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Fig.2 Calculation method of temperature control orifice
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A calculation method for temperature control orifice of ram air turbine pump
WANG Yan'*, YIN Yafeng', CHEN Jinhua®, JIANG Pei’

(1. School of Transportation Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. AVIC Jincheng Nanjing Engineering Institute of Aircraft System, Nanjing 211106, China)

Abstract; Ram air turbine (RAT) pump, by transforming the mechanical energy into hydraulic energy,
can be used to control the aircraft rudder in emergency situation. Its performance of rapid response is critical
to ensure the aircraft’ s safety. Exposed to low-temperature atmosphere for long time, the high viscosity of hy-
draulic oil will hinder the rapid start of the hydraulic pump, and an effective method for this problem is to
introduce the high-pressure oil into aircraft RAT pump from the main hydraulic system. Taking RAT pump as
research object, this paper explores the calculation method of minimum temperature control orifice for the RAT
pump. First, it explains the thermal insulation theory of the RAT pump which is equipped with temperature
control orifice in standby mode and proposes an algorithm of the orifice. Second, it establishes RAT pump’s
thermodynamic model and deduces the calculation formula of the orifice’ s diameter. Next, it establishes tem-
perature control system’ s thermodynamic model with MATLAB and calculates the results. Finally, it verifies
the correctness of the algorithm through simulation calculation, and energy saving effect is remarkable.
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Improved test method based on vector cancellation for
scattering characteristic of discontinuous target
GAO Xu', YANG Shuo®, CHAI Jianzhong', ZHAO Jingcheng® *

(1. The First Aircraft Institute, AVIC, Xi’ an 710089, China;

2. School of Electronics and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract. For stealth aircraft, the scattering contribution of discontinuous targets becomes considerable.
The common method is based on low scattering carrier and compares measurement results of carrier with dis-
continuity and that without discontinuity. The scattering increase of target with discontinuity is obtained to ana-
lyze its electromagnetic scattering characteristic. This method has disadvantages of low efficiency, small-size
target and high cost. An improved method is presented based on vector cancellation, which regards carrier as
part of target background and separates carrier scattering from result. The scattering characteristic of discontin-
uous target in whole angle region which is independent of carrier is obtained, and the result is more integrative
and more accurate. By comparing with literature and validation analysis, the vector cancellation method can
get scattering characteristic of discontinuous target in whole angle region. The test results and target size are
unrelated to carrier, so that this method has advantages of high precision and low cost.

Keywords ; discontinuity; vector cancellation ; scattering measurement; carrier; scattering characteristics

of targets
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Fig.1 Traditional measurement method of

fusion splicing point back-reflection
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Fig.3 Schematic of test setup for

fiber back-reflection measurements
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Fig.8 Side view of angle-cleaved fusion splicing points of SC-PCF and conventional

SMF and their back-reflection measurement results
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Fig.9 Schematic of reflection on angle-cleaved fiber end face
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Measurement for back-reflection of photonic crystal fiber fusion splicing
point based on low-coherence light
XU Xiaobin®, YAN Ming, TENG Fei, WU Chunxiao

(School of Instrumentation Science and Opto-electronics Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Although angle-cleaved fusion splice can greatly reduce the reflection of the fusion splicing
point between photonic crystal fiber (PCF) and conventional single mode fiber, a weak residual back-reflec-
tion still exists at the fusion splicing point. A Mach-Zehnder and Michelson hybrid interferometer based on the
principle of low-coherence interferometry was designed to achieve accurate positioning measurement of the re-
sidual back-reflection. Utilizing the interferometer, a —52.12 dB back reflectance of the 8° oblique splicing
point between 125 pm cladding diameter solid-core PCF and conventional single mode fiber and a -49.35dB
back reflectance of the 8° oblique splicing point between 100 pum cladding diameter solid-core PCF and con-
ventional single mode fiber were obtained. The locations of the two fusion splicing points were also acquired.
The interferometer provides tools and means for precise positioning and measurement of the residual back-re-
flection of PCF angle-cleaved fusion splicing point, and lays a foundation for the quality improvement of the fu-
sion splicing point.

Keywords: photonic crystal fiber ( PCF) ; angle-cleaved fusion splice; back-reflection; low-coherence

light; interferometry
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Fig. 1  Composition of flight management system
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Table 1 Related parameters of flight management system
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Fig.3 Redundancy optimization results
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Table 2 Optimal redundancy allocation
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Fig.4  Sensitivity analysis of basic reliability and economy constraints

R3 FRABFATEHARTRIZRERMULER

Table 3 Equipment redundancy optimization results with different basic reliabilities lower bounds

RIE
%/?: ;ﬁ;ﬁ KA K Tk AEZET R
= 1o HORBEIRA IE T BOLR S E;ﬁﬁ }’E%ﬂ%f’ﬁ REMLL MRS L P2 FEShfE 2
0.9900 2 2 2 2 2 1 2 3 2 2
0.9960 2 2 2 2 2 1 2 3 2 2
0.996 1 2 2 2 2 2 1 3 2 2 2
0.9965 2 2 3 2 2 1 2 2 2 2
0.996 6 2 2 3 2 2 1 2 2 2 2
0.9967 2 2 3 2 2 1 2 2 2 2
0.9968 2 2 2 2 2 1 2 2 2 2
0.9970 3 2 2 2 1 1 2 2 3 2
0.9973 2 2 2 2 1 2 2 1 2 2
0.9975 2 2 2 1 1 1 2 1 2 2
0.9977 3 2 2 2 1 1 1 1 3 2
0.9979 2 2 1 2 1 1 1 1 2 2
0.9980 2 1 2 1 1 1 1 1 2 1
0.998 1 1 1 1 1 1 1 1 1 1 1
x4 FRAEGFHEAREREERERULER
Table 4 Equipment redundancy optimization results with different economy upper bounds
éé‘i?f‘fi?‘]% — jérg —

Lo LR wewn magita woems D DREEE ep pawm ez s
140 2 2 2 1 2 1 2 2 2 2
150 3 2 2 1 2 2 3 3 3 3
160 3 3 2 2 3 2 2 2 2 2
170 3 3 3 2 4 3 3 3 3 3
180 3 3 3 3 3 3 4 4 4 4
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Flight management system redundancy optimization method
based on genetic algorithm

HUO Lin" ", FEI Simiao’

(1. School of Safety Engineering, Shenyang Aerospace University, Shenyang 110136, China;
2. Shenyang Aircraft Design and Research Institute, Shenyang 110031, China)

Abstract: Aircraft management system is an important part to guarantee flight safety, and redundancy de-
sign is the main method to improve the safety of the system. The redundancy design, however, is constrained
by the budget (economy) in the design and manufacture and the consumption of the maintenance support re-
sources (reliability). According to the safety, basic reliability and economy models of aircraft management
system, a redundancy configuration optimization method was proposed by using the improved integer optimal
genetic algorithm, with safety as the objective, and basic reliability and economy as the constraint. Then an
example was taken to show its effectiveness to the complex system redundancy optimization. The sensitivity
analysis shows that the safety optimal value declines with the increase of the basic reliability lower bound, and
rises with the increase of the economy upper bound. For two constraints on the optimization of the objective
competitive constraints, at the same time only one constraint condition plays a major constraint role. These two
constraint conditions play a role in the competition, and at the same time there is only one main constraint.

Keywords : redundancy optimization ; safety optimization; genetic algorithm; flight management system;

basic reliability
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Enhanced resolution in MIMO-SAR imaging using apodization

XU Guangyao'>, LIU Yongze', XU Xiaojian"" "

(1. School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. Unit 91336 of PLA, Qinhuangdao 066326, China)

Abstract; When the conventional methods of sidelobe suppression are used in multiple input multiple

output synthetic aperture radar (MIMO-SAR) systems to generate images for diagnosing the near field scatter-

ing features of targets, non-orthogonal sidelobes can hardly be suppressed efficiently. In this paper, based on

the generation mechanisms of the non-orthogonal sidelobes in near filed, an approach which combines spatially

variant apodization (SVA) with tri-apodization was proposed to suppress the non-orthogonal sidelobes for MI-

MO-SAR images. Simulation and experimental results demonstrate that the sidelobes in down range as well as

the non-orthogonal sidelobes in cross range are suppressed efficiently via the proposed approach. As a conse-

quence, for MIMO-SAR images, the resolutions in both the down range and the cross range are improved re-

markably while a higher dynamic range can be achieved.

Keywords : multiple input multiple output synthetic aperture radar (MIMO-SAR) ; sidelobe suppression;

apodization filtering; spatially variant apodization (SVA) ; tri-apodization filtering
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Fig.1 Third-order vibration mode of unrestrained

beam in a free vibration
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Fig.2 Second-order vibration mode of

unrestrained beam in a free vibration
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Quasi-variational principle and application of initial value problem for
rigid-elastic coupling dynamics
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Abstract: The rigid-elastic coupling dynamics has been widely used in the national defense and civil eco-
nomic construction, but there are still no mature theoretical research results. In this view, the quasi-variation-
al principle of the initial value problem was established, according to rigid-elastic coupling characters, and the
quasi-stationary condition of the quasi-variational principle was derived by the variational method. This condi-
tion is the governing equation of rigid-elastic coupling dynamics. Two examples were given to show the appli-
cation of this condition. One was the analytical solution of the odd order vibration mode of free beam obtained
by the governing equation. The other is the analytical solution of the even order vibration mode of the free
beam obtained by the variational direct method Ritz method. The results show that the quasi-variational princi-
ple of the initial value problem of the rigid-elastic coupling dynamics provides the basis for the establishment of
finite element model.
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Fig. 1  Schematic diagram of principle concept of

confocal SPs system
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Fig.2 Simplified schematic diagram of

optical system strcture
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Fig.3 Schematic diagram of sample structure
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Fig.4 Simulated V(z) normalized curves for

different virtual pinhole radii

3 ZXWHER

3.1 EWFLEK/AI V(z) BB F G

FES B E9EAE 2 nm B9 F1 50 nm 4 78
JEEESS BT X5 IO S 56V (2) HEERINIEL S Fros . e
PR FEFILHEBER (K5 iR BfLE R
1R TR ) L% &R G 45 ) TR 2L A8 nY 49 4 12k
A2 V) ML L ARRGESTH L, 5K 4
iy B AR — B Y AL IR N (S

KIS 2 SREET 30T BB 50 nm 5 RE i 7
A AL T B V() ff Bl
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Common-path confocal interferometric surface plasmon microscopy
ZHANG Bei'"* | YAN Peng' , WANG Le’, GAO Feng' ,YUAN Mei'

(1. School of Automation Science and Electrical Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. College of Science, Renmin University of China, Beijing 100872, China)

Abstract. Surface plasmon (SPs) microscopy can measure local changes of refractive index on the nano
scale and has been successfully applied in biomedical or semiconductor material fields. Here, we propose and
develop a novel common-path confocal interferometric SPs microscopy. This technique delivers quantitative
high spatial resolution sensitive to refractive index and offers the advantages of simplicitye, low cost, low envi-
ronmental requirements, and high signal-to-noise ratio. The so-called V(z) effect is the period oscillation by
the relative phase between the reference and the SPs signal and obtained by scanning the sample along the op-
tical axis (z direction) with a Piezo-electric stage. We demonstrate that the image contrast can be controlled
by varying the sample defocus without substantially degrading spatial resolution. We also verify the technique
theoretically and experimentally.
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#oR %7 H(DCT) B R AESEAT B, A5 % b (SNR) DL R AR 3¢ ¥ 77 1% 2 (RMSE)2 4 47 #
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13) jGFREE R
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x(n) =x(n) +r(n) = DI +r(n)
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B 1 GP-KSVD X} 5 Hz IE3% {55 & #
Fig.1 GP-KSVD reconstruction of 5 Hz sine signal
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K2 E%fES

1 kHz UL f KSVD = L JE Jii 7

Fig.2 1kHz sine signal and basic atom of KSVD dictionary

K3 GP-KSVD %} | kHz FF 3% {55

4 A LA K R HORAE

Fig.3 1kHz sine signal reconstruction and coefficient representation by GP-KSVD

P4 RIS AR E 0

B SNR L &z RMSE $5 475 14 b 4%

Fig.4 Comparison of index of SNR and RMSE of sine signal processed with different dictionaries
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Fig.5 Comparison of sine signal reconstruction among different algorithms

#2 WMEZFESAEEZER SNR BRI KR IEITR E *3 MEVESFAEE XK SNR i AR IE1TRE
Table 2 Index of SNR and running time of Table 3 Index of SNR and running time of
different algorithms on sine signal different algorithms on tangent signal

Ak SNR/dAB {5 ME L1 {E/dB BATET] /s Ak SNR/dB {5 M L} {H/dB BATHS ] /s
PCGP 12.7 7.2 0.16289 PCGP 10.6 7.7 0.008984 4
OMP-KSVD 11.0 5.5 0.205 86 OMP-KSVD 9.3 6.4 0.014 063
GP-DCT 7.1 1.6 0.11133 GP-DCT 4.4 1.5 0.069531
GP-KSVD 12.9 7.4 0.097 656 GP-KSVD 10.6 7.7 0.0054687

K6 15 MHz IEYIE S L K KSVD F gk Jii 5

Fig.6 15 MHz tangent signal and basic atom of KSVD dictionary

K7  GP-KSVD X} 15 MHz 1E VI {55 ) B AG L K &R B R A

Fig.7 15 MHz tangent signal reconstruction and coefficient representation by GP-KSVD
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Fig. 8 Comparison of indices of SNR and RMSE of tangent signal processed with different dictionaries
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Fig.9 Comparison of tangent signal reconstruction among different algorithms

10 GP-KSVD 1R & 15 5 1 E Ay
Fig. 10 Reconstruction of mixed signal by GP-KSVD
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Fig. 11  Clean and noisy TwinSine signal in Ref. [9]

Bl 12 %} TwinSine {55 %) 8 # o 58

Fig. 12 Comparison of reconstruction of TwinSine signal
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Table 4 Comparison of running time on TwinSine signal

between GP-KSVD and algorithms in Ref. [9]

Bk MOF!®’ mpl? BP?) GP-KSVD

ZEf7hfEl/s  0.21875  0.07812  0.46875 0.06641

B 13 X SCHER[9 ] Cusp 55 1Y A LA
Fig. 13

Comparison of reconstruction of

Cusp signal in Ref. [9]
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43E 17 B 18] 3 L
Table 5 Comparison of running time on Cusp signal

between GP-KSVD and algorithms in Ref. [9]

Cusp 55

Bk MOF!°’ mpl? BP®] GP-KSVD

EATHE] /s 3.8906 0.03125 4.2344 0.00547
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15 N, Bt il RS S AT IR i 4 69 405 B Oy
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P50 B 245 5 DL R S 56 B0 3 I 1 dn (/] 14 AR 15
F7N o
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Fig. 14  Denoising reconstruction of electromagnetic radiation signal by GP-KSVD
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Fig. 15 Field measurement of electromagnetic radiation signal
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Circuitry test response signal reconstruction based on GP-KSVD algorithm
NIE Jing', SU Donglin', LI Hongyi’, ZHAO Di*>"

(1. School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. School of Mathematics and Systems Science, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Response signals in circuitry system always have the characteristics of high periodicity and
sparse distribution. In order to realize response signals reconstruction in circuitry system, an algorithm combi-
ning gradient pursuit and K singular value decomposition ( GP-KSVD) was proposed. Dictionary was trained
according to the features of single and mixed signal. Making use of the updated dictionary and gradient pursuit
to sparse representation on noisy signal, the reconstruction achieves the aim of de-noising. The algorithm has
excellent reconstruction results with low computing complexity and storage capacity. In simulation, GP-KSVD
dictionary was compared with both random and discrete cosine dictionary ( DCT) dictionary, and the results
show that the denoising effect of sparse representation with KSVD dictionary is the best depending on the indi-
ces of signal to noise ratio (SNR) and root mean square error (RMSE). GP-KSVD sparse representation was
compared with orthogonal matching pursuit ( OMP )-KSVD and preconditioning conjugate gradient pursuit
(PCGP) algorithms. The simulation results prove that GP-KSVD has the minimum computer running time and
the highest reconstruction precision, and the measurement verification proves the universality of the algorithm.
This algorithm can be applied to response signal preprocessing, which provides theoretical basis for circuitry
system equipment performance evaluation analysis.

