD/CSD J7 i 060 J8 3R LG 3 1 L3R 3ok
FRARLME S B A T, I 9 4 4 00 o S
A BB, 25 W LAl 4R < 3
YRR REEREEH. 2T CFD/CSD i+H X
ST RO B L HR AR R T E AR E R
Y Y P (B o i b W R DR R AR -
e, R O RO 7R S o T o
BRI R I B MR TE T 2 5
TR 4 E P 2l o 0 1, A R SR A T 1 < B
BN HT AR T iR T R
(193 LA R 9 A0 R B AR B R i P . b
U702 00 TR 2 K 0| 45 2 T ol T 3 A6 0 LI L A
JELR A BRIC Y, fSL T — R K R M WL < 3
SR 7 T I — A T M T R B0 AR
TR IR 36 e B %y A IR S R
T8 7RISR b ST TR R LA LI
T IE AT L AT RUE R T AR R
I TE 303 4 35 1) K 7L T 445 #3040 T
VT A TR S B P R L A T R, I T
DA T WL i 2 W BE, SURT LU T KobLik
T B 0 B B

2 IBigoHh

2.1 WL iTdEsktE

TGRS B 0 AT o, S5 A0 0 iy 2R S
TNV I AL b o fi B A2
ZEAR 52 WL /N A8 B B AR R & R AR R

15 {2 R AR A AT S L/ NE
fRBE . ERE— A, JL AT 56 2 AP A 05 R 4 2 AR 4K
PEIH BT SR () LA Al Rk

A VFZ 05 1 RE i B JL AT AR 2Pk 454 23 A, A
BT A BROGIEE (2 T 022 (19 A7 BROGEE AL
RSB A B o X LA T2 3% L At A BR OGS B8
g H A B
(k. +'ky)u =""Q -'F (1)
2 BT R R el 2 W0 M, B Ak W T
FARLRAE R BE T ke, s R AL RS 5" Q S i e
P AN AT 5 F D SR A N T o SR T
UG S5 R AR B i) W2 5 A % T AR 2k W
SE I CESIZ ORI Cp e IS [P

73— AE U AR 2 A R e s 20 5 | 2 A 1Y
Ira AU A e il 3 28 ™ A0, B S R A 2 AR T HY R
B, TR BUAE A A 5 1) 2 B A A8 — R U
K3 AR R, 2o th 1 3% J1 75 [ A2 A1 O
RAJE N L, 20 51 B K A2, 51K
Aedr s, B AR AR A Ay SR DT R R R
P WLUE M BEE PRSI, BRE w b,
T 1) A2 T8 w 223§ fh SR PR HL3E A O i 7
AR B AR LA A X AT S AR T, %
V&SN R AR il Sl e B O A B RO Bl 3K
A6 B — B 345 DR 45 4 1) A8 TR 1 0 1) T 2 AR T
ARG IR, 3B TR AN ] W, 23 W fe 28 1R
SR

3 — b % 3 R 3 3 A 19 8 2R
Fig.3 Cantilever beam with one end subjected to

vertical follower load

2.2 HEREE

TEALGE S A 20 B b, 38l g g2 i o T
ML FEAT TSR o S T i A% R SR A B b, AL
B Ay — AT, B o 0 A% 1 A B AR s |
FIH] Biot-Savart 5 B8 2l W& 45 ) A A
T B 103 5 R 4 A A AR ) T A B O O
PR BT O b B i it 5 1 e VAR BT B R R
fiff < Bl T L 5 22 A5 B T g oA

FE 1 T A R BIL 3R I TR AR S BT
TE S Bh TH bA E PR EE A AR AT R B T R
fift o TFT 9 RS 3 T A Tl o AP 4 TR TST AE il
T A3 T F AR A 6] i B, B 68 8 Sy ME T M S e



1302 Je s %A K K ¥ ¥ M

2021 4F

Pl 4 JHE 3R L3R TR AR A TR
Fig.4 Non-planar vortex lattice model of thin airfoil "’
FERESE i AR R AR 2SR R fa 4
FNEIL BB R R o
T PAEAE T E 5 E 19 3 B 1 Biot-Savart %€

(Eiya =N
I d
Vel rfr (2)

K IR W R I m REGV R
2 4 R A AT W R S R C
PR

AR TR 2 55 30 A% A5 B R AR
B4 N
A - T = RHS (3)
A A B I OB 5 RES 3 i it
HIt % it (4) 155
rths, = -V _n, (4)
FHh . T 2 0 TG 55 0 R R E BV, R kA
n BIEE, & LRI RESE, ML S0
SCHR[ 18 ] H i il i i

15 2 25 1 0 i 9 B2 S5, ) FH 2R 3 -1 Bk 5 by
58 BT3B B
AL, = pV, (I, - T.,,) Ay, (5)
KA ALK 475 B Mg 50 AR
W5 Ay, A L ATES B RS S5 K

TE LA A 4R Atk 3l s A3 BT b, 7 B IR AR
o v B TR 999 6 325 1) A Sl A R S A R o
A AR — 8, BRI R R &
f) , AEL 2 JL AT 0 1 3 1 4 R TR R BB A T R
Sy ) R
2.3 HEAEHIEESE

15 G e S B 43 BT BT 9 — 43 (7 1
T6 B AR RE 4% (TIPS ) R = 4 4 )™ 1) 37 A B 4%
(TPS) J5 ik 38 1 )7 Z, J& % J 4K {F 0 NAS-
TRAN'™ 5 ZAERO™ fy bR 4 (8 7 v . A 5%
A LI B T 30 190 A 2 B L3S T R 2 il
BT, 42 8 030 0P 40 T D B 4 4 (R TS

