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Fig.2 BICG algorithm calculation flowchart
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Improved capacitance imaging biconjugate gradient
image reconstruction algorithm

MA Min" , FAN Guangyong, SUN Ying

( College of Electronic Information and Automation, Civil Aviation University of China, Tianjin 300300, China)

Abstract: Aimed at the influence of the soft field effect on the inverse electrical capacitance tomography
(ECT) problem and to solve the problems that the traditional iterative algorithm used to reconstruct images has
numerous iteration times, and that the imaging speed is slow, for the first time, biconjugate gradient ( BICG)
is applied to the capacitance tomography technology. In order to obtain a better reconstruction effect, a BICG
and regularization idea are combined to solve the optimal solution of the inverse problem. The experiment was
modeled by COMSOLS. 3 software and MATLAB 2014a was used for image reconstruction and image evalua-
tion. The images were reconstructed using Tikhonov, Landweber, conjugate gradient (CG), BICG and im-
proved biconjugate gradient algorithm. Experiments show that the effect of the improved biconjugate gradient
algorithm is not only better than other iterative algorithms, but also greatly reduces the time required for image
reconstruction. The experimental results show that the biconjugate gradient algorithm has better imaging effect
in some complicated flow patterns. The error is as low as 0.2, the correlation coefficient is as high as 0. 88,
the imaging time is reduced to 2.77 s, and the number of iterations is reduced to 20 times.
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Experiment on thermodynamic characteristics of
parallel mini-channel tube’ dryout
LI Hongwei” , WANG Yacheng, HONG Wenpeng, SUN Bin

(School of Energy and Power Engineering, Northeast Electric Power University, Jilin 132012, China)

Abstract: Aiming at the unstable heat transfer of mini-channel parallel tubes in boiling heat transfer
process, the thermodynamic characteristics of mini-channel parallel tubes during dryout were studied. Firstly,
by observing the transition of the flow pattern before and after the dryout in the parallel mini-channels, the flow
pattern is divided into three areas: the annular warning zone, the initial dryout zone and the mist dryout zone.
The changes of dryness and heat transfer coefficient of working medium in mini-channel parallel tubes under
three flow patterns were analyzed. It was found that the boiling heat transfer coefficient decreased significantly
with the development of dryout. Then, the pressure drop signals under the three flow patterns are collected and
analyzed by the adaptive optimal kernel time-frequency representation ( AOK-TFR ), auto regression ( AR)
power spectrum and recurrence plots analysis method to obtain the dynamic characteristics of the corresponding
flow pattern. It is found that in the initial point of dryout, the phenomenon of dryout occurs repeatedly in the
channel, and the phenomenon of reflux is serious. Finally, by summarizing the characteristic parameters in the
recurrence plots, the difference among the initial dryout zone, annular warning zone and the mist dryout area
is obtained. Based on the distribution of the recursive eigenvalues, the different zones can be identified, and
then the dryout can be predicted by the pressure drop signals. The research of this paper hopes to supplement
and improve the thermodynamic characteristics in the field of mini-channel boiling heat transfer.

Keywords: gas-liquid two-phase flow; dynamic characteristics; dryout; recurrence plots; recursive ei-
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Table 1 Chemical composition of 304 stainless steel

(A= FTFE S S 4 5y H/ %e
C 0.03
Si 0.3
Mn 1.6
Ni 10.9
Cr 18.4
] 0.01
P 0.03
Fe 68.73
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Fig.1 Experimental setup of erosion
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Fig.2  Schematic of sample holder
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Fig.3 Cumulative variation of 304 stainless steel weight

loss in erosion environment ( with and without NaCl)
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Fig.4 Comparison of weight loss of erosion and erosion-

corrosion of 304 stainless steel at different impact angles
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Fig.5 Proportion of pure erosion and erosion-corrosion
interaction in total weight loss of 304 stainless steel

after impingement in simulated seawater
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Fig. 6 Metallographic photographs of various stages of
erosion-corrosion of 304 stainless steel

at 45° impact angle

WO, s VP2 RN — R 5T . bl 12 h
Ja (OLFE 6 (d)), FF b 2 1 2230 I IR, T 40 K
AR T TR R 1) TR L7 11 50t I AR 1 i
I o DA A B R R AR AT, 304 AN 5 A
F A BEIRJE T A T RIZUA LRI o BEH
infr et AR [R] g 39 0, R i 2 TR R R R 2
BUAR b 9 2 1T AT R 2 ey ¥4 RO 7 1 8 vk s 5t A