Keywords: compressive sensing; ( GP-KSVD) ; sparse representation; circuitry test response signal re-

construction; denoising
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Quantified effects of high-altitude wind on route performance of
large passenger plane
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(1. Beijing Aeronautical Science & Technology Research Institute of COMAC, Beijing 102211, China;

2. School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract; High-altitude wind affects the fuel consumption and flight time of large passenger plane route
flight. This paper is aimed at proposing a method to calculate the route performance of aircraft in high-altitude
wind, and analyzing the effects of high-altitude wind on route performance of large passenger plane. A flight
simulation model of aircraft in the wind was established. A pilot modeling method for aircraft route flight was
proposed. Based on the “pilot-aircraft” closed-loop digital virtual flight simulation, a method to calculate the
route performance of aircraft in high-altitude wind was proposed. The fuel consumption, flight time and flight
distance of the example aircraft under the typical route were calculated and analyzed. The study shows that, in
the same flight distance, the fuel consumption and flight time of the plane are reduced by the tailwind and
increased by the headwind. Due to the effects of high-altitude wind, the fuel consumption and flight time can
be big difference in some round-trip route. In some long-distance route, due to the effects of high-altitude
wind, in order to meet the maximum takeoff weight limit, the payload should be reduced to load more fuel, so
as to reach the terminal airport.

Keywords: aircraft; flight dynamics; flight performance; route performance; flight simulation; high-alti-

tude wind
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Fig. 1  Calculating process of solar array’s

power supply capability
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A calculation method for power supply capability of spacecraft solar array
LI Tao®, LI Wei, YANG Lei

(Institute of Manned Space System Engineering, China Academy of Space Technology, Beijing 100094, China)

Abstract; The solar array supplies power to spacecraft. Thus, it is important to predict power supply ca-
pability for spacecraft design and certification of on-orbit flight operation, and a calculation method for power
supply capability of spacecraft solar array is proposed. The current versus voltage model of photovoltaic cell
under standard test condition (STC) was developed using a group of ground test data, and then the parameters
of the model such as photon current, cell series resistance, and cell shunt resistance were adapted to on-orbit
irradiation intensity, temperature and shadow. According to Kirchhoff law, the outputs of photovoltaic cell
working voltage, current, bypass diodes and block diodes in solar array were obtained, and the model of pho-
tovoltaic array was built. Simulation was performed for a typical spacecraft. Results show that this method is
applicable to photovoltaic array power capability analysis under arbitrary irradiation intensity, temperature and
shadow pattern, the influence of bypass diode and block diode in the solar array is analyzed accurately, and
calculation accuracy is improved by 20% compared to traditional method.

Keywords : solar array; power supply capability; shadow; irradiation intensity; temperature
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Table 1 Characteristics of test video sequences
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deer 13.61 15.69 34.83 6.21
carDark 3.90 48.42 71.22 2.79
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Fig. 6 Tracking results for video sequences with occlusion, rotation, scale and illumination changes
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Fig.7 Tracking results for video sequences with occlusion, fast motion and background clutters
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Visual object tracking based on objectness measure with
multiple instance learning

HUA Weixin"">, MU Dejun'"*, GUO Dawei', LIU Hang'

(1. College of Automation, Northwestern Polytechnical University, Xi’an 710072, China;

2. Shaanxi Company, China Mobile Communications Corporation, Xi’ an 710074, China)

Abstract. For the problems that the multiple instance learning ( MIL) tracking algorithm does not distin-
guish the differences of each sample when computing the bag probability and selects the weak classifiers by
maximizing the log likelihood function, which reduce the performance of classifier and increase the complexity
of the algorithm, this paper proposes a tracking algorithm based on objectness weighted multiple instance
learning. First, the importance of each sample is measured by the objectness, which is also used to assign the
weight for each instance. Then the weighted value is utilized for computing the final bag probability. In the
phase of weak classifier selection, a maximized inner product between weak classifier and log likelihood func-
tion is adopted to select weak classifiers from weak classifier pool, and then these weak classifiers are com-
bined into a strong classifier. All these strategies are beneficial for improving the tracking accuracy and reduc-
ing the computational complexity. By tracking the video sequences under different complex scenes, experimen-
tal results show that the proposed algorithm has strong robustness and high tracking accuracy compared with
competing method.

Keywords : multiple instance learning ( MIL) ; objectness measure; weak classifier selection; bag proba-

bility calculation; object tracking
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Fig. 5

Mixed CH,/0,/Ar gas emission spectrum

under different pressure
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Fig. 6 Mixed CH,/0,/ N, gas emission spectrum

under different pressure

3 ZWHERSH

MBS 2 45 By SE g A5 R A AR A 1 0 e &
( <4W) B ] A 84 % F e 1 KRB SR IR ], O
H S0 i IR OGS, A7 A8 I ) 88 i s 1 4R AR
AT RIAE — G R BE b s/ B 8 i KCRE R N TR] AR
T, 55 B A0S FR I 1 KCHEE 3R ) 45 6L 79 250 23 B
B RCOREE JRRE S LG R RS 2 i AN [R] T
A —ER A,

e AT HBER A K, NSRS R E L 1
—EJLE N, BB TE A (R i ¢ =0.5)
FAF T I R ST R I RV FERH (p=1.5) 1
AR RUKHE R B[R]

U REARAS R] I, B B 1 R JCHE 3R R[]
W= A AR BEICY & o 1A Y S 0 Ak 1
IR HEWESE . R 1 s g 2 Lol 1 R R
AR Ar 5 N, B H G A R KCHE SR ] 9 4805 2 40
DL e UL 45 1 58 2 B0 ( coefficient of determination) 1Y
X, BIARMEL A K Inr=a+ (1000b/T),

MAUE G R A M B U A T RYH e A sk
FUE IR B[] 8 % 8 R IR R R ) 0L 1 R AL
EHGE LU T N, MR R RS A Ar 7ETE



557 3]

TR 2, &5 O IR B UM T 45 8 1 (A Bl 3 P g K 1377

KRWFE EZ5 7 W B kol B 1Y 6, Pt
N, AR s B A0 M Y S 36 495 2R B0 A P B R
[l A B UM Ar B RS D0 L LR AR R A
MR AN N, B 00T Z Ok, LR B U
Ar i FR b o, JCHE 33 i) A X6 3t 38 728 Ak ) SR v
B GR— L

XTI GE B RS BT, SIS &
L Ar BB S N, Wi B R A S2 36 25 2R BE AT
XFE o W3R 2 R O SR A5 R M X L. 2 Al
Ar A5 1 B SIS RS20 26 PF T R B 9 1k
S 33 P [ X 005 e KT E B R R R RO R 5 2
T N, AR g i B MR I, 35 2 r 25 1 TR B Y
S JCCHE R ) 368 8057 a5 iR S 2k pR R S R

G Ar VR B B SR 7 A5 R BRI
B FEEE(T<1000K 85 T>1400K) i}, &1
ARG B 5 ) KA SRR TV F) 4 L 80 R B R B
YA N, A S B AU IR, A5 KR B A, 45 B
TR G5 e i KCHE IR 8RR B

P 7 Jt 7 A B 5 A5 1E T, O [ A
JEET A5 B MO TR e i SR IR ] ) 46 B 8OR
TERR B Ar I 5 88 1 AN BT g5 16 A 3R I
TE3) 14 4 R 25 AL S D 355 I 1 5 o AR AR R U N,
I, i 352 1) T i 4 AR S

B WIBE T BT 52 45 18 R W, 2 8 T 7R AR
TR A PF T X R K SIE I R [R] 174 45 5 50CR e h W
AR IR AR 5 kAR A B T RN o
FARTBE/IN, A — 5 & 19 5% B 7 0RT DLAR W A
RCH At BE R T S I A R A=, DT R R pRe Ak 5 B

®1 HEUANHRARABERSERR
NG IR B [ $8L & X EE
Table 1 Fitting comparison of methane ignition delay
time of equivalent ratio equals to 1 under

different diluent gas
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Table 2 Fitting comparison of methane ignition delay

time of equivalent ratio equals to 1 in different diluent

gas under continuous discharge
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Fig.7  Shortening effect of plasma on methane ignition

delay time under different ignition temperature
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Plasma assisted methane ignition under different diluent gas

SHEN Shuangyan', JIN Xing""* , DENG Tongye'

(1. State Key Laboratory of Laser Propulsion and Power, Equipment Academy, Beijing 101416, China;
2. China Satellite Maritime Tracking and Controlling Department, Jiangyin 214431, China)

Abstract; Plasma could increase chemical and heat effect at the same time during the fuel reaction and it
is expected to be an effective technical way of ignition assistance. Plasma assisted methane ignition experiment
system was built based on shock tube. The methane ignition delay time of autoignition, under continuous dis-
charge and when discharge is cut down was measured. The plasma’s effect to shorten methane ignition delay
under different diluent gas was analyzed. The plasma emission spectrum measurement system was built and the
emission spectrum in discharge unit was measured. The active particle concentration is higher with higher igni-
tion temperature under experimental condition. The methane ignition delay time could be shortened by 30% to
95% by a little discharge power ( <4 W). The shortening effect of plasma is better when the ignition tempera-
ture is lower than 1000 K or higher than 1400 K with the diluent gas Ar. The shortening effect of plasma de-
creases with the increase of ignition temperature with the diluent gas N,.

Keywords: plasma; shock tube; ignition delay; diluent gas; emission spectrum
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TR 45— TJ1% iz 3 Lk
Fig. 1 Schematic of RUAD and motion trajectory of
each cutter tooth for CD and RUAD
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R T RS S ARE R 5 mm, H A RS
PEULZR 1, 358 B FH 70 H R B AR 6 5T & 4 /I
B 7178 ) A, iy 26 [ 8 fH LMT Onsrud LP 23 7
P AR A AR SO T, LT AL
ful W A0 2 50053 0 DL TR 2 R 2,

AR LG T AR [R] AR Y 5 R A8 B (LI 3)
NIl 00 B 32 1A DL R s OB J0 58 B A8 /)N
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Table 1 Material properties of titanium alloys workpiece

R A EAEIEN
R/ (kg + m?) 4505
fifi i /HRC 36 ~40
PR/ GPa 110
bER/N=A 0.34
$ {10 i/ MPa 902

2 NG ] B A

Fig.2  Geometric view of 8-facet drill cutter
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Table 2 Geometric parameters of 8-facet drill cutter

28 Bl
B2 /mm 5.0
BKE/mm 78
HESf/(°) 118
%2 HES/(°) 90
TIHG /() 8
NG/ () 12
e/ (°) 35
1 71 58 B /mm
FVIHI 71K B/ mm

55 2 PIHI 77 K B /mm
F VI HI 7] 5 B/ mm

55 2 YIH1 I 98 B /mm
5% 3 DIHI 71 58 B/ mm

Fig.3

B3 3 R AR B LA

Geometric view of common twist drill cutter

A O e v P BB AR B L BN 25 B LR 70 DD
RIS s @ YD HI 704 BE AR /N, F2 5 0T B8 AR N
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Je DR BE w0 PR 32 D0 20 Fn 3 O T AR
B YIH 7 B4 T YT W] e B AR
2.2 KEESZMEMEY

RIS AT A RUAD =l Fn 75 B JR 35 S A A7 F
il JF 45 A CA6140 3 4 K F &5 i - & A 4R
KISTLER 9272A JEHL il J1 & 45 8 [ 9 45 %8 52 In-
fraTec VH ZL4MNE R 58 . H A Bk E i OLYMPUS
i-SPEED 75 i 5% 52 & 4 Ml H &K 3k B+ KEYENCE
LK-G5000 FEF filt 0 M AL 3R e 2R 478K & 4 Tl 1L
I AT R 0, 4 R, n Ry B
r/min &l 4 (a) R EGEI RS-, B 4 () AL
150 F) S 0 R O B MR- . Horpr,
XA~ RUAD 4l 32 %2 i /\ A5 IR S0 T B e 05X
JE HLUBR P A B A E G L PRV B | e R £ A0 1 Y
PR AT o et 2 L 5 4 B 2% HL AT R R T 3R
T R A AR R R g TR A AR R &
RIS HNEE 3 iR .

K4 BG4 RUAD I F AR ERTES
Fig.4 Schematic of test-bed for RUAD of titanium alloys
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Table 3 Test conditions and parameters

R SH cDh RUAD
T H A J\TH Nl J\TH £
PARN R T A 4 1 A 4
w2 G Jc
B ¥ ¥
£ L B 42/ mm 5.0 5.0
B fLERE /mm 5.0 5.0
/(1 - min ") 800 800
PE4E/(mm - ") 0.028 0.028
IR B R/ kHa 0 27.089
PR MR/ pum 0 10.0

2.3 MEAES5%4G

KEYENCE LK-G5000 3 4% fish # % il f2 {X &
GEw T 00 N BG T RYR IR X R g AT
—/~ LK-G5000 7 3] 38 5t 3= 45 il % 5ot L 3o I
K AL AR \LK-Navigator 2 $#AEHFFI PC HLA S .
T W0 2 o AR, 2R O I K 3 o g ) JRE [
A BRI B 0SSR L R OR IR 2 I Sk A
RO S T AL JI O TE B AR5 FF RS R L
FEE T E) RUAD 32k 0% iz sh 401 %, 38 3 98 5 | 75
HA, T D 2 AR T AR R K /N 5 B S, 38 3 O's
S A5 JRAF A LK-G5000 & 1 380 3 2 il 45 B o0
JIR 68 75 % 2h I B IR B 46 B A% 3k 45 PC AL
vig , JF HLil 2 PCAL | % %¢ (1) LK - Navigator2 #8: /E #%

PR AT 0 B B A AE R R Bl R WS
PR i 00

L A1 33 A A 422 ik 36 0 A R e AT SR T
DR A A B AL O B s B, HAR S A A AL
R BSR4 A (e~ d) & B,
&R S s o

KISTLER 9272A J&# I 1 & 48 H F I & 5k &
4 CD Fl RUAD #f 72 9 B |l 010 Hol & 0 25 4
T E S S AUAE 5 1% i3 45 KISTLER 5070A H faf
R4S , B A/D el 8 0 BB 15 5 R 5
fEh % PC HLL S , Bt i 5 KISTLER DYNOWARE
BAEIE T B AL H . R 4 (a) IR

InfraTec VH £L 4} Ji5 2 45 FH ok I & 4k & 4
BhAL PR B B SR L A PR AT I AR S AR
4 PC HLZ I3 i3 IRBIS®3 Plus #i {4 i 47 WL 5%
FVEC YR b 3, ) i s an i 4 (b) Bis o