FH e S = 2 gy T R 4% 976 160 15 W 5 EG oty 1 A
AL B A5 o W A o 15 5 — 44 1 1PS
iR A2 e [T R

BTE N GE2S (i n AN E T X, = {x),
w e b (=12, 0 T U R ) 2 T BB
W= {w wl, - w! | (i=1,2,,n), Xt WA
AN B TPS 7 v S 0T A7 {1 R 5

N n
k k k k
w (X) = ¢ + Zcp-pr + ch’v+|+t'r?1n(r? + ‘9>
p=1 i=1
(6)
N
R = 3 (0,0 x, W AT p
p=1

YEARFT sy ey, sy, NTEE R e AR AE Y
WROARA SR T — B e =107 ~
L% FA AR e =107 ~107°,

W 1 AR 4 (i B 0 Sl B R 43 BT Y
LER /B AR A AR 0K 2 4 BT (32 Bh 1%
o R R (T

Lo NER T AR X, HAR TR RN
U, , T3 8B m A sl A S X, AL A28
i U, o AR S5 7 55 AR S 475 18 R 2R 2K
TN
AC = W, (7)
A R EERT SARAR Y B R B B s W R
G R4 N A bR A B R B I 5 € ) AR T
FEEE

R (7) K% C Ny
C = A;]Ws (8)
WA B0y D A 9 a5 A i 2 8 0% it AT 3R N
U, = AA]'W, (9)

A, H A, B4 IR EEL Hh W,
H 4 F7IE 20 0,20(9) 0T 4L
U, = GU; (10)
S LG H A 5 B 2 ) B B 4 £
HIME MR A A T 4 BIE R4 E]
BT B A T R B B
SR 40 135 A B0 2 B R 2 b R
W A 3 SRS A0 4 (A PR —
e M 43 S 1 7 22 58 0 o878 T 258 5B T
T U 4 0 2 ROPE B R A 4 R
Al HE RS 1 B0 F 2 5 258 A% 1 8% 78 25 56 1 30 A
e KR HE RS 19 £ A T DL A A B R 1
£k Mg 2 18] ) 3 5 456 3
F. = G'F, (11)
SR F R F, A



5 6 3]

m
k]
45

S ot R SRR BE BEARME/AR L M I S S X L a3 B 1303

2.4 BEHBEUETTERE

i ZEVE LI A D i B A 2R S5 4, A L AR
SIS AL U O 3 s R 2
WA R ARSI 8l 1 S L
TEARA 5%, W A 52 W) AR LA 2 i A 2k ok
o ARICRFIE B TR L S AR RS A IR
G, M A 3k AT B0 O vk 45 3 R PR LS
A Bl B AR Lk S AR S LR R R N T S
IR o AR GRS SRR 7 BT O3 1 S A SCHR
AR 2k Sl B 23 B O 9 T TR S A I AR
R AR TR] A TR i 516 SR A 3 280 1 119 45 44
T30 AT, P Ao 4 5 3 BT Sl B AT, e 28 I
WBOR AR IR E5 R . AN Z A TE T e G4k
P sl S 23 B 5 1 9 U8 SR R R T T
TR 15, 5 R SR At I 6 T R A B T 43 A, 6 Y
A7 B 7 % D AR R A A

/ SERIR Bl /

PG T OR A

i A i
TSk

| oy e |

BT B

[ sesretrmocn b |

hE KA A |

KIS i a5 M etk i s T S
Fig.5 Calculation process of nonlinear static aeroelasticity
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Fig. 6  Finite element model of wing with fishbone structure
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Table 2 Modal frequency of fishbone flexible wing
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Fig. 8 Schematic diagram of external force on the

trailing edge of fishbone flexible wing
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Fig.9 Relationship between z-direction displacement of the

trailing edge of fishbone flexible wing and external force
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Fig. 11
fishbone flexible wing
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Deformation of fishbone flexible wing under

external moment of force
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calculation of fishbone flexible wing
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Comparative analysis of linear/nonlinear static
aeroelasticity of fishbone flexible wing
MAO Sen, YANG Chao, XIE Changchuan®, CHEN Zhiying

(School of Aeronautic Science and Engineering, Beihang University, Beijing 100083, China)

Abstract: Fishbone flexible wing is a excellent design of active morphing camber wing. Ithas low chord-
wise bending stiffness and high stiffness along the thickness direction of airfoil, and it has strong geometric
nonlinearity and significant aeroelastic effect when undergoing active deformation with large deformation. The
traditional linear static aeroelastic analysis method is not fit for this problem. Therefore, this paper takes the
public fishbone flexible wing model of Bristol University as the research object, adopts the nonlinear aeroelas-
tic analysis method which is based on non-planar Vortex Lattice Method ( VLM ) and nonlinear finite element
analysis and the traditional linear aeroelastic analysis method which is based on linear finite element analysis
and planar VLM to analyze the static aeroelasticity of the fishbone wing under large deformation and compare
the results. Similarly, the aerodynamic calculation results of the non-planar VLM and XFOIL software used in
this paper are verified. The results show that the aeroelastic effect of the fishbone flexible wing under large de-
formation is significant. Compared to the results of traditional linear static aeroelasticity analysis method, the
lift coefficient of fishbone wing under large deformation by nonlinear static aeroelasticity analysis method is
8.28% smaller at most, and the moment coefficient is 6. 86% smaller at most. The real deformation under the
aerodynamic load can be obtained accurately and quickly by the nonlinear aeroelasticity analysis method pro-
posed in this paper, which is more valuable for practical engineering application.

Keywords ; fishbone flexible wing; geometric nonlinearity; non-planar Vortex Lattice method ( VLM) ;

large structural deformation; static aeroelasticity analysis
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