1508 b5 M = MK k% F M

A fu S 4R

2019 4¢

DIVHISUEE AR B 2. MORL I 34 25 vh ol 76 B dh 22 180
AN A AL el BE T A T A U0 1) 23 A R )
I L BRAS R 25 S B0 BB 0K R SRR
2.4 WS RS B A B AL RE

Bl 7 J9 304 ANEEHITE 3 AN A R 45 b ok
JEE b B B (bl i 18] S 1,612 h) 59 gl A A7 AR
T £ o

H &7 R UL o o B ok 2% 9 B T A 4 Ak il
SIS ARLAY T H A AR A i AN TR] o B AR AR AL
2R 3 HR I 2B 1 PRI iR DX B A DX A i ]

Bl 7 304 ANEE AL A R ofr g T e ok g et
2 B BB Sl HL 3 A 1 v 2%
Fig.7 Potentiodynamic polarization curves of various
stages of erosion-corrosion of 304 stainless

steel at different impact angles
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Fig.8 Nyquist curves of various stages of erosion-
corrosion of 304 stainless steel at

different impact angles
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Table 2 Equivalent circuit model fitting parameters of
various stages of erosion-corrosion of 304 stainless

steel at different impacting angles

CPE,/ B
W/ whpk R/(Q - . ) R/ (10°Q -
o N ) (o - ng X
(°) WE/Kh em ) . em?)
cm ™ - 8")
1 15.84 1.79 0.81 5.48 0.02
45 6 15.98 1.83 0.84 4.24 0.01
12 16.18 2.4 0.78 1.37 0.03
1 15.16 1.75 0.82 12.1 0.02
60 6 16.03 2.41 0.78 4.19 0.01
12 15.76 1.76 0.79 1.71 0.10
1 14.55 2.38 0.82 6.10 0.02
90 6 15.47 2.71 0.77 1.28 0.03
12 15.43 3.04 0.75 1.01 0.03
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Fig. 9 Equivalent circuit model
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Experimental study on erosion-corrosion of 304 stainless steel under
two-phase flow condition
ZHAO Yanlin, YANG Shaoshuai, YAO Jun"®

(College of Mechanical and Transportation Engineering, China University of Petroleum-Beijing, Beijing 102249 , China)

Abstract; In this study, the erosion-corrosion of 304 stainless steel was investigated by liquid-solid two-
phase jet impingement experiment, combined with the electrochemical measurement. The influence factors of
different impact angles (45°, 60°, 90°) , erosion time and fluid properties ( with or without chloride ion) on
erosion-corrosion of 304 stainless steel were studied. The results show that the chloride ion in the simulated
seawater (mass fraction of NaCl is 3.5% ) can significantly promote the erosion of the material. Under 45°
impact angle, the promoting effect of erosion-corrosion due to the chloride ion is the most significant, followed
by 90° and 60° impact angles. The metallographic microscope image shows the effect of erosion time on the
surface morphology of the sample. The electrochemical test shows that, at the three different impact angles,
the material passivation film becomes incomplete with increasing erosion time. The incomplete passivation film
is the main reason for the decrease in corrosion resistance of stainless steel material.

Keywords: erosion; two-phase flow; stainless steel; weight loss; corrosion
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Experiment on cavitation flow in critical cavitation condition of
water-jet propulsion pump
LONG Yun'?, FENG Chao’, WANG Luyi’, WANG Dezhong®* | CAI Youlin’, ZHU Rongsheng'

(1. National Research Center of Pumps, Jiangsu University, Zhenjiang 212013, China;
2. School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China;
3. Science and Technology on Water Jet Propulsion Laboratory, Marine Design & Research Institute of China, Shanghai 200111, China)