OLYMPUS i-SPEED &5 i $2 5 %5 JH % Wi 85
MIC ek A S L D BRI R R, Z R4 =
%y OLYMPUS i-SPEED LT & i % 1% #L Ml
OLYMPUS i-SPEED CDU #% il % 7% 2 ¢ 41 4%, 1n
K 4(b) firR o

H A AR EL I OLYMPUS SZX16 2% i il 58
FJE B Nikon E950 £ fi% #H AL & 5t FH ok ML 4% i 1
BHIEDS,

PS5 AL o e A I A O I RS R S

Fig.5 Non-contact measurement of hole exit burr height by a laser micrometer system
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W P, B LA B S R AR LA R
H T A2 2 B IR S AR I 3 AN BB

TEEL 6 H, 4 Kl i 2 4 LR E Bl ) B
BeBliE g m - ¥ (E . AT UL, RUAD @ 1) g B 2
fi£F CD, H RUAD 89 Jy it £ 9 gh #2048l i i
P2 B3 s M, A H T CD, RUAD B & 1 7 B %

16.79% ~20.2% , DA L4580 EZEH T A4
[bF CD, 7 RUAD b #2, —Jy i, i T # 7 op
B R RE 75 G\ 3l 25 DI &5 A1 348 K 1 Bl 1) 0 4 ok
BEAE T B R B 5 T ) BN S B 1 AU 91 1 1
HI B8 1 LA K I B R W X fili 45 1 B 25 5 1
B T A b1 RE ELARAS B b R R B R s 5 — v
B RUAD & F2 77 HL Al 42 K5 71 Fn 0 il 70 14 43 2
W 2 DY HRE M, A RS T 908 HEBR ORI T
T3 EL-Y1 8 A T - A Ta] B B 8 S
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Kl 6 CD 1 RUAD ps e &5 Bl B Be i ~F 25 85 ) g Fe

Fig.6 Comparison of mean thrust force in stable

drilling stage between CD and RUAD

3.2 FLHOWHEIRE

CD 1 RUAD 4 L Hy 11 d5¢ s 0 ) 0L L %5,
WE 7 Fiac. W W, RUAD f{FL H 05 5 b1 4l e
FEW AR T CD, 3 H RUAD FL 3 O & &5 U1 )
BEREAR 18. 54% ~21.68% , X Fh 4% 5 (14 3= 52 Jt
AT KA 4k 1 ot 72 A0 U0 1 R B 8 R R T
JVEERRAFLIE M PIEI X, g1 F RUAD 33 F gk 4
T 70 FDD ) 77 5 5L A ek 22 () R 0 1 43 -4
s 147 0BT 8 0 ) A X, DA B2 RUAD 3o i 48 A 40 141
3, 3 R AR T 71 H-0) 8 A T BT [ Y E
BN B T BV T Bk T AR .

7 CD N RUAD (9L H 5 2 70 3 BE b 4%
Fig.7 Comparison of maximum cutting temperature near

drilled hole exit between CD and RUAD

3.3 HOERERMAE KNI

CD F1 RUAD J5 A9 £L 4 11 = il 28 20 Fn R~ 38
b 2ROy W€, N &l 8 BT R . MR He]
W, ,CD R ¥ R K sk B i, i RUAD (1 &
¥ R /N 15 B, RUAD (Lt 101 6 of g
B AL T CD B0 &

CD 1 RUAD J& iy FL H 11 300 = B R H & 4
TR B 7 vk, AR AR L ECE R i iE 9
No TE FEOH, AU R AL F4 SR

Kl 8 CD Ml RUAD fy AL i 118 28 AN RS B A
Fig. 8 Comparison of burr type and size of

drilled hole exit between CD and RUAD

B9 CD Al RUAD f 4Lt H 6 o o 2 te gk
Fig.9 Comparison of burr height of drilled
hole exit between CD and RUAD
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RUAD J5 #4347 R il e B 45 2 43 B e 7 1 i 1
T B AT AR A B e B R, 4 B 10 BT R
€ 10(a) >k CD 372t 11 & I sl AL BE A4 #0057
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R SRR ML B ) U0 A S B O A TR R R o
B R . ME 10 HEf I A4 HF CD,RUAD f9£L
R R 16 AE T2 /T CD, 9 H i T RUAD i
FREAR BB H] 1 AR UDHINR B 58 0 70 HA R
YIHIAE 7 F0J8 911 43 3 W 82 U A =X R A T2
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Fig. 10  Proposed theory model and high-speed camera photographs of burr formation mechanisms
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Exit burr in rotary ultrasonic-assisted drilling of titanium alloys
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(1. School of Mechanical Engineering and Automation, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. Research Center for Advanced Processing Technology, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract; In aerospace industries, to solve the problem of big exit burr which leads to the difficulty in
deburring operations and poor assembly quality of fastener after the traditional drilling process of the difficult-
to-cut materials like titanium alloys using a twist drill, the rotary ultrasonic-assisted drilling (RUAD) technol-
ogy of titanium alloys based on a novel tool (i.e., 8-facet drill) was proposed. The principles of RUAD
process and motion trajectory of tool cutter tooth in RUAD were analyzed. And then, the drilling experiments
were performed with a designed RUAD spindle unit, CA6140 lathe, measurement system of thrust force,
measurement system of cutting temperature, high-speed video camera system and non-contact laser measure-
ment system, and the type and size of exit burr were studied. In contrast to the common drilling (CD) of tita-
nium alloys, the mechanisms of small or low burr height generated in RUAD were discussed and analyzed, and
the theory models of burr formation mechanisms in CD and RUAD were obtained based on the high-speed cam-
era images of burr formation and principle analysis of RUAD. The experimental results indicate that compared
with CD, in RUAD process, the thrust force, maximum cutting temperature near the drilled hole exit and burr
height of hole exit decrease by 16.79% —-20.2% , 18.54% -21.68% and 82.27% —89.18% respectively,
which greatly reduces the troubles and manufacturing costs of deburring operations and improves the production
process.

Keywords: titanium alloys; rotary ultrasonic-assisted drilling ( RUAD ) ; 8-facet drill; thrust force;

exit burr
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Fig.2  Flow chart of micro-motion target classification

method based on micro-Doppler
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Fig.3  Micro-Doppler ridge and micro-Doppler spectrum of
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Fig.4 Micro-Doppler ridge and micro-Doppler spectrum of
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Fig.5 Micro-Doppler ridge and micro-Doppler spectrum of

scattering sources of spinning target
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Fig.6  Micro-Doppler ridge extraction of nutation target,

precession target and spinning target
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Fig.7 Variation of recognition rate of different

micro-motion cone targets with SNR
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Micro-motion classification of spatial cone target based on micro-Doppler
SHU Changyong' , ZHANG Shengjun®, HUANG Peilin', JT Jinzu'"*

(1. School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. National Key Laboratory on Test Physics & Numerical Mathematics, Beijing 100076, China)

Abstract: There are many kinds of micro-motion in the spatial cone target in flight, which can be divided
into nutation, precession and spinning. Accurate acquisition of the target’ s micro-motion form is the premise
for the estimation of the micro-motion and the structural parameters of the ballistic target. First, the micro-
Doppler distribution characteristics and the spectrum distribution characteristics of the cone target’ s cone node
and cone bottom slip-type scattering source under the three micro-motions are analyzed, and it is found out
that the micro-Doppler of spinning cone target’ s scattering source is 0 Hz, the micro-Doppler spectrum’ s peak
value of nutation cone target’ s arbitrary scattering source is non-equidistantly distributed, and the micro-
Doppler spectrum’ s peak value of precession cone target’ s arbitrary scattering source is equidistantly distribu-
ted. Base on this, the paper proposes the classification method, which recognizes the spinning cone target by
the threshold of micro-Doppler and recognizes the nutation or precession cone target by judging whether micro-
Doppler spectrum’ s peak value is equidistantly distributed or non-equidistantly distributed. Finally, the valid-
ity of the classification method is illustrated by simulation, which can provide reference for the micro-motion
classification of spatial cone target.

Keywords: spatial cone target; micro-motion classification; micro-Doppler spectrum; strong scattering

sources; feature extraction
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Deformation behavior of a bent tube based on free expansion
KONG Deshuai', LANG Lihui"*** , RUAN Shangwen'

(1. School of Mechanical Engineering and Automation, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Collaborative Innovation Center of Advanced Aero-Engine, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: As the development of lightweight design in manufacture industry, the application of thin-
walled bent hollow tubes with various sections is expanding widely. In order to study the deformation behavior
of bent tubes during hydroforming process and have a reliable process design, a theoretical model of free-ex-
pansion bent tubes based on membrane theory and plastic theory was put forward, and the model was verified
by finite element (FE) analysis. The FE analysis results show good agreement with the theoretical model. The
stresses distribution and deformation behavior were revealed. Finally, the work-hardening behavior during ro-
tary draw bending was analyzed, and meanwhile, the fracture site of pre-bent tubes with different work-hard-
ening states during free-expansion process was explored. The experimental results show good agreement with
the FE analysis results.
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Fig.3 Reliability block diagram of key area
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Table 2 Calculated results of reliability
probability of devices

g3 A/107° R, (1))
X, 0.6617 0.9437
X, 7.2644 0.5292
X, 2.8538 0.7788
X, 5.7077 0.6065
X 0.4227 0.9636
Xe 0.0943 0.9918

®3 ZBHESEHPHENATEE
Table 3 Reliability of probability calculated in

security & protection system

T R (1) R(1y)
D' 0.716260 698
D? 0.911672797 0.917952193

D? 0.779702799

x4 BAELEHTEVEEIL
Table 4 Comparison of reliability before and after

device adjustment
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R' (1) 0.716260 698 0.820632001 15
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R (1) 0.779702799 0.907 896 377 16
R(1y) 0.934434569 0.978 155619 4.7
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Reliability modeling method for security & protection system of a key area

ZHA Guoqing', XU Yani>" , KANG Rui'
(1. School of Reliability and System Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)
Abstract: In order to evaluate the reliability of a security system in the key area, security system reliabil-
ity of a key area is defined in this paper firstly. Failure distributions of security devices are acquired after the
test and estimation of security devices’ failure information by exponential distribution. Besides, the functions
of subareas and devices are analyzed, and backup relations and reliability relations among areas, subareas and
devices are described. Then reliability block diagram model of security systems, subareas and devices is built
and the reliability of security systems in key area is calculated by series-parallel reliability block diagram meth-
od. Finally, a practical example is presented to indicate the computational simplicity and verify the efficiency
of the model to acquire security system reliability of a key area.
Keywords: security system; intruder alarm; reliability analysis; reliability block diagram; series

and parallel
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Fig. 1 Computational model and mesh of compressor

k1 BHFHRAHER
Table 1 Material property of rotor blades

28 MAEMIE/GPa MM B/ (kg m )
B 120 0.32 4370

2 MREEHEERE
Table 2 Natural frequency and vibration

mode of blade

B % #4743 R/ Ha PR %
1 1840
2 3011
3 4865
4 5341
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Fig.2 Fluid mesh independence analysis
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Fig.3 Time step independence analysis

B4 90% e o B 1A AH X B B 8053 A = ]
Fig.4 Relative Mach number distribution contour

at 90% spanwise location
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PS5 M 0 X bl s Jek Bk 3l 5 AR 20
Fig.5 Relative Mach number time domain fluctuation and

frequency spectrum analysis at monitoring point

K6 ASIRIAR RE I 20 09 A X 1k £ o3 A 2= 4]
Fig.6 Relative Mach number distribution contours at

different unsteady time points

SE WAL FRAE B, 7 40 5 X9 45 R R R
SE T 2 B I A D S B R AL A R AT
M%) 1 ZE I %0 4,2 50 F 0y T R S AEAE DT
SRES X, I FLHG A B X B0 S B S s i g
HeHE RGO, H M%) S, — FE 4 85 X
2 5 R I 2 T B I, A VR P9 R O b )
Lk PRy < Tl ) B4 0 B X AR TE B
i TE K — I (] BEPY 2 5 0 S A — R4 4
B T TSI, B AT AR — A B K A1
BN X B WA RS . (BN %) T JF A,
S T BEAT B 9% 9 43 85 DX T B A5 B R ke
T 6 33— I (1) B3 1A 8 946 PO G 3 23 85 X A0 e AR T
JE ) B P AR AR AT R < R A IR A B X . i
“FE LA Sy B X R I R SRR N
s U e o T SR o A B — i R — K
FEPEAR AR , % U 3 B S AR 7T R S e R R E
BNAFAE Fo Bk

Casel IR 2 T 4R 3 3 i 3 fb i 72 L &
i A6 — A JE ) (X REAB R 1875 Ha) P, A 2 U
543 B9 DX BB P 1 AR o M Y O A A
KF L EM L] 3 ~ W% 5,1 S0k g i 7R
“RA AR B X F A 2 S A RTZ, S A
R 1 110 A 2 R 38 K (LR 7 ), T3 A A g
TR {68 B T R o RS R S 4 Y i
TR B8/ OO TR 2 A K AR T AR RS % 00
5 (0940 B9 X % A R T, I U oA ok R LA
BV Al [ AL 3% 22 B X MR TE . X5 Lee 251 YT
A rf T R B B2 A B, 33X 2 4% B IX 7 K £ 1Y
T8 00T 7 AR I 1 R RIS, X R W O 0 AR
I e S TR o - e o NS =
BT 4 2 J5 22 W 1) i R R 0 TR, 9 % TR
T 1) R GRSl . MR 6 () BB 20 6 T, i
2 S 7 T R Bl A A B X S i

Bl 7 AR AR 20 0 <A AR L
Fig.7 Variation of flow angle at different

unsteady time points
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Fig.8 Pressure contour of pressure side of blade at

different unsteady time points
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Fig. 9 Blade surface pressure distribution at

90% spanwise location
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Fig. 10 Variation of aerodynamic force of

rotor blade with time
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Fig. 12 Blade vibration displacement contours
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Fig. 13 Frequency spectrum analysis of blade vibration



557 3]

5 A U , 5 IO IR A TR ML o3 1 A B M 3l g i g 4 1417

AR, BB — B IR 8. —J7 T, A
4 8 DX 4 R S G v AR A% 7 £ O I % A
DX 2 BRI Bl 8T, IR T I iR S L Bl
AT AR B PR S A AL . JF B R BRI IX
8 v e T2 A DRI, i AR T2 B R L B, T
RE A7 AE T 7 i IR BT 4 0 55 L R BT 2R A XURS: o 55
—Jr i, AR SR (1875 Hz) 538 2 Bis Y
I — By 8] A7 455 (1 840 Hz) AR 453, & T LU
2 8%, A X —RE A &AL IR
fEk .

TR H A Campbell 8] % 36 ik B 42 it
Fr BN, A B AR R Bl R BT R A0
3t I M T L B AR B S AR KU (H i T R
ST PR 22 RV R, UK 23 B AR
T T T A AR 2 A Bl R DR AR IR X
o ARSCH Casel RS B4 I L 4R 03 502 %
T A B AR E B R Sh O L R 7 45 A i R AR
SR A A SRR o T AR RE R O e A 7 A A
I 72 AR R 22 R R 22 A (6 AR AT, 3 e A
HAR B RS O, AR ME 8 1 318 70 b o e 15
o X BEWILE BT B Be AR ] Campbell 5]
FrICHR o B 2 A AT Y o AR T R IR E W/ T8
RS T A6 T BT U, 0 ) A (H X
XHIFFE S 2R i 2 51 e i 3t )R A B A
o MURIARE H /3 6 48 & T Be T RLE R 42 1 e
PO A2 25 Sy PR3 v O PR A RN IR R
M L3 2 2 A7 I e 81 90 25 T A 4 it B8 52
S, B KT E M A L IR | R R S AR S 1R Y K
Ho N —MERE  IMES IR R A2 kA, A
i) Jd 72 1) - 3 B DX e 1 I R IR Bl e -
B, i A i 2l i R0 T 8 O 3 Rl iR 2 Y iR
T 7[R 2 X6 R R 5 ik B SR L 7E TR
s i 5 | A

4 &

AR SR AR 39 R AT A R 25 B 3l 1 70 7 X
P8 1 7% o i B HC 0T B~ v o A SR M ) 52 ) R A
T A = AERE AT

1) eI R BUIRES , AW 7 R B T AR 8 Y
AR AR . 5% TR A — A iE 2 B vE 2 I
MBI o B 1A e X R 5 A 1) £ 1 A4 4
P, 2 X W G 7 W 55 2 D X R
2 TS 1) 4 5 0 4 LA DT 1 AR 4B 5
W2, 3 AT AR TR ) g3 A B4R 2K 3l

2) AEUT R EARES 5 1 52 B0 R 2 4k
gl , FLAR BT A5 J fi) £ 4% 1) 20 B DX A i % A

B, B R iR sh A8 e 1] 15 R 6
B AR T AR S R 9 A N . e T IR Sl R
5 I — B [ A AR T, 1 e R A R AR IR
BIRTRE . Sl 1 A% 1 0 0 B X7 A M 7 RN A% % 1
3 R PR T 0 B f (X B 1 I A R
PRI T BRI

3) M T A AR E RO T K B SE R )
Campbell FIXfELLPEAT 42 10 B9 B0 . ) AR 2 7
VLIRS A T BT A R h TR AR
PIE B AR E B 305 PR, DT B - R G AR A 4
WD SO () R, 24 T | s e (3 8 ) 1 HG A < 3l
15 5 B R A S TR ASUHLAFE 5 DA AR Al 0 8 U A
R SBRAREE 1 5C ZR I, X 0 T IR AR AR E W
BN K i iR Sl 1) AR A AR AR B T S (AT
Ji Bt — 2L B 58 AT, 0 7R BT B B ix 28 i
I TAET RAE A .

2% ik (References)

[ 0] EBE AR, . al e i b 5 LR P A 52 i i sl 56

WEFE[J] R EE I8 5 B 5T ,2005,18 (1) :31-34.
XIA L, CUI J, GU Y. An experimental investigation on the
effect of variable stator vane angle on compressor performance at
low speed[ J]. Gas Tirbine Experiment and Reasearch,2005,
18 (1) :31-34(in Chinese).

[ 2] VALKOV T V,TAN C S. Effect of upstream rotor vortical dis-
turbances on the time-averaged performance of axial compressor
stator. Part 2 : Rotor tip vortex/streamwise vortex-stator blade in-
teractions[ J ] . Journal of Turbomachinery,1999,121(3) :387-
397.

[ 3] GBADEBO S A,CUMPSTY N A,HYNES T P. Three-dimen-
sional separations in axial compressors[ J]. Journal of Turboma-
chinery,2005,127(2) :331-339.

[ 4] MAILACH R,LEHMANN I, VOGELER K. Periodical unsteady
flow within a rotor blade row of an axial compressor. Part 2
Wake-tip clearance vortex interaction[ J]. Journal of Turboma-
chinery,2008 ,130(4) :041005.

[ 5] HAH C,BERGNER J,SCHIFFER H P. Tip clearance vortex os-
cillation, vortex shedding and rotating instabilities in an axial
transonic compressor rotor[ C] // ASME Turbo Expo 2008. New
York : ASME,2008 :57-65.

[ 6 ] KIELB R E,BARTWE ] W,THOMAS J P,et al. Blade excita-
tion by aerodynamic instabilities—A compressor blade study
[C]// ASME Turbo Expo 2003. New York: ASME, 2003,
399-406.

[ 7] MAILACH R,VOGELER K. Unsteady aerodynamic blade exci-
tation at the stability limit and during rotating stall in an axial
compressor[ C] / ASME Turbo Expo 2006. New York ; ASME,
2006:1701-1711.

[ 8 ] HOLZINGER F, WARTZEK F,JUNGST M, et al. Self-excited
blade vibration experimentally investigated in transonic com-

pressors ; Rotating instabilities and flutter[ J]. Journal of Turbo-



1418

b B = R KR

2017 4¢

[9]

[10]

[11]

[12]

[13]

machinery,2015,138(4) :041006-1-041006-9.

SR U /AL B 3 B Jy i Rz A AL BE 5 R AT 5
[D].dtat: b mtfi a8 it K K4 ,2013.

ZHANG Z. Investigation on the mechanism and application of
aeroelastic dynamic respones in fan/compressor[ D . Beijing:
Beihang University, 2013 (in Chinese).

R b R AL S B R AR LR (D] JE et
B LR KA ,2012.

ZHANG M M. Investigation on the mechanism of aeroelasticity
instability in axial compressor[ D]. Beijing: Beihang Universi-
ty,2012(in Chinese).

YANG X D. Flow field and vibration behavior of the rotor due to
mistuning IGV in a transonic compressor[ C] // Proceeding of
ASME 2012 International Mechanical Engineering Congress &
Exposition. New York:ASME,2012.267-274.

ZHANG M M,HOU A P,LI'J X, et al. Analysis of blade vibra-
tion response induced by rotating stall in axial compressor[]J].
Journal of Aerospace Power,2012,27(10) :2269-2277.

kRS B 5 TR AL/ KR e I T3 s A 2l B I s i L
F2 [ D] Abat b R} 2 B TR R BEBE 5T, 2010.

DU J. Investigation on the unsteady mechanism of tip leakage

flow in transonic compressor/fan rotors[ D ]. Beijing; Institute of

[14]

[15]

[16]

Engineering Thermalphysics, Chinese Academy of Sciences,
2010 (in Chinese) .

BOHNE A, NIEHUIS R. Experimental off-design investigation
of unsteady secondary flow phenomena in a three stage axial
compressor at 68% nominal speed [ C] // ASME Turbo Expo
2004. New York : ASME ,2004 .857-866.

MAILACH R, LEHMANN I, VOGELER K. Rotating instabili-
ties in an axial compressor originating from the fluctuating blade
tip vortex|[ J ]. Journal of Turbomachinery,2000,123 (3) :453-
463.

LEE S,RUNEHAL A K,KIM H J,et al. Large eddy simulation
of unsteady flows in turbomachinery[ J]. Proceedings of the In-
stitution of Mechanical Engineers, Part A ; Journal of Power and

Energy,2006,218(7) ;463-475.

EEE -
RErig B LA R A BRI RIS R

E L BB

S

B AR S, BB

PURBIBET L 28 SRR B i AL B AR E W R 3 & T3
Pk

Separation flow and blade dynamic response characteristic of
compressor at high attack angle

NI Qifeng' , HOU Anping"'> ", LIU Ruoyang', ZHOU Baihao’, ZHANG Mingming®

(1. National Key Laboratory of Science and Technology on Aero-engine Aero-thermodynamics, School of Energy and
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Abstract; In order to study the shedding and propagation of compressor rotors at high angle of attack, as

well as the dynamic response under this transient process, a model with a stage of transonic compressor was

simulated with unsteady numerical method and double direction iteration fluid-structure coupled numerical

method. The results show that under near-stall condition, the separation regions at suction side move and shed

periodically along axial and circumferential directions. The axial separation may influence the flow field and

vibration performance of downstream blade rows, while the circumferential separation can impact the adjacent

rotor blade, with an excitation brought on rotor row itself and an influence on the pressure distribution of rotor

blades. Furthermore, the circumferential separation may cause violent dynamic response which could threaten

the structural strength of rotor blades. Unsteady/FSI simulation technology has the ability to forecast frequen-

cies, amplitudes and locations of the excitation sources in flow field. This kind of work should be emphasized

during design procedure to assess the resonance and dynamic response of compressor blades.

Keywords: separation shedding and propagation; unsteady/FSI; numerical simulation; blade vibration;

dynamic response
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TE M 2k 1% AT B AR ISR T SR B S BT, R UHE R KR H R e EAL
(SVM) EME K HIERKELH FNER, T4, 84 7 X n BN 2 EE ENETR
A kEEE R ARANAREERUIFNENERET R EERAZ B K S H,
KEMER ANl ARG EE NG FERERELERENA, T ETARELIAME
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BB RIS W, A5 R FRT6 S  16) B HL T A2
o Bl 5 B 12 DT A 3 O A R A S B e R 0
WFFE G /0, BRI AR SO R T AR

TESIA T 280 0 b B i S B
W) Sz 4% 1] B A 1 S B, R B S B R AT
SR TR ARAGTT LA 20 1o S 335 1 S L 00 P i
2R B TE B GEIE R R RN N T A S vk B
NS RO 3 N P A 2 2 Tt T 2 I ¥
X IR EE R S B E T2
ol [ FE RIS 780 9 228 T4, 40 Endoh 450 H
FHRAT 7 7] B3 (TSP) B BF ¢, Sasaki 251 i i fo
PRl 25 I 4% 3 G T M 28 ) 46 A e /M
B 30T 14 482 0 [ A B8 725 1 i oA 5 R 9 R
AN R SRS S R T — IR A
AL 9 338 T IR 45 Bt it ( Quality of Serv-
ice, QoS) [ i1 & % In] A1, s s " A S A2 A
5 S 28 B v T S ) e LB O A I T e e S
B[], TS T R R ROR . R R SCEE RS
T A P i PR Al AT I 2 0 Ak S T
EHE L SR AL

1 XHFEEN

1.1 ZHFEENRE

SO 1) AL 43 28 D 3R B 7 i B 7E X
BRL7-14 1 #EAT T A0 B BUE , A SCR PRBEE | 6
B8 A ) R AL 23 2 [ e L figp phe SE AN A 1 R

X FAR LN 23 2 )8, i o % pR RS AR A
[F1) e S5 1) gy 2 2 ) HEAT 2R VAL s X T 2 0 2R AR
B Foor S 2 A — o S, SR 5 il 0 2 o R T R
FEMEAG — o R A5 R BEAT Rl 15 B 2 00 2R A5 R X
FENEA AT o3 [, 51 A it A2 5 R AE 51 A 1
SR FLE AR D JEARL A T o [

P ST 1] d AL o3 2 I AR A ok R B

Fig. 1 Problem and solution of SVM classification
1.2 #% | #

B R ETE 1964 4RI 85| ABLAS 7~ S,
HEF) 1992 4 Vapnik 2 H) 3% £ A B 20 #% 2otk
SO ) AL T A Lok SR AL A S LSS
OISR MR o A% pR AT 51 OA B S T A R
HE” W/ TSR (0 RE A Ak v 4 (R) R

HPH A% R B T2 R N B R BRI B A
B R B, A2 VR AR pR B 22 I A bR B A 1) R A R
BRI 2542 bR, AR SCIE Iy BT A2 1) B A pR 8K
1.3 ZSHERKKMKE

W ZH T HERA 3 F: — X £ (one
against all ) ,— %] — (one against one) ,DAGSSVM
( Directed Acyclic Graph SVM) , A8 SC % fH — X% —
VIR

— R —J7 B 1 43 2 AR R AR O @ ZE0) v ik
2 A0 0E ] SRR 1) B HLEEAT ZAE A 2K, %7
BT a(a - 1)72 Dor2EAE . HRIRR
FHC PSR A5 52 B 22 W9 2800 BV Sl 15 TR 1 A AR
M2, ZETTREH 2K E S HE T A6
JFA BT O 52 T AR 2 B 43 B4

2 REMRHEZE
2.1 EAUELEREE

B A0 A B v B BRI B 5 YA AE SCHR [ 15-
18 b AT T HAR M4 , A0k, S e i
e R AN & 2 B .

AR SCR ] B 8 2R 8 S T e R B 1, L AR
P T e AT R RER) 46 AL, T A PR S P iR
BeAFC IR Z T 26 A, o A e Ak 2 sl ], A7
o AR S R SR, SR A MR R AZ T AL
2 b A PRI B A 2R 1 AT 3R

E3 R SRS W o R |

Fig.2  Flowchart of immune optimization algorithm
2.2 FMEMBIL

Folt 00 s A 455 B % 2 B 5 125, R LA BT
K GER 5 T5 %k 7 ) R R o AR SO Y
SRS B 1 AL S RO T RE MR PR, 02K
PSR eR AR D U, 20 SR MER RAE SR A o

B b R 1 /0N 23 0 B0 3 AR RS i, R
BE /N, D078 55 68 A, Mk LLAS B 4 JR) o 0 A 5 i
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FE S ORI 25 18 5, R IR s B R R R
/N G YRR N RSB AL ¢ A G, & 50 AT
SRR (|l Y /N W
n:(f%;) (1)
Krp S YRR N AT S B 85 g D RAEST
A 2 B A ABLBE (%) B 4, 3 2o 24 5 2% A1 0 /N F 9% 1
BT 2 v Rh O 2 AR
2.3 EMAHERFE

BRI R N E R N D &R N LK)
(ST 2 = Ry s (1

1) BT 2 18] 555 F0 ] SRR ] & HLTE
K-CV (K-hold Cross Validation) J5 ¥ F 4 25 o %
(- SRR .

2) Pihk v, SHik v, Z I EM IR

1

h(v,,v;) = T+ v —v) o (2)
Ao (v, — v, || 275 WG B 85, WU B B9 /N, 52 A
R, B AEL0, 1] Z 18],

3 RENHE IR NS5

3.1 ¥ &b I

1) FEREAR 25 i) o A AZ 07 i 0 100 H 4138
1 BRSO B KA A5 R S HIL Y R B AT
SR, TR 6 IE S B L A ME R R . i
OZAR P KL 0 57 5 ™ B 1 S ERLIX 3 SR
P A X 55 SR A S AR AR 1) s ) o UL & Bl AL
9 TE DR S A RO 57 P A 1A e R O LA A
JE B O 4 RS EDIR S 2 18]

2) H—AAb B, BRI S Br X 5 2 R
LI LA PR L KA A G R B RO L, B
KA S AR i R AR o I X Bk o b
SR A 1 S R R AT U — AR AR B R SR TR
ik AT IH—1k
A s R — A b B B s v, R — R b 3
R 5 %00 2 23 900 R AE 1) i x [i= 1,
2, nt I SR ORAE A R /IMEL

3) K-CV ik HARRUE > JE 5% 1k RE Y — Fp
Gt oM s i, FLEE A RBAR O A A IR Bt 4R
K Ay Horp— AR S A 4R A 23 1 S
ZhAE S TN ZRER X 73 e d dE A7 U 5, AT 96
S E MU 2545 B A RTAY, DLAS 3] 19 3 28 oE 1
YRR 73 JE A7 PR REHE 1

4) PERIR bR MR SR LR 2 B A

RCPE A8 R 32 20212 W7 1 A 32, [0S W 1E i AR A
A S e

5) BEBUREAS o B8 HOIE HOR S R 5% 07 I
e o 97 RIS g T 4 FIIRAS T
A5 0 ) 2R L 8 55 SR e B Sl AR R
7% S50 AR REAR M FEAR IR 1 PR il
K-CV J5 k35950 0 5 41, 70 5l A ip— ZL AR B ik
FEAS AR IR AR

®1 HEEHE
Table 1 Sample data

R WS RREE M CEEHEN
1 0.0298 0.0975 0.0741
2 0.0021 0.1429 0.0941

A
(D)

49 0.0025 0.0539 0.0157
50 0.0311 0.1375 0.1223
1 0.5015 0.4725 0.0495
2 0.4627 0.5026 0.0581

AR 57

L)
49 0.6005 0.5780 0.1854
50 0.4219 0.4275 0.1721
1 0.0067 0.7018 0.1182
2 0.0132 0.6125 0.0094

WA

#7 (1)
49 0.0147 0.6251 0.2142
50 0.0024 0.5276 0.0241
1 0.0072 0.0089 0.8053
2 0.0261 0.1055 0.7218

i e 4 5k

B (V)
49 0.0179 0.1403 0.6732
50 0.0188 0.0852 0.7829

3.2 EMAUEENZAIRIE

Xof F S FE 1) B HLA L2 M e R I AR K =
BOAIETTIN F 280 C Fy il A8 5 & v T A% pR 4K
SR oo TSR ) R HLRAR BT S W RCR
X 3 NS HHITHAAG, S v=(C.E,0).