Abstract: Under the limiation of ship space, it is the key of ship design to improve the comprehensive
performance of propeller. Cavitation is the main noise source of water-jet propulsion pump, so it is an impor-
tant design parameter of water-jet propulsion pump. In order to reduce the noise of the ship and improve the
cavitation performance of the water-jet propulsion pump, it is necessary to study the evolution law of the cavita-
tion flow structure and its influence on the pump performance. In this paper, the evolution mechanism of cavi-
tation flow structures in the critical cavitation conditions of water-jet propulsion pump is captured by high-
speed photography. The cavitation flow structures of the water-jet propulsion pump during the occurrence and
development of cavitation include sheet cavitation, cloud cavitation, tip leakage cavitation, tip vortex cavitati-
on and vertical cavitation vortex. The experiment captures the physical process of cavitation evolution and the
effect of each cavitation flow structure on pump performance degradation is analyzed. Combined with simula-
tion and previous research, this paper further expounds the formation mechanism of cavitation flow structure
and its influence on the pump performance. The research results not only provide new understanding of the cav-
itation phenomenon in the water-jet propulsion pump, but also provide reference and guiding significance for
the study of cavitation performance prediction methods.

Keywords ; water-jet propulsion pump; critical cavitation condition; high-speed photography; cavitation;

cavitation vortex structure
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Fig. 1 Basic structure of micro probe-transducer system
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Table 1 Typical structures of micro probe-transducer system
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Fig.2  Grid of micro probe-transducer system
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Fig.3 CFD simulation results of sine and step excitation methods
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Table 3 Size of micro probe-transducer systems

45t ly/mm  rg/mm  [/mm r/mm  L/mm  R/mm
II 25 1
I 25 1 1 1.5
v 25 1 10 1.5
\4 20 1 20 2 1 2.5
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Table 4 Cut-off frequency computational result and error of four prediction models

e 7 ZE fro/Hz S /Hz fra/Hz fi3/Hz fiu/Hz o,/ % /% o/ % o/ %
|| 5742.5 4251.3 6932.5 6939.8 6701.0 25.97 20.72 20.85 16.69
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y 170.92 179.53 5.04
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Table 5 Working frequency band computational result and error of four prediction models
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Fig.7 Resonant frequency under different 1/d
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Table 6 Comparison of measured and predicted

resonant frequencies with Panton model**’

l/d fo,/Hz  fi/Hz  f,/Hz  fi/Hz 0,/% 0p/% a,/%

1319 1320 1357 1951 0.08 2.88 47.92
0.31 2552 2557 2626 3775  0.20 2.90 47.92
4434 4439 4562 6558 0.11 2.89 47.90
980 990 989 1191 1.02 0.92 21.53
0.42 2775 2780 2803 3371 0.18 1.01 21.48
3666 3691 3701 4451 0.68 0.95 21.41
252 254 252 268 0.79 0 6.35
0.63 3238 3228 3242 3443 0.31 0.12 6.33
4845 4824 4851 5153 0.43 0.12  6.36

x7 WBRL-EFERRFFESEHX SEBHE MY
Table 7 Adaptability of different micro probe-

transducer system structures to various models
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Fig.8 Size of sonic nozzle

*8 WBRL-EFRRFZRTRAFBILFE
Table 8 Size and closed-loop cut-off frequency of

micro probe-transducer system

ry/mm ly/mm r/mm I/mm V/mm® S/ Hz

6 BRESENMNEHRNH

7 S R S R R A T A S
L2 o A B B IR AR RS 1 MR B4, S
W R B . T AR R 1 R A
3552 A s v B i 5 | TR AL, DL i
TIPSk G o 52 50 I P s 1 R F 4 P 8 o
7, FL GG Mg BE T L A 6.5 mm, MR E S0 40
A B B RS R AE 9368 ~ 15806 He 5 [
P o PRI, BER B R 4R Sk -5 TR AR 46 10 R R K
F 15806 Hz,,

0.3 4 0.5 2.5 0.23 12860
0.3 5 0.5 1.5 0.23 13958
0.3 5 0.4 1.5 0.23 16441
0.3 6 0.5 0.5 0.23 17125
0.3 6 0.5 0.5 0.11 18271
0.6 4 0.8 2.5 1.57 15024
0.6 5 0.8 1.5 1.57 15661
0.6 5 0.9 1.5 1.57 14 547
0.6 5 0.9 1.5 0.94 15374
0.6 5 0.9 1.5 0 16870
0.6 6 0.9 0.5 0.90 18287
0.9 4 1.1 2.5 1.23 17857
0.9 4 1.3 2.5 1.23 15343
0.9 5 1.1 1.5 1.23 18 844
0.9 5 1.1 1.5 2.46 17571
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Fig.9 Signal of self-excited oscillation in

frequency domain
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Adaptability of high-frequency response characteristic model for
micro probe-transducer system
DING Hongbing, LI Yiming, LI Jinxia, WANG Chao”