PECHH LB H g = 0. 9, 40 4 B #F K/ 72
[0.9/(1 -=0.9)1° =729 [, RWiHL n =700,
RS H UL E 30k Ce [1,50] ,£€ [0,
20],0€[0,10], 1212 K/ M =50, fir KiEA K
¥ T =100,

R I b A B A SR AL S R 1 LS
B, A5 3 112 W o R B AR BOE L O R
Bl 3R et 2 80m) & 3% AR UCBORITS Wy HE ol 3
SeitinsR 2 s,
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Fig.3 Variation of accuracy with iteration times

x2 IHAENEASHEE ERRBREBE
Table 2 Optimal parameter vector, iteration times and

accuracy of SVM

s SRy = (C.&,0)  BARWE HEHR/ %
1/1 (3.58,0.41,1.88) 30 98.3
1/ (14.63,5.01,9.25) 27 99.5
1/V (7.47,11.12,1.84) 35 97.9
n/1 (35.48,18.12,4.96) 68 94.4
n/v (42.03,7.15,2.48) 54 93.9
m/N (27.50,15.42 ,4.83) 73 95.2

3.3 ZHFEENSE

PRI T i 25 K Bh MUK 3% 43 A1 4 AR & 4%
20 ZH A AE A B R REAS , 43 i A R 28 0 Ak i 52
FEi AL R ML EE B B3R 3 A~ 250 A bR I 2k
JI A S ) i AILIS W AR IR A A5 3012 W 2
mE 4 s, mTLLE H RE R SVM A7 5 4
WA R & BRI S 2 g )R R
2 AR

RN A i FHOC AR 1 SVM 347 il e
LW, HG it Rk 3 iR, NGt &R &
AR SCHR Hh A B A A5 R Bl ML B Y 12
W B 5 A 98 % 2o Ay, Wik T ARVA A A o

8 b TS DA A vh N Ry i A o T 285 4
A BEHLEE T, 3.2 7 i Il 2 B R R R I S
B AT B2 W R 45 e 5 BT

Kl 4 124

Fig.4 Diagnosis results

3 MAHEERERE
Table 3 Number and diagnostic accuracy of

testing sample

BEA 100 200 300 400 500 600

HETHF/ % 98 98.5 98.3 98.25 97.8 98.1

S A MR R AR IS T M B R
Fig.5 Accuracy of samples corrupted by noise
NS BTN 45 5 R R 12 W 2 2R AT A M
5 5 A B 2% B 2 W HERR R AT K T 95% , B 7 5
JER B 4% B, iR 2 K F 10% , Jo 344 3E 2 Wi 1E
o AT UL S ) s AL EL A AR A B R

4 KHEiEBaH

553 T R B 2 R T s W R R R
KN R T 20 S e LR AR SRk DL R
U — Ak 5 1 1 2 B 2 7 LA PR 3R AH R 551 T 4
IR b A S Ak i B O T i AT B AR
SCHT R o 36 BUZ BRI 25 K sh bl 4 FhoIR 25 8odi 45
250 23 1000 ZH E 48 15 J AR A g | 90 UE 45 Fh 5 1
M RE -

4.1 ZEHF W5

1.2 g K 4 Fhoss B ok B 43 0 R
4 % R — T B 1 o 50 IE X T K sh LS 5t i
W2 W I3l o A% PRI, B T 25 SR & 4 iR, 7T DA
B R R B R I S T A A R R

4 TRABEBEHRE

Table 4 Accuracy of different kernel functions

% R %L NE HERIR/ %
R AR K(x,x;) =x"x, 94.8
EATEW AR K(x,x;) =(x-x,+1)¢ 95.5
TR R % R K(x,x;) =tanh(Bx; +b) 95.2

B AR ) AL R K(x,x) =exp( = |lx-x,IF/26°)  98.3
T ad B I b AR 3R R B B

4.2 ZHERRAEZMSH
ANTR) 22 5 A P T 1 43 X6 43 S M e 1 AR
SO £ AR T R A SRS I —XF
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ZITERIE R Z I, & B0k JE i o)
NEANRINEI, — W — Tk WA iR 22 T
SR, IF B ZA5E k (k- 1) A bl TR
FAXS PE R, DAGSSVM J5 12 fhi T — W b B T 47 %
W, AR AR 2 XA RN S 2 e . Soh
O3 SR B 7k AT I, 45 B i A R AN SR S
NN S i 4 R LS R R N TR =R NN
PARLMERA RO RS e A e 4% T — X — ik
RS ARASHERRAEEBE
Table 5 Accuracy of different multi-classification

decision methods

XK T MR BRI AR/ %
R EZ 4 11.07 97.6
— X — 6 12.45 98.3
DAGSSVM 3 10.36 93.5

4.3 VIR B KNI

006y Fof AR /N 2 B2 T B 2 SR 1 RS SAE [R] R
i 25, T 1 AN R0 i ol R /1N, 3 BRGS0 4
WA NIE 6 Jr7s o AT LA H Bl W0 56 Bl RE 20
TR 2 I ] AR K H 2 W O A R 4R, AR SO
3 2 1) A8 ORI R DL E DL 1 1 45 31 1600 i ol
DR/INHEBR T S IS ) R R

L6 0 i R A 50K A 2 S 22 B [
LR ESIEE AL
Fig.6 Impact of initial population number on

detector maturation time and accuracy

4.4 FMAHELAXIZ Mo H
2B AT A RICECHE 85 2 i i R
B V) SRR B AR T AR S i Bk R AR BR TG R
B ELA T — AR R, SRR AR
FE N 25 R0 337 R A 2R 2 3k 6 T .
N R RT DU H AR S 5 2 LA de i HERR R
F6 EMAVEFEMNSHABELHZM

Table 6 Impact of affinity calculation method on accuracy

THATT HRARK HE %/ %
Dy=[(x =)+ (r —3)" +
HRICH ] (z lz )zz)l/z l ’ 95.7
1%
Dy=lay —x [+ [y =0 |+
i
5 e R o s, | 0.4
YIHE R Dy = max( ‘xl — X ‘v ‘7’1 — Y2 ‘, %0.2
B ‘Zl_zz‘) .
A5 D,=1/(1+D,) 08.3

4.5 MRUBEZZWSH

FIRIRS S ) B AL S S Bt AT LA i 7
5 B S U R DR RS R B Lk S
R B S ek AE R AL SR0E Z A A T AR
HRE R TERE , LG A5 R Sk 7 P, w] LA
IR TR 1 R A i R ) B R HOR
P2 VL AR D DRI SO e A R R 2R AT
itk .

RT AREEMAERE

Table 7 Optimization performance of different algorithms

R R=RTS AL ] /s HER R/ %
A B 17.98 98.2
BT REE 11.58 96.4
28 LB IE 9.83 92.9
LRI =RES 12.45 98.3

4.6 P—HTERWESH

SCHPON S Sl HILIEE A Bk 1 Bl R AT TR —feab
H R AN () UA — Al 7 3k 2 36 25 SR SRS TR 52 )
VEE LB T AV — AL FLFR AN [5) J5 — A0 77 3 %) 1
PP > JE R R, LG A R Ik 8 IR,
A LAA H AR SO A A — A T R B A

x8 ARA—UFEINSHAERENZIN

Table 8 Impact of different normalization

methods on accuracy

13— 4 X [ H—fkJr = /%
(-0, +w) AH—1k 80.9
1] (% = %ean )/ (X e = Xpin ) 97.4
o (% =% ean ) /Xy 94.1
o /e 82.2
’ (% =200 ) 7 (%0 = % i) 98.3
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1) AR SCHR 9 A 98 B30 1 00 1 1) S 1)
BLo> 50 12 R AT R4 A 208 33 43 Br 45 ) 09 55 kL A5
KL S S e S AL B RS T

2) MRERE AT X LGN T2
B st A B R RS O B LA 3R T 5
R 16 g BIL IS 458 0 5232 IR 14 50 3 R A 1V

3) 2y Es s ML 58 B L e A B
JHF B A B2 W 1) e (A PR R 22 0 R RS
tE N GRS | DA R a /N WS S LR
DAL A R — A T5 1 o

4) BB RE A SR 1 LTS I T T
RS LSBT 2 W (AR A
SCHE PR B fe AR 3 i R 1 T H A 2 B2 W,
MR FLAA S RO a5 2E 47 o A 552 96 DA 2 BUd 10 1 i
B
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Immune SVM used in wear fault diagnosis of aircraft engine
ZHANG Jian, LI Yanjun™, CAO Yuyuan, ZHANG Lina

(College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)

Abstract; Aircraft engine is wearing during its service life and will finally break down. The wear fault
can be diagnosed by analyzing the ferrography data of oil monitoring. The use of immune algorithm optimized
support vector machine (SVM) in aircraft engine wear fault diagnosis was researched in this paper. First, the
process and algorithm of SVM and immune algorithm were summarized. Then, the optimization of SVM’ s pen-
alty factor, slack variable and kernel function parameters by immune algorithm was researched. The verifica-
tion results of an engine’ s oil ferrography analysis data and adding noise data show that the method can effec-
tively diagnose the aircraft engine wear fault and has good robustness. Finally, the impact of kernel function,
multi-classification decision method, initial population size, affinity calculation formula, optimization algorithm
and normalization method on diagnosis accuracy was analyzed, and the best algorithm was achieved.
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A collaborative localization algorithm based on non-line-of-sight
error compensation

ZHANG Ran, SONG Lailiang" , RAN Longjun

(School of Instrumentation Science and Opto-electronics Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: The non-line-of-sicht (NLOS) error has great influence on the positioning accuracy of the ul-

tra-wideband (UWB) indoor positioning technology. Aimed at this problem, this paper estimates the mean

and variance of NLOS according to the joint statistical properties of the additional time delay in NLOS and the

root mean square delay spread decided by the channel, modifies the measurements of the localization algorithm

and the covariance of the systematic measurement error, and uses a collaborative localization algorithm, which

combines the particle swarm optimization algorithm with time-varying weight and Chan algorithm and has a

favorable ability of global search and local search for optimal solutions. The simulation result shows that the

collaborative algorithm improves the positioning accuracy by about 30% , compared to a single algorithm. It,

to a certain extent, inhibits the effect of NLOS error, and meets the requirements of indoor location.

Keywords: ulira-wideband indoor positioning; non-line-of-sight error; Chan algorithm; particle swarm

algorithm ; collaborative localization algorithm
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FEAR TN, S BASCOR TR AR i £ i R
3 o By A A R A AR AE B BT, BE Y T A
IS (14 it 7ok M B 5 Gobi Saravanan 2871 S F &t 40
WA TR ST B AR H % T Cu-Ni B AW, BF9E 7 &
A RS A U5 ) R TR ol i 5 St TR
PR LT AR I 1) A v 4 A R O
GERN X PP AT 56 45 T 1, WIE ST 1l 5 110 2H 2L 45
A VT ok A 5 X R SR 45 SR FH Ik o fi 22 9
THEHOR A 1 v 43 0 ST T I A
A7 i 0T 1 9 1 20 45 A it ok 1 BB RN 4 Gk
REAY S20 o (H 2, K 500 W 58 A Sy vl A S 1) —
T 53, 2% IS TR D PR3 v i i i v 68, DA AE
Tl 5 W) S 0T 465 T 435 ) 9 57 S0 DN AP R 5 T A T
G, BT WARGE .

R T S R A SR A I T ok vk BB DA R AE
257 6 ol A 55 B ) S 2R 8 e 4 2R i AT RE A, AR
SCXF HEBIFSE T AS ) 9 H 3 bk i 6 A 7 i e A -
T 22 I S 0 B A e I T ok 1 BB L 45 5 Tt ok
PERE AR TURR T 2 280, i 4% 1 i ik Pk RE O R
f10 RS A% SRS, T R 0 VR A SRR AR 1 38 55 S o
TG, I 0T ek i 8 S ) A SR AR EAT TR O
A8 LS

1 56 3o R A I 2 i o 1 B R I %

1.1 SRERRE & &

P R ) o) 8 A R I B R A
1o T BN 25 G 0 3 I ) T okt 4 R, R AR B L
T R P BB A KRS 12Cr1TNI7 54N, il 1R R
ok 100 mm x 40 mm x 1. 2 mm, 4% & /@ F2 N
50 mm x 40 mm , 5 5 A7 & A7 T3 AR 5 fe) R
o URRAE I 26 38 99.99% 1) Cu I, #1LA4
HAZH 60 mm, JEERES 3mm, HE AT, o Xf AR A
PHIEAT T 0O Ak PR P 2R 1 K L 0 S Ak
VT A B OB P Uk, 2 R 3R T TS S O
B R0 ESE IR T A PR A R
ZEESEMES <1077 ~6 x10 7 Pa Z [i], fiE A
G A R R RS TE 2 Pa 2247, I3 i iR
1B 200 Vi Jik o 6740 s o 1 4 i B AR S R
FR 25 5 g B2 A8 O AR 8 1k 6 i % 3K 1R R A
AR EE R 10 min, {ER 2.2 ~
2.4 Pa,

i T WA PR L2 S5 A T Y
it ol M E R X0 0 S 34, 23 Jill 0 AR A
S5 1 2 RE AR B i R AR 3 100V, IHL U 0 5 Sl
40 .50 .60 .70 F1 80 A, il #& 5 fF i FE 55 2 4H ;9K
HL U P 47 60 A, JEAA B f F 43 51 & 20,60, 100

140 A1 180 Vil #5 5 1FiRFE 5 55 3 41 e 3 43 51
i 52 A 60,70 F1 80 A, i & I {& 1 f 43 51
50,100,150 200 1250 V, il % 15 {Fik ke, Hik
IR T ZESHNE 1 iR,

®1 WEHBERARILSH

Table 1 Copper film deposition process parameters
S8 Bl
HEAR G f ./ V LSS Yt
LT/ Pa 2.2~2.4
PUARI [A]/min 12 ~15
IHL /A (SRS T8

1.2 $R i RE s ok 1% B 3 L

R T 25 BN TR IR Y A L AR B Bl s K P o
I PR 5 ok P 19 5 WD, i P A AR VTR L S
B, il A BT R G el P ) TR b L 3 o
£ ] S R o 2EL T JR 2R 55 TR b i o R 55 M o
P SRR AN R 2 i, & 480 I 55 0 TR
P

T B0 Ao AR v R R B 12 b Skl ] RS ) S ok de
W4 T AR kS UL Sl AT V2, L R S
KA WA E AR GB/T 6461—2002 ( 4 J&
R & m M AL CHLE )R 22 0 il 5 )5 A9t
FEAPE APPSR 7 BT AR EAT o T b
HEIN R 3 FI5E 4 s, A NIEmAR, % .