(School of Electrical and Information Engineering, Tianjin University, Tianjin 300072, China)

Abstract: To broaden the available bandwidth of micro probe transducer system and improve the meas-
urement accuracy of high-frequency pressure signal, it is important to study the frequency response characteris-
tic and analyze the application scope and prediction accuracy of the mathematic models for different probe-
transducer system structures. In this study, the probe-transducer system structure was divided into five typical
types. Then, the frequency response prediction models, and assumed conditions and updating methods of the
existing probe-transducer system were summarized. To evaluate the theoretical mathematic models’ prediction
accuracy quantitatively, the resonant frequency, cut-off frequency and working band (amplitude error +5% )
for probe-transducer system with different structures were extracted by mathematic models and compared with
the CFD and experimental results. For the resonator whose probe is shorter, the Panton model can be used and
the error can be controlled within 1% . For the structure whose probe is longer and the structure with pressure
hole, the B-T model is the most accurate. Finally, the probe-transducer system was optimized to study the
self-excited oscillation phenomenon in supersonic condensation. The results show that the frequency response
characteristic of the optimized probe-transducer system can meet the requirement of dynamic measurement for
the high-frequency (about 10 kHz) fluctuating pressure signal.

Keywords: transient pressure measurement; micro probe-transducer system; computational fluid dynam-

ics (CFD) ; system parameter identification; high-frequency response characteristic
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Fig.1 Schematic of experimental system for observing

particle attachment behavior
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Attachment behavior of falling spherical plastic particle on
static bubbles in water medium
CHEN Luyang, SUN Zhiqgiang "

(School of Energy Science and Engineering, Central South University, Changsha 410083, China)

Abstract; In order to investigate the behavior and mechanism of spherical plastic particles attaching to
the bubble surface, observations were made in a model system in which spherical plastic particles were
dropped onto a stationary air bubble formed in water within a glass cell. Their interaction was recorded by
high-speed digital video. The image processing method was used to extract the particle trajectories, the rela-
tionship between the collision angle and the movement time. The influence of the collision position of the parti-
cles and the diameter of bubble and particles on their adhesion behavior was studied. The experimental results
show that the attachment of particles is mainly divided into collision attachment and sliding attachment. The
mobile surface assumption of the bubble surface agrees very well with the experimental value. In addition,
through the statistics of multiple experimental data, it is found that with the increase of the collision angle, the
induction time increases significantly, but the time for the particles to fall into the bubble surface is maintained
at 10 ms. The depth of the particles trapped in the bubble is affected by both the bubble and the particle size,
accounting for about 2% of the sum of bubble diameter and particle diameter.

Keywords: bubble-particle interaction; attachment; high-speed video microscopy; bubble interface

assumption ; induction time
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Fig.1 One-side two-chip ultrasonic Doppler sensor
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Oil-water two-phase flow velocity measurement based on
ultrasonic Doppler and conductance ring
LIU Weiling, TAN Chao” , DONG Feng

(Key Laboratory of Efficient Utilization of Low and Medium Grade Energy, Ministry of Education,

School of Electrical and Information Engineering, Tianjin University, Tianjin 300072, China)

Abstract: Two-phase flow exists widely in industrial field. Accurate measurement of the process parame-
ters, such as flow velocity, is of great significance for quantifying flow rate and optimizing production process
and equipment. A combination of one-side two-chip continuous wave ultrasonic Doppler (CWUD) sensor and
conductance ring sensor is applied to measure the velocity in horizontal oil-water two-phase flow. The non-
intrusive CWUD sensor consists of two-chip transducer with resonant frequency of 1 MHz, and there is a sound
insulation material between the two chips to prevent sound waves from interfering. One chip continuously
transmits sound wave to fluid, the other one receives the echo scattered from droplets. Consequently, its sam-
ple volume covers the whole radial range of pipe cross-section. The Doppler shift signal collected by CWUD
sensor is directly related to the average velocity of dispersed phase within the sample volume. Dynamic experi-
ments were conducted at a horizontal oil-water two-phase flow loop with a diameter of 50 mm. Based on the
analysis of average Doppler shift response characteristic, it was found that there are two linear relationships be-
tween average Doppler shift and overall superficial flow velocity for different flow conditions, i. e. water and oil
continuous flow condition. Hence, according to the electrical sensing principle of conductance ring sensor, a
dimensionless voltage parameter is used to discriminate the continuous phase. And then for each experiment
point, the corresponding measurement model is chosen to calculate the overall superficial flow velocity. The
results show that the root mean square error of measured overall superficial flow velocity is 0. 01 m/s and the
average relative error is 3.09% . The confidence probability for relative error less than 5% is 70% .