Ko 1 25 W RSO 147 46 55 0 ol 6, %
SO AL YT IR ok A BB PR o T 4 SR
JEEAY o SR I 1 R, 25y B N E = A
MU S 9L I 40,50 .60 (70 HI80 A i i 4 (14 4

x2 HEEMRBEH

Table 2 Salt-spray corrosion test condition

ZH K
HhEVRBEE/( mL-h™' - 80cem ™) 1~2
NaCl WM E/ (g - L°Y) 50 £5
W5 55 S5 )1/ Pa 100 ~ 140
R X R/ % =90
iR E/C 40 £2
pH 4+0.2

®3 BHRERSTESHHXR
Table 3 Relationship between corrosion

rate and grade estimation''’

i ot 55 JE AT SR i3 o 2545 J& RIS
T il 10 2.5<A<5.0 4
0<A<0.1 9 5.0 <A<10 3
0.1<4<0.25 8 10 <A<25 2
0.25 <A<0.5 7 25 <A<50 1
0.5<A<1.0 6 50 <A 0
1.0 <A<2.5 5
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TR T S5l PRI R A A R A A SR 1435

WA I R S PR, il g 45 R
AL A AR B G TR 100V PRAEAS AR I 9ICER U Ky
70 71180 A I i £ F) 5 97 RS ok 2 B AR K o
K 241N REFEAT 30 55 8 1l il , 25 B8 R A 1
R4 HNMITREHMT TR E R
Table 4 Relationship between appearance rating and

appearance change'"!

S

o 1R 2R AT A1 WL A2 1K

A LA

B R E v B R R £

(S ke L

D R I O B B R G S el

FEEE ROt BRI S T A T AT A R0 e B
Py

A G Py s i, HUH 2 — G op BEA TR AR R R
G BRI b A A R B IR o 7 2 Ll A TR A e
AT LA AT A EE B0 IR a7 s, A A

i s T b 5 S ol P B ) 5200 o X6 45 RS v R Y
JE SN 2 o, 25 00 B N ZE = AR
FEAR 7 I e 20,60 100,140 F1 180 V' i i £ 14 4
R . IR A RN ER 6 Frs, Ay il e 4
AL ARSI SRR D 60 A IR, FEAAR B ff [ Dy 140V
P 1] 6 1 Y Tk 1 O A
x5 F1AFRFERAGHREEMABER
Table 5 Results of the first group copper film

after salt-spray corrosion test

SHAE Vi it 2 % R b E S/ O U BE % )
O, A7 B B B
SRR V) JEM12h JEm 24 b JEh36h  JEh 48 h
40/100 10/C 5/E 2/F
50/100 10/C 5/E 2/F
60/100 10/C 5/E 2/F
70/100 10/A 4/D 3/E 2/F
80/100 10/B 5/D 3/E 2/F

P15 1 R £ 55 T e TR AR
Fig.1 The first group copper film morphology

after salt-spray corrosion test

P2 5 2 H R 2 55 T i TR AR
Fig.2 The second group copper film morphology

after salt-spray corrosion test
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IR 2 2H 3R 55 0 i a6 R B < AR bk e 971 Mg
JEAE 140V A2 47 IRHL 3 60 A DL b B, TR A 4
5 HA B R M PR RE o O T Bk — 20 25 S Al
Ry e BE R 2R 3 2 AV R AR AT $h 55 i
Xk FEATE 5 i ol P e £ ) T AR T 2 S 0
o 3 AN IAL AL K- T 8] 2 A 67 i 1 9L
LR 8 90 5 i ok P BB R AT B R 22 S U S AR
VB B JE OB SR An P 3 i, &0y b N = A
FLAR bk 6 4R 1R 50,100,150 ,200 FiT 250 V., 3tk
H 7 % DI HL A A A3 0 ST ke A e A ) DL RR T
LBHAGWRT P,

®6 F2AFERKGHTEMABER
Table 6 Results of the second group copper film

after salt-spray corrosion test

SR G T 90 B P 2/ 9 L )

R AY o ggmh BEbh BEbh BEbh BERE JEik
HAEffE,V) 12h 24h 36h 48h 60h 72h 84h

60/20 5/b  5/E  2/G

60/60 10/C 5/E  2/G

60/100 10/C 5/E  2/F

60/140 10/B 6/D 5/b 5/b 3/E  3/E 2/F
60/180 10/B  6/D 3/F 2/F

B3 AR RIUAR L 202 B 20 5 A i 6 25 88 ol i 6 T 3
Fig.3 Copper film morphology after salt-spray
corrosion test with different deposition

process parameter combination

x7 AHEEWAYESENTRIZSHEAS
Table 7 Deposition process parameter combination for
optimal corrosion resistance of copper film
SHAG T 1o 62 . B ek B/ SN L)

R A poepn rph BEeh M M WM
HAKfMRE,V) 12h 24h 36h  48h  60h 84h  204h

60/250 10/A 10/A 10/B 10/C 10/D 9/E 9/E
70/150 10/B 5/b 4/D  3/E  2/E

70/200 6/D  6/D 4/D 3/E 2/E

80/100 10/B  5/D  3/E  2/F

G AT I B0 22 AT R < 7R I K R AR B
A PR 7 G TR v BT ol e R R 5 B A O R
P TE i AL T 25 2 M0 4 v 0 10 0 R
6 S BICAL O 80 A I, ol 4 110 3 I 1 o 9 i A 2% 5
60 A/250 V SR A il 5 0 TR p itk R 1
1.3 AHEERENHE

WAL R A L 3 R Th e HE AR, 45 K
W 4 R, A G R B 2 S i L R R
AR 5 45 2 R Y N WOK B 9%, i o B R T
F AR Sz e B — A B R R R
BB ZS % I 2A12-T4 §5 4 & Wbt o FLAK
P R SH I S Bs .

24 S5 I 185 )2 SR FH B 26 T A0 6 1 45 g
FRU AL AL R AL O, 55 LA 5 46 2 kT )
il USRS R R . 6 2A12-T4 FR A
G P AL AR 56 1 P 1 - R A 4R A T
AR ELRE 24 15 wm [ AL O, 42 g, HAik T2
BN 8 T o T HL AL IR 09 1 4 R K o
JEZE THEAR™  RHIB T LS 8AS
60 A/250 V., 1F 45 % I B8 )2 b U0 BT il v A
BL I [0 BRI 0 JE A5 A B 31 2 T R i 24

P4 A A s B

Fig.4 Schematic of copper film sensor

Ks uliRAF

Fig.5 Specimen dimension
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10 mm , FA [a] 0 R AR i 38 5 4% Jee 2 1) 3 58
T mm, HF AL G w45 R B T B SE I A 2k
TE R WEI . BEE LR R AR 705 B
YC-O1 S i 4 [ A7 o B R AE (10 77 ~
1070+ em) BB 3R & (> 25 kg/em”) Al AT
TARRBEJE ) (- 40 ~200 C) p L s, HA% L
IR B YCO1 5 iy PERE RS E , K 25 98 i iy, &5
I ™ BT AL RE , Rz T R R A AR
[ia) Fr) S HEL P BE R &4, 0 i oy i A S Al 5 | AR 4
AUBRAH BB #E . AR SCR M YCO1 5 B 51 46
5 AR I A o b AR T2 1 i
RS I 6 TR .
*8 WMEB-HMEBARELIZSH
Table 8 Sulfuric acid/boric acid anodic oxidation

process parameters

W/ (g L71) W/ HWRIE, mE)/
H,S0, H,B, JNER: °C A min

=z

B{d 40~60 10~15 <5.5 20~30 15~20 30~40

6 il g5 1 [l o PR LR AR A SRR A 51 Y 1 A F
Fig.6  Deposited specimen of concentric

ring copper film sensor array

2 HEBMIARE

TE AL B R I, $h /R 5 R R
PR v e 2 B ok D R AR AR 4 R
7 A I Y i D 0 i R T R A v O
FLIR 5 A SR 1A B HLA AR 5tk A9 42 fk A1 T
AR AR L S T B R A R
A8 R AR b B 358 H A T o P 9 R SR M 0 4 2R
AT EENE R T ER 25 S ol X 0 e A 41 DR ARUER B 0 1
S BB R A3 2 IR AR R R 2 T
Ao BRI AR P, A AR 20 h SR T A I
TS A2 e 2 G T, ) WA A SR I T AR B
I L5 7 JE A% AR R B o R 25 a6
#37 1000 h, 5§ i i 56 45 A, 1R (9 1 ik 2 35
K7 R o

H 7 R DL a0 S A i T KA 0 T A S
| A FR TR B B ik ) R AR R
AL(OH) (8 AL O, - 3H,0) , [d].C> PR 4 38 [ A%
e 2 THT R AT (0 B Tl e ) (ER AR AR
I B K A W55 P WS i R 705 REIR AR 1)
PG, 3 IR o, AR T R B R 2%, B AR

K7 3825 3 sl s a1 JE A

Fig.7 Specimen morphology after salt-spray corrosion test
R S BRI J2= S I SR, S B A SRR A S WL
KA RLGF o 2R T P 2 G ) 37 A% JR 88 £ % 114 3
W , I DB 122 TR 2 B 189 T 36, 290 A0 TIE S A
SRR DI RESE I, (E R i A% A A LA —
BEOR o BELABLIG O A Dt PR 2 202 5 R ol I 1 B
JE b ) o A AR A3 B R, 0 4 H BEL Y AR 43 1 R
TS5 WK A S 45 43 W 0 2 SRR, TR A S0
P 2 5| kS A% T Fi BEL A 84 R, M Sl 2 Bl
Z R AR HL AL B4 7 A1 B0 AT L S B 45
Do B2 A W 00 o a6 5 2R SR B, 0 S A% J 488 A
055 I PR E T HAT B Tl R L BE R 2 —
SE T TR 5 5

3 ETREEERFRES RN

3.1 EHFHREMNLE
(7] /o B DR A1 0 JBE 2 25 9 91 ) 284 0 s )
SEEET AT AT I, W X L B
SR ) DR A 90 5 %2 TR 1A FRL 37 9 20 A, 5
A SRS 0 i PR 7 2 ) 8 Ak . 2 YT R 2 (]
U A IR 98 I SR I, L A7 W 00 3 T Y v A6
HBLGAE o R, 7 B A [R] IR B0 3 1 2 85
BT JEE A ) ] B F) 1 O T 3 e M 0 A
e It P i F) PR D 728 1 R K T SR B0 B T TR R
JEE 2 B <5 Je 4 A 0 SN AR 2 E BRI
9% 57 S 200 IR 56 AE MTS810 # J FF A] iR 9%
gL BT R B i 8 o 7E BB
JE b a6 I R B A T O A DR 0 A SR A Y K

P8 9% 07 R e KT B

Fig. 8 Fatigue crack monitoring test site
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A 9 S o 26 R A A 1, 0 2O f Oy 20 Hz, i
JIt R 2 0.05 W& (H# o o, K 150 MPa,

R, RS % H E R A 28
& B A S I R G R AR R AR LA E S .
For i R e B R s A CHO  CH1 W il 5@
i, CHO 5 N A 14 48 3% 4, CHL 5 4F 35 A% B 47
A% RFEMAA I E O 200 Hz Bt LR 5 V5 ik
FH 1950 Q0 Fo BH 55 40 b JI5E 1% SRk g R K . T 46 o 4%
J& , Ja RS0 I 3R R A [R] 0 B IR ) 9 R A% J%
fr s E AL 2205 S, ke FLIR R 9% 57 At AT
SESF W 3 e A AT A e A A i 2 RS
e FN W B AR, BT Sy o ) B SR 4
AR HEA NI X, By RIS S0 ARSI X, 21
o i B S 2088 H W X
3.2 ﬁtzﬁi_n%-'ﬁﬁﬂﬁ

2 PR A W 5 SR A A AR R, L 1A
T BIEATTEAR T o 1 R A% 57 S B S s A 2
W RGFmanE 9 o, B rp i @ F 5 ih 2 5

S%E R CHO F1 CHI 38 38 89 Wi {5 5.

P19 (a) Sy Mo 00 4 365 40 309 %) A 000 % 24 o o
1], BEAT 2 4% 4k o 37, #07 AT S 0R 5 00 1R R
A gk, B AE Y B 50 4 i L 30 07 8 A B
24 B A AH L 2 i Zan A UM SN
SIBTINR  TESINZR AT, N A 3o A g [ S A A sk
TEVEFRNL 7 (0 F R DRI ) 4 o A Ay, ZE L3
W A UINE S S BRSSO S N2 £

[ 9(b) v CHO Wil 3 18 1) 4 & 4T & 7 o 3
o, b B € il 4 D B0 R G K, 7R B Br R s i
%EE#TWH%W%%”’“U”' o AR CHT W

A P RCE TR R a A, R A LA R R W
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concentric ring copper film sensor

AGAMERBM—EGAE B i, WL ERAS IR
At BB BR DA M 0 i 38 3 A T R Ok e 2R )
Pt N PR AL IR AR CHO Wi i 5 3 o, Hh B0 21 6 41
L5, 8 BT L B RSO G T Y P FR
R A SRS, R IR ] 1 mm, BEECYT AR
A5 M0 AR G AR AR B AW G 1 S IR AL IR AR 1Y
TS BARFIE R C D Ab i i R OB WL 1Y
MUY RARE S RYE AR (S5 LT R 2520
A% 95 R B MAR S 5 1 R RS —
Bl HRARW - Sad Eh 25 R hUn 00 A RS IR
R T RAY e B U, BB OB g R 80y
JERAES S IS5 R — B, IR 5 R sl fF, B
R4f i n] R

4 & i

e 3o T A 9 A R 1) 55 T ka8 R
95 ORI A, n] DUA H DU 4598

1) 9ICH 3 /K P A I, Bl 3 5 1 670 i T T
155, TE SRR T 5 T B ot B0 2 B U AR {3
TS ok P R 6 5 5 B A IR R K Tk B T
SR G T R AR 00 s R I, 0 v Y O £ Bl
S R AR BE S Ry, A W R R ORI Rk ol
I A T e B A AR 5 IR O 8O A IR ] 5 Y 97 JE
PhfE il B2 22 560 A/250 V AL & T il 4 193
RS ol 1 e £ o

2) 705 fif & 5 2 S B[] 0 B AR R 3 £ SRR
#rAEZR 3 1000 h (L5 I PR 5 50, B R4
F1% Tt et 1 E

3) a0 A TR B DR i A SR 8 Xl
U A SRS M T R AR ], S B T G
J B0 2 I 2k I, 45 G T R M R A
fth £k i) A2 Ak, o 200 A2 2% 1 {5 8 Ak BROBE AT L2y
B B0 P AR, MR 25 SR LS AT &

4) Z3HH G Jm AR A I AR SR W AE
B SRR RSy R i SR B — 2, B RS
L5 HL A B A v B0 DNORS BEE HE DNORS B A
Umm, H W45 B AT R al A1

S Hk (References)

[ 1] D7 SRR b [ M. 65T =B Tl i i 4k, 2007
1-10.
YUAN S F. Structural health monitoring and damage control
[ M]. Beijing: National Defense Industry Press, 2007 : 1-10 (in
Chinese) .

[ 2] TH & A 408, 5 R20R A I 1% AR XL E L4 )R
SR 7 405 W DA B S [ 0] BLAR L R A4 R L2013 ,49
(2):1-7.



1440

b B = R KR

2017 4

[7]

DING H,HE Y T,DU J Q, et al. Rosette eddy current sensor
and its experimental research on aircraft metal structure fatigue
damage monitoring [ J ]. Chinese Journal of Mechanical Engi-
neering,2013,49(2) :1-7(in Chinese).
KUANG K S C,CANTWELL W J. Use of conventional optical
fibers and fiber Bragg grating for damage detection in advanced
composite structures: A review [ J]. Applied Mechanics Re-
views,2003,56(5) :493-513.
BRAE AR, T IR, BREF-. B0 2 a0 55 Mk R T B 91 A% S
MARGLI]. U T AL 32,2006 ,42(8) :150-153.
CHEN X L,DING T H,HUANG Y P. Novel flexible eddy cur-
rent array sensor system for proximity sensing[ J]. Chinese Jour-
nal of Mechanical Engineering,2006,42(8) :150-153 (in Chi-
nese) .
RABIEI M,MODARRES M. Quantitative methods for structural
health management using in situ acoustic emission monitoring
[J]. International Journal of Fatigue,2013,49.81-89.
WHWATLEY G, KOLLGAARD J R. Automated detection of
cracks on the faying surface within high-load transfer bolted
specimen[ C] // NED for Health Monitoring and Diagnostics.
Piscataway, NJ: IEEE Press,2003 :161-168.
b ik AT AE RS UE , AF . BE TR A 1 i B A 4 I 4 g
S A AR U5 (1], fi?ﬁ,2010,42(3):
387-391.
DU J Q,HE Y T,CUL R H, et al. Research on surface crack

M

monitoring sensor of metallic structure based on electric poten-
tial method [ J]. Journal of Nanjing University of Aeronautics
and Astronautics,2010,42(3) :387-391 (in Chinese) .

HOU B,HE Y T, CUI R H, et al. Crack monitoring method
based on Cu coating sensor and electrical potential technique
for metal structure [ J]. Journal of Aeronautics,2015,28 (3):
932-938.

Pl 4E AR SR, A BT IR R AR IR 0 R S A 57
ZEECHE I [T ] JE B =S A K K 4% = 4, 2013,39 (10) -
1298-1302.

HOU B,HE Y T,CUI R H,et al. Fatigue crack monitoring of
metallic structure based on coating sensor[ J]. Journal of Bei-
jing University of Aeronautics and Astronautics,2013,39(10) :
1298-1302 (in Chinese) .

[10] LIU M B,SUN Y,WANG Z,et al. A validation study for a SHM

[11]

[12]

[14]

technology under operational environment[ C] // Proceedings of
2014 Annual Reliability
(RAMS) . Piscataway, NJ: IEEE Press,2014:14253775.

HU F,LIU M B,HONG G H,et al. Flaw-detected coating sen-
sors applied in aircraft R&M[ C] // Proceedings of Annual Reli-

and Maintainability ~Symposium

ability and Maintainability Symposium,2009. Piscataway, NJ:
TIEEE Press,2009:95-99.

SAREMI M, YEGANEH M. Investigation of corrosion behaviour
of nanostructured copper thin film produced by radio frequency
sputtering[ J]. Micro & Nano Letters,2010,5(2) :70-75.
YEGANEH M, TORABI Z. Comparison between the experimen-
tal and theoretical electrochemical impedance for microcrystal-
line and nanocrystalline copper immersed in near neutral chlo-
ride solution[ J]. Micro & Nano Letters,2012,7(3) :208-211.
YEGANEH M,SAREMI M. Corrosion behaviour of nanostruc-

[15]

[17]

[19]

[20]

[21]

[22]

(23]

tured copper thin films in comparison with copper sheet in
drinking water[ J]. Micro & Nano Letters,2011,6(1) :26-28.
GOBI SARAVANAN K,ANATHA KUMAR R,RAMACHAND-
RAN D, et al. Structural and corrosion behaviour of bilayer and
alloyed films of Cu-Ni[ C] // Proceedings of the International
Conference on Advanced Nanomaterials & Emerging Engineer-
ing Technologies ( ICANMEET-20J3 ). Piscataway, NJ: IEEE
Press,2013:179-180.

FEORUE, T AR WY AT SEAE A RS i AR 5 2 I e R ok
PEREWTZE[T]. o g 1 5 By 1 241,201 ,31(2) :145-148.
CULR H,YUZ M,HE Y T,et al. Preparation and corrosion re-
sistance of copper multilayer coating obtained by ultrasonic
electro deposition[ J ]. Chinese Journal of Corrosion and Protec-
tion,2011,31(2) :145-148 (in Chinese).

FEORUE T AR WY, ) FEAE A5 RS A OB TR 1 T R ok
REBFSTL )], i A 2 5B 975K ,2010,22(3) :169-172.
CUIR H,YU Z M,HE Y T, et al. Corrosion performance of
ultrasonic-eletrodeposited Cu coating[ J]. Corrosion Science and
Protection Technology ,2010,22(3) :169-172 (in Chinese).
IR IR A T FE4E L 45 LA S RO IS 5 DR
JE T R 2 ey T P RE O S WA [T ], Sl BB B4 BL, 2015,46 (7) -
7127-7130.

DENG L L,HOU B,HE Y T, et al. Effect of process parameters
on the microstructure and properties of copper film deposited by
arc ion plating [ J ]. Journal of Function Materials, 2015, 46
(7) :7127-7130 (in Chinese) .
CEGRSESRESEEFEARZE R & &8 Lk
B JE AN HAL T AL 55 2 2l 50 5 A% R R A 1
% :GB/T 6461—2002[ S]. dt 5t . A AR 31 [ 5¢ o
W R I G 5 A )R ,2002 .34

National Metal and Nonmetal Coating Layer Standardization
Technical Committee. Methods for corrosion testing of metallic
and other inorganic coatings on metallic substrates—Rating of
test specimens and manufactured articles subjected to corrosion
tests; GB/T 6461—2002[ S]. Beijing: The State Administration
of Quality Supervision, Inspection and Quarantine of the Peo-
ple’ s Republic of China,2002:3-4(in Chinese).

JBUR. SRR E AR [T]. 48 #Ab#1,1994 (4) :1-6.
GU X. Application of modern surface technology [ J]. Heat
Treatment of Metals,1994(4) :1-6(in Chinese).

iy, BB 3G, T R, 45 A0 BT 4 R JBT FH AR 4R 1L 1 T o a0
JE[J]. WPk ,2011,40(5) :92-96.

HAN K,0U Z W,PU T,et al. Development of hard anodizing of
aluminum and aluminum alloy[ J]. Surface Technology,2011,
40(5) :92-96 (in Chinese) .
KR ERE. 20 TR EOR 5 0
R At ,2007 ;14-19.

ZHANG J,ZHAO Y H. Multi arc ion plating technology and ap-

FIM]. AExtf 4 Tl

plication[ M ]. Beijing: Metallurgical Industry Press, 2007 ; 14-
19 (in Chinese) .
B, B R AA] AR, A TR AR IR A% R 5 B 1 R T

LA R 25 F 24 o Wa D B 98 [ 0], HLME T2 2% ), 2015, 51
(24) :9-14.

HOU B,CUI R H,HE Y T, et al. Concentric ring film sensor

array and its experimental research on crack monitoring for air-



557 3] TR T S5l PRI R A A R A A SR 1441

craft metallic structure[ J]. Journal of Mechanical Engineering, electrical potential drop technique[ J]. International Journal of
2015,51(24) :9-14(in Chinese). Fatigue ,2006 ,28 (9) ;1059-1068.

(247 Z2T, X JC . BRI 7 BR 58 204 5 0 o 3 56 35 5% 3% 0F 5%
[J]. 493 TR ,2011,23(32) :133-136. EER A
ZHUO W, LIU Y H. Research on equivalent accelerated test EETC B BRI A . EEUIG Oy CALSE A B R S
environment spectrum of typical marine environment[ J]. Pack- JH % i o
aging Engineering,2011,23(32) :133-136 (in Chinese).

[25] ANDERSSON M, PERSSON C, MELIN S. Experimental and AxEE B HZ WA SIm, FEIR . T4
numerical investigation of crack closure measurements with SR Al AT AR A R R W AT AR R R IEA

Metal structure crack monitoring based on copper film sensor in
corrosion environment
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Abstract: In the process of monitoring aircraft metal structure crack, copper film sensor is exposed to at-
mospheric corrosion environment. The corrosion resistance of copper film sensor and crack monitoring perform-
ance after corrosion experiment were researched under the background. First, copper films were deposited by
pulsed bias arc ion plating technique at difference levels of current and negative substrate bias. The corrosion
resistance was researched. The result shows that the optimal corrosion resistance of copper film was deposited
at level of current 60 A and negative substrate bias 250 V. Then, a concentric ring copper film sensor array was
deposited on 2A12-T4 aluminum alloy using the optimal depositing parameter. A salt-spray environment exper-
iment was carried out. Finally, a fatigue crack monitoring experiment was carried out using the copper film
sensor which was exposed in corrosion environment. The results show that the copper film sensor has good cor-
rosion resistance. The corrosion resistance time reaches 1000 h. The copper film sensor is very sensitive to fa-
tigue crack and can realize quantitative monitoring with the accuracy of 1 mm. Besides, the monitoring results
are repeatable.
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Table 1 Traffic configuration

BRI #rgs/(Mbit - s™') R /byte %€ & 4 /byte

SR_A(CS) 0.512 64 640
SR_B(VS) 16.97 1522 70012
BE(MVS) 15.70 1522 65 446
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End-to-end traffic latency computation using frame
shaping model in AVB network

LI Ershuai, HE Feng® , XIONG Huagang

(School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Audio video bridging ( AVB) Ethernet is an available Ethernet-based solution for audio and
video stream transmissions within embedded networking context, in which credit-based shaping ( CBS) algo-
rithm is defined to guarantee the end-to-end latency performance according to stream models. When consider-
ing the discrete characteristics of frame queuing and scheduling behavior in an actual networking scenario, an
improved frame model CBS was proposed to replace the stream model CBS algorithm. According to this new

model, the worst-case transmission latency was deduced by eliminating non-schedulable traffic in the network.

A representative in-vehicle application scenario was established to verify the end-to-end latency performance of

the frame model CBS. The results indicate that the frame model CBS can obtain a better end-to-end latency
evaluation than the stream model CBS. Especially, the tightness of frame model CBS is clearer for the lower
priority AVB traffics within the whole AVB networks.
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Fig. 1  Position relationship between two sides in air combat
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Close-range air combat situation assessment using deep belief network
ZHANG Binchao, KOU Yanan®, WU Meng, ZUO Jialiang

(College of Aeronautics and Astronautics Engineering, Air Force Engineering University, Xi’an 710038, China)

Abstract: Considering the difficulty in parameter setting, weakness of traditional situation assessment
methods in processing and feature extraction of big data, feature of air combat data, applications of deep belief
network (DBN) to close-range air combat situation assessment are discussed. A sample library of combat situ-
ation was constructed. The data were clustered using density peaks algorithm, and the results were revised by
specialists of air combat and traditional functions. Then the model of deep belief network was constructed.
According to the standard of test and reconstruction error, the network topology structure and optimal parame-
ters were determined. The model was trained by the data from the sample library. Experimental results show
that the model’ s situation classification accuracy reaches to 92.7% , and its running time meets the applica-
tion requirements. Analysis of the practical example verified the feasibility of the DBN model.

Keywords: deep belief network ( DBN) ; situation assessment; semi-supervised learning; network topol-

ogy structure; density peaks clustering
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Table 1 Distribution parameters of components’

[17]

failure rates in valve control system
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Fig.3  Probability density curves of failure

probability of valve control system
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Table 2 Characteristics of probability density function

about failure probability of valve control system

UIRS Ky Ty BAEXME(95%) R
MCS-KDE 0.4893 0.0451 [0.4012,0.5780] 1 x10°
MaxEnt-FMD 0.4894 0.0456 [0.4000,0.57838 ] 16
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Table 3 Importance measure indices of components’

failure rates based on failure probability of system

Tk Ay Az Az TR
MCS 0.0902 0.3531 0.5690 4 x10°
ARSIk 0.0898 0.3540 0.5671 181
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Fig.4 Probability density curves of function time of

valve control system
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Table 4 Characteristics of probability density function

about function time of valve control system

ik K T, BEXE95% ) Ak
MCS-KDE ~ 13.0586 1.4248 [10.2660,15.8512] 142172
MaxEnt-FMD 13.0103 1.5115 [10.0478,15.9728] 2279
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Table 5 Importance measure indices of components’

failure rates based on function time of system

RES Ay A A TR
MCS 0.0602  0.2012  0.7865  2.36 x 10"
AJ7H 0.0679  0.1899  0.7803 26656
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Fig.5 Aircraft electro-hydraulic actuator

structure of Airbus A!'™
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Table 6 Distribution parameters of basic events’
failure rates in civil aircraft electro-hydraulic

actuator system
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Fig.7 Probability density curves of failure probability of

aircraft electro-hydraulic actuator system

®7T RATHBERENREZRAMER
B T
Table 7 Characteristics of probability density function
about failure probabilityof civil aircraft

electro-hydraulic actuator system

ViR Hp, Tp, BEXIE(95% ) NG
MCS-KDE 0.0681 0.0040 [0.0603,0.0759] 1x10°
MaxEnt-FMD 0.0681 0.0039 [0.0605,0.0757 ] 31

A; ¥i(E/10 77 J5%/10 7
A 3.5 2
A, 2 1
As 3 1.5
Ay 10 5
As 6 5

Ag 2.5 1

R8 EREHIUEXEEEMNERIR(, =5000h)
Table 8 Importance measure indices of failure

rates of basic events (#, =5000 h)

J5 ik Ay Az A3 Ay As Ao IFHEE

MCS  0.0682 0.0323 0.0502 0.1652 0.6551 0.0315 7 x 107
ARICHH 0.0652 0.0326 0.0489 0.1629 0.6517 0.0320 811
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G5 114 2R O 3 52 ) 45K, IO B IsF T L AR 4 v Y I
VRS Y [ L, ARG A T 0 ) 22 256 T80, A TE KL
HLAE LR G810 IE % B 5

2) 55 R HLIRAE P R Gt K RO 2 (R
Py, =0.01, # 5 H7 5 561 % T AR ) ¢ ) Bl
FLA R 2R 0% A, T BRI R AR

% F MCS-KDE #1 MaxEnt-FMD 3K % 15 2] 1t
B2 48 1E B T AT B[R] A0 4 25 %85 B il 4k an 151 8 i
o 29 I T HIR A 2 By R AR B R
S S O (SN TR SR 7 e o T QB I
95% A7 B TR N I R GEE H TAER R 9 8 A5 X
B RER BT AR, GAK 8 K9 ATLLE
H, MaxEnt-FMD J57 7 fi1 MCS-KDE J5 ¥#: 3R 15 19 &
HILHL VR AE HIL 2R G0 15 & TV B[] ) A0E 56 il 28 3
AR — B0, FL YA bR o 22 T o BT R R
Ko M IE#, ManEnt-FMD J7 325 () 3+ B30 % 5 T
MCS-KDE J5i,

FE 25 78 72 50 K 0ME 28 0 1 B I SR R s R
RO EE R AR T A S SR R 10 iR, MR
HRCHE TN E T R ORS B R AT R R 2 Rh ok
TH A5 2 04 25 S 30 BLAH [, T A SC O ki
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P8 TRALH IR AL F& Ge A I ] 09 R 5 2 B it 2k
Fig. 8 Probability density curves of function time of aircraft

electro-hydraulic actuator system

®9 RAWRERIRZIER TEREHN
HE 22 B o AR A
Table 9 Characteristics of probability density function
about function time of civil aircraft

electro-hydraulic actuator system

7k M o, BEXM95%) HERE
MCS-KDE ~ 3111.78 207.21 [2705.65,3517.91] 132178
MaxEnt-FMD 3 115.26 203.46 [2716.48,3514.04] 5894