Keywords: overall superficial flow velocity; two-chip continuous wave ultrasonic Doppler (CWUD) ;

Doppler shift response characteristic; conductance ring sensor; continuous phase identification
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Table 1 Parameters of cabin plates
Kx 9o x B/ sk, B
At K —_—
(mm X mm X mm ) P RE K BE
+X 308.15 0.10 0.65
1624 x 1500 x5
-X 303.15 0.10 0.90
+Y 298.15 0.03 0.65
1500 x780 x5
-Y 303.15 0.90 0.90
+7Z 298.15 0.03 0.65
1624 x780 x5
-Z 303.15 0.03 0.65
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Table 2 Heat flux of cabin plates at various

grid numbers

WP E/(W - m™?)

et mAY/m?

54 TRk 138 TTRIKE 667 JT A%
+X 2.436 324.7 326.9 326.3
-X 2.320 245.9 247.6 248.6
+Y 1.135 193.6 192 190.8
-Y 1.170 390.3 392.5 393.4
+Z 0.682 287.6 285 286. 1
-Z 1.165 241 239.9 238.6
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Fig.4 Temperature distribution of cabin plates

without modularization design
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Fig.5 Modularization design scheme of cabin plates
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Fig.6 Temperature distribution of cabin plates

adopting modularization assembly
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Fig.7 Temperature distribution of cabin plates adopting

modularization thermal control
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Table 3 Statistical results of cabin plate temperatures

3R R 22/ K i ol UL R 22/ K
L g PURIE BURE L B BURME
R = % T g Hp

+X 0.039 0.003 0.002 0.156 0.013 0.010
-X 0.795 0.253 0.223 1.172  0.309 0.227
+Y 0.391 0.618 0.269 0.637 0.693 0.295
-Y 1.310 0.265 0.216 2.265 0.316 0.217
+7Z 1.309 0.260 0.246 2.052 0.268 0.255
-Z 1.277 0.251 0.235 1.815  0.307 0.247

Bk 0.873  0.299  0.205 1.466  0.381 0.226
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Modularization design of vacuum thermal test frock for
space optical remote sensor
ZHOU Zexin', SUN Zhigiang" ", XU Bing"*, HONG Yang''’

(1. School of Energy Science and Engineering, Central South University, Changsha 410083, China;
2. Beijing Institute of Space Mechanics and Electricity, Beijing 100076, China)

Abstract: To solve the problem of uneven temperature distribution in the ground simulation experiment of
space environment by space optical remote sensor, the modular design is used to optimize the cabin plate
structure frock of a certain space optical remote sensor, and the cabin plates are divided according to the tem-
perature distribution. In this paper, modular assembly and modular thermal control are proposed. The modular
assembly is to divide the cabin plates and its surface heating sheets independently ; the modular thermal control
considers the cabin plates as a whole, and only the heating sheets are divided. The results show that the aver-
age temperature deviation of the modular thermal control is 0. 205 K, which is lower than 0. 87 K of the unmod-
ulated design and 0. 30 K of the modular assembly, and improves the temperature uniformity of the cabin
plates. Modular assembly improves the temperature distribution of the cabin plates, and the proportion of
measuring points that meet the thermal control requirements is increased from 34.8% to 96.7% . However,
there is still a certain temperature difference between the modules, and modular thermal control eliminates the
temperature difference. The proportion of measuring points meeting the thermal control requirements is further
increased to 100% , which fully meets the thermal control requirements.
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Fig. 1 Schematic diagram of microscopic

light field imaging
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Fig.2 Schematic diagram of light field Micro-PIV system
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Fig.3 Light field Micro-PIV experimental system
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Table 1 Microscopic light field imaging

system parameters
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Fig.4 Simulated PSF image of points at different

depth on optical axis
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Fig.5 PSF simulation results at different horizontal positions

when depth z =50 pm
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Table 2 Image similarity function values
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Fig.7 Single particle experimental light field image and reconstruction results
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Point spread function of microscopic light field imaging
based on wave optics
GU Mengtao' , SONG Xianglei' , ZHANG Biao', TANG Zhiyong’, XU Chuanlong"

(1. Key Laboratory of Energy Thermal Conversion and Control of Ministry of Education, School of Energy and Environment,
Southeast University, Nanjing 210096, China; 2. Key Laboratory of Low-Coal Conversion Science & Engineering,
Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai 201210, China)

Abstract: The light field Micro-PIV deconvolutes the light field image by Lucy-Richardson (L-R) algo-
rithm to obtain the three-dimensional coordinate information of the tracer particle. The accurate point spread
function ( PSF) is the premise of the L-R algorithm to complete the reconstruction, and the existing PSF model
is not suitable for the light field Micro-PIV system. In this paper, the PSF model of a microscopic light field
imaging system based on wave optics is established. Numerical simulation is carried out to calculate the PSF.
The similarity between the calculated and experimental PSF images is determined by the structural similarity
algorithm. Combining the theoretically calculated PSF, the L-R algorithm is used to reconstruct the single par-
ticle and the flow field of tracer particles at different concentrations. Results show that the similarity between
simulated and actual PSF is more than 0.94, indicating that the PSF model has high accuracy. The three-di-
mensional coordinate error of a single particle is within one pixel, and the three-dimensional coordinate infor-
mation of the tracer particles at different concentrations can be accurately obtained, which further verifies the
accuracy of the PSF model and lays the foundation for light field Micro-PIV to realize instantaneous three-di-
mensional velocity field measurement.

Keywords: microscopic imaging; deconvolution; point spread function ( PSF) ; light field imaging; flow
field
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Table 2 Simulation methods for outer atomization field
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Table 3 Statistics of mass flow rates of

holes under different rotation rates
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Fig. 8 Mass flow rates versus exit hole
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Fig. 15 Schematic of experimental system
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Table 4 Technique parameters of experiment rig
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Table 5 Functionality of high-speed photography
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Fig. 17 Slinger atomization field under low rotation rate
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Fig. 18 Comparison of hole’ s mass-flow rate (1)
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Fig. 19 Comparison of hole’ s mass-flow rate (2)
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Fig.20 Comparison of hole’ s mass-flow rate (3)
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Non-uniform flow characteristics of direct-connected fuel slinger
YE Yulong'?, JIN Jie"?, LIU Rui'?, GAO Xiang'?, WANG Fang'*"

(1. School of Energy and Power Engineering, Beihang University, Beijing 100083, China;
2. Collaborative Innovation Center of Advanced Aero-Engine, Beihang University, Beijing 100083, China)

Abstract: Aimed at the flow property in the start-up process of fuel slinger, three-dimensional numerical
simulation was used to study the flow property of the inner and outer two-phase flow field of fuel slinger. Com-
bined with the experimental results of high-speed photography and theory, comprehensive analysis was carried
out. The results show that the total out mass-flow rate varies with time largely. Each hole’ s out mass-flow rate
is also different to a great extent within short time period. The Sauter mean diameter (SMD) difference for dif-
ferent holes is relatively small compared with the SMD difference caused by rotation rate. The SMD is mainly
determined by rotary speed. The spatial distribution of the spray is uneven as the result of different single
holes’ out mass-flow rate. The experimental results confirm the simulation outcomes.

Keywords: aero-engine fuel slinger; analogue simulation; high-speed photography; Sauter mean diame-

ter (SMD) ; non-axisymmetric property
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Collision and attachment behavior between rising bubble and
plastic plate in pure water

NIE Dongqgiang, HUANG Xuezhang, SUN Zhiqgiang®

(School of Energy Science and Engineering, Central South University, Changsha 410083, China)

Abstract; In order to reveal the influence of bubble size and surface hydrophobicity on the flotation
process of plastics, high-speed photography was used to observe the collision and adhesion behavior of rising
bubbles and plastic plates in pure water medium. According to the change of bubble velocity, it is divided into
three stages: collision, liquid film drainage and three-phase contact line diffusion. Based on image processing
technology, the bubble collision deformation, adhesion time, three-phase contact line diffusion characteristics
and their effects are