F10 EEHIUEXEEUNEREIR(P, =0.01)
Table 10 Importance measure indices of

failure rates of basic events (P, =0.01)

5k Ay Ay As Ay As A T
MCS  0.0408 0.0312 0.0592 0.1452 0.6211 0.03155.97 x10°
AP 0.0438 0.0296 0.0586 0.1471 0.6144 0.0297 42851

Ttk o MCS J7 3 FIAS SO 4 77 16 31 P 15 i =
Y B HE T AR ), 7T LA % B L R B¢
BRI YR TS % [) REL T 2R ¢ E R T A I 8] ) 52 i fi
NI IVAC S8 SO AL T R [ O 5 224 5 N
AN TR X R G T AT I ] AT BRI B K
P A A 119 58 1) 22 T 0

6 % it

1) ST R G A 2 b TR N v A7 78 1 & il
AN P AR, A SOHE 28 G o0 i 1 09 2K 280R A B
I A AN E P B4 B P S A 5 R R AN T
SEVERME T, R G R R RO R R R G
TAERS R ) 228 B R, SR T — MR R GR
R E (AL 45 7 2R RO R 29 BB IR W T AR I [4)
26 5 AR IR ) SR B9 2K 200HE ) 500 23 A 298
12 BhoHr BTG A 1 R RBORE BRI R AR . AL
A& AT BE 7 5 RE A8 5 B TN 2R 48 K A HE R AN
A YL IEH T AR 8] 52 2 580 & 1 2 ROR A i 2
IR T B0,y TR SE PRt B g 1 & o

2) 9T REME W AIOR i TR PERE AR A5, 5T A
LT 70 BUORE B B ORI D 0 O S e MR 5 % eRRL
SR FH e 407 B 20 MR 125 3 A SR A 2 0B 114 B 2P )
JERRR o BT HE 5 i A AR T EAR AR R T R
7 ¥ ANk I A 14 A0 M A AR R AR B kb T
T FH 2 BE e R R
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Uncertainty analysis of failure of dynamic system and its efficient algorithm
GONG Xiangrui, LYU Zhenzhou " , LIU Hui, ZHOU Yicheng

(School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: In order to study the failure of dynamic system when the failure rates of components are uncer-
tain, a new method is proposed to analyze the system failure probability when function time is given and func-
tion time when the threshold of failure probability is shown in system. Meanwhile, a new importance measure
technique is developed to estimate the impact of components’ failure rates on system failure probability and
function time in dynamic system. In this paper, the Monte Carlo procedure is given to solve the proposed indi-
ces. The fractional moments-based maximum entropy method is used to obtain failure probability density func-
tion in system efficiently. An efficient technique with multiplication dimensionality reduction is developed to
estimate two importance measure indices. Valve control system and civil aircraft electro-hydraulic actuator sys-
tem are presented to illustrate the rationality and efficiency of the proposed method.

Keywords: system reliability; system failure prediction analysis; importance measure; maximum entro-

py; multiplication dimensionality reduction
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Fig. 1 Area metric at single validation site
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Table 1 Three alternative computational models of

the numerical example

B AR

¥ =60, cos(2mx,z) +zsin x,
e
¥y =sin(0.5mx, +z) +z0,c08 x, 6, =1.5

¥ =0, cos(2mx, z) +zsin x,
FiA 2

y;'z =sin(0. 5mx, +2z) +20,cos x, 60, =1.5

¥ =0, cos(2mx, z) +zsin x,
BEAL 3
y3? =sin(0. 57x, +2) +20,c08 x, 6, =1.7

1) 5 i W IE B v 06 3

T 5E 3 I B B 96 BT R O R 1 IR . A
R 5 S0 58 4 — B0, A IE i A B SR 2 R
35S 25 AR IS K. BT LA AL Aff o\ 25
DA 1AL PR 2 L PR 3, fyx(20) 4
A 1000 20 52 55 W8I0 A5 4% , 2% 1 v (8 750 38 ) 4 L
53 545 10000 21 A5 784 ne) oy 450 4, 4 2.2 45
1 PR TR R I vk R A R A 3 A A R 11 4
PR R E 2,



1476 b B = R KR

2017 4¢

2 HEEMNERRINER
Table 2 Model validation results of

the numerical example

B B 1 poms 2 B 3

B PR A 0.0120 0.0636 0.1012

R 1 AR AR /D TR 2 /N FRERL 3, 5K
— SRR R 1 TR 2 TR 3, 4548
558 Mk B AT, IR W] T 3% 48 AR B IE B R A A

KRR RN ¥ G R R NN QRS PIES
o MR ar LB U A 3 SRR AL S
TEZF I P RERL 1.2 03 43 51 A% 208053 23 B
BET 2 AR ER, BB E
JR3 1 T R A LUK R B TR B g, (o)« P
HARAEIE o H T 3 AN B Y SRR A ek Y
A B NARMERY 2] 50 A, BT LAAE 3 AP 3R M IR]
1713 55 56 304 42 2o A ] A6 280 5 A DU 485 B0 A [) 119 22 5
I3 AT PR, T8 5 bR ES 510 A U0, 1) 19X [
AT LR O TR R R 5 S (A (Y 22 5 o XS T
L, T SR o8 4 — B, B LUAE & R oe] B
A6 TR A A T, S K B AL

Jei T A5 22 56 43 A 1h 28 5 P AR TR B 7 b o A5 11
PRUES S AT I LT A 0 TR AL 2
T 3, S 56 #0474k )5 T 45 14 28 56 43 A1 ih 26
K5 Py R TR R A T A5 0 s o X 50 43 A R Y 22
S5 DU ok A

M2 5K 4 #T LA % k0T DL
S 5 AR TR ) 1 22 5, O L BE A 2 15 ) A9 455 78 A
INGE S, BB ARY 1 A 2 f T4 3,

2) kR R dd vk R

HERA T B B B IE RS TR A0 AT I O ik
AR fE M K3 05 5 3 T 32 40 4 B B R AR
IR IEAT X L, MAHE B 1) 8BRS 4 DR SR
7 T AT A P S O B AR 2 T
R AT B 15 38 BRAE 10 bR fE 22, B RESE
— R LR P bR A 7 S T A 1R R )
16 2 U 48 b JE B AR A 25 SR HE B R
pA A, R (20) 43 ) A8 ) 10,100 1 000 21 5%
0 X BCHE R 1 R B B R 2 43 AR
10000 ZH #5570 i) iy F0 4 o e R 2. 2 5 Jir 12 1 455 8
TN 7 1 R0 B, 7 S92 56 B0 AR o S [ 1 1 10
L5 DK 2 Bl R R dE bR A FR P AE AT 100 1K,

Pl 4 R 101 52 36 5 A A e — A% 0 B 0 L

Fig.4 Comparison of each kernel principal component between experiments and models of the numerical example
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Table 3 Validation results of the numerical example of comparing 10, 100, 1000 experimental
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Table 4 Three alternative computational models of

the engineering example
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Table 5 Model validation results of

the engineering example
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Fig.7 Comparison of each kernel principal component between experiments and models of the engineering example
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Model validation method with multivariate output based on
kernel principal component analysis
HU Jiarui, LYU Zhenzhou”

(School of Aeronautics, Northwestern Polytechnical University, Xi’ an 710072, China)

Abstract: At present, for the multiple correlated complex computational models with uncertainty, the tra-
ditional validation methods still have some problems, such as difficult calculation and poor stability. Aimed at
such complex computational models, a new multivariate model validation method is proposed based on kernel
principal component analysis ( KPCA). By combining the KPCA with the idea of area metric, the proposed
method constructs a new model validation metric which is easy to be calculated and has high stability. In pro-
posed method, the correlated multivariate output variables are transformed into uncorrelated kernel principal
component by the KPCA, and then for each kernel principal component, the computational model is compared
with the experiment. Thus this method avoids the difficulties of solving the joint cumulative distribution func-
tion of multivariate output in the traditional methods. Because the KPCA can effectively extract the nonlinear
characteristic of the analyzed model, the multivariate output model validation method based on the KPCA is
more robust than that based on the principal component analysis (PCA). Under the same experiment sample
data, the method based on the KPCA has a lower error rate than that based on PCA. Furthermore, by extrac-
ting the kernel principal component, dimensionality reduction of the multivariate output can be implemented ;
thereby the complexity of the multivariate output validation can also be reduced. The proposed method can be
applied not only to the general multivariate output model validation, but also to the model validation with mul-
tiple validation sites. Finally, the correctness and effectiveness of the proposed method are demonstrated by
the numerical and engineering examples.
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Fig. 6  Variation of roll angle under different guidance lengths
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Path following method with adaptive guidance length for
unmanned aerial vehicles
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Abstract; To guarantee the flight stability and high accuracy of path following for unmanned aerial vehi-

cles (UAVs), a nonlinear path following method with adaptive guidance length is proposed. First, the kine-

matic model of UAVs was built. Second, the relation between guidance length and velocity of UAVs was found

according to the theoretical analysis and flight experiments of nonlinear guidance law. Then the theory and de-

tailed realization process of the adaptive guidance length method was discussed. Finally, simulation in various

situations was carried out to verify the effectiveness of the proposed method. The simulation results show that

the proposed method is able to track complex trajectory accurately, even with large initial cross track error or

during waypoint switching process. It can satisfy the requirement of actual flight missions.
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Fig. 1  Calculation model
®1 RKkRSHRIRAEEE
Table 1 Incoming flow parameters and boundary layer thickness
24 Sk It 4 /kPa it B /K ok Ui T A A THHH/(10m ™) W FR R /mm
BE 680 265 2.9 6.5 15.4
x2 FEAEMIANAOSHRHAFEHIHFE
Table 2 Inlet parameters and average outlet Mach number of MJ in different schemes

VES A H B JE/kPa EAJE L A HSIE/K P 2 1 g K
No control 265

Case 1 78 0.11 265 0.84

Case 2 108 0.16 265 0.86

Case 3 308 0.45 265 0.86

Case 4 408 0.60 265 0.86

Case 5 680 1 265 0.86

4 :No control R il MJ J5 %
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Fig.5 Mach number contours of different schemes at
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Fig.6  Sketch map of three-dimensional vortex structure



%7 W XSV, 25 < ORI AR T 0 7 S 7 4 LR 5

1495

Ma7m 2 B 4 B A8 3] CVP 252 m £ i sh my 3
BAERE, BARE TR M 5RuEAEMNY S E
CVP {8 58 B A v B 25 DRV AT HG A AS TR) I
KAV B A, BT R MJ RiF X = -40D 4b 45
TR, HET(a) ~ B 7(e) i, ishx
TR R AR S T B R X R . CVP i %
Z I8 b DI, s A PN S T e X, R G gk
FEMES AR LAY S I 25 3 K CVP By 4 3
Bl 77 A AR AR JE AR T CVP B ™ A 32 AR A
MJ 5k AR b CEDIEL S iy ih 54 i 57 U148
RAEH, M AR By 3G g™ K 1 3 S8 330k
SEECR BB S B, BRI R A
CVP s 2, 8 7(a) ~ K 7(e) i Kt 0Q,,,,
FER BN A FR 3 h (i T X R, 2 AL IE
W) o FH 2 H 8BS BT AL, CVP 5 B oK Bl 5 7 A
FE LE AY 38 i T B 5%, Case 4 P BE A ok, B
Case 51 fy F MJ i A A9 5% = T 300% 5 SOk i 3
FER R 3 K Te v 5 H P s A8 G V8 F e 55 1
CVP 5& &

E ot 25 M 5k AR A B = 4R TR A5
7 =B LA B AN ] J7 %8 77 HE 1) CVP e M 43 B mf
H1:CVP 252 3 i 3l 1) F 2 AR 32, BB
A HS T 1 38 i HE 4 3 10 L 23 38 K, Case 4 ™ 4R
) CVP 58 i K,
2.2 EFRM THRBIHFETHE M) B4

Wi

CVP it ) iz 3 i 7 H, s 1 2 K AR ol
A, WARTES T R a0, X B L Case 4
AR, H AT M R . CVP RE 3T it ) 28
b 8 o, B4 i 7 X = -40D, -35D,
-30D, -25D4 Ab#im iR i B i B R
TSI < BE I 1o o7 B 38 25 MU, 169 5 B e 0 L I A%
5 R TET A BP0 e A R] B

AR PR SO 2 DR DRy ARE B B AN (R T AE
B B 225 B9 S AT 3 B2 |16 15 B 1 PR 2
A% AR 3 A A B2 10 R e ML s 1 T AN [R] Oy Z2 v
CVP #iimm & e b #2 8 . I 9 (a) iR, 45
J7 AR CVP W )iz Bl i), 8 2% 7 A 1 i #E
WA X X = - 40D &b, 75 X = - 25D i &
Case | ~SIFERL L AR K :82% \T8% \15%
3% 12% . LA EEAEBEET, AR I M) PR
() CVP 5 I 1] 5 Dl B o 255 . ALAR Case 5 FE 3
PRSIV Bl TR B0 77 A1 CVP g I E
K, B DL 9 S5 fe K K IH RS AR T Case 3 %
Case 4, AN, I 9(b) B 9(c) & T CVP iR
i & (Y ZJ5 ) 3B o B AR ) fEY )y

K7 X=-40D 4A[H 7 &t = &
Fig.7 Vorticity contours of different
schemes at X = -40D



1496 | 1 R/ R N NI = O 4 2017 48
3 AAFRX=-40DREXRE
Table 3 Maximum vorticity of different schemes at X = —40D
S Case 1 Case 2 Case 3 Case 4 Case 5
0,../(10*s71) 3.89 5.56 11.97 12.31 9.90

8 Case 4 1 CVP ifi o) 25 f 5

Fig. 8 Streamwise variation feature of CVP in Case 4
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Fig. 9  CVP variation feature of different schemes in streamwise direction
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Fig. 12 Shear coefficient contours at wall surface around compression corner
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Table 4 Pressure before and after

separation of shock wave
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No control 21.7 40.2 1.85
Case 1 21.7 38.7 1.78
Case 2 21.7 38.3 1.76
Case 3 22.0 35.9 1.63
Case 4 22.1 35.9 1.62
Case 5 22.6 36.3 1.61
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Study of supersonic flow field control mechanism with micro jet
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Abstract: An numerical investigation was conducted to study the influence of micro jet with different total
injection pressure on the supersonic flow field (Ma =2.9) for a 24° compression corner. The ejecting direc-
tion is vertical to incoming flow. The results show that the velocity of the fluid downstream the micro jet de-
creases due to the obstruction of micro jet, and then the decrease can weaken the separation shock intensity.
In addition, high-energy fluid is brought into the bottom of the boundary layer near the wall to activate it to be
fuller with the downwash effect of counter-rotating vortex pair generated by coupling of micro jet and main-
stream, which leads to the stronger ability of resisting adverse pressure and the separation of the boundary lay-
er. The activation ability enhances with the increase of total injection pressure. Weighing the control result
and injection power, we think the scheme is the best when the total injection pressure ratio (total injection
pressure/total freestream pressure) is 0. 60. The boundary layer separation area is restrained by nearly 70% ,
the distance of the intersection point of A shock wave and the wall is reduced by almost 37% , and the separa-
tion shock intensity is weakened by nearly 12% under this scheme.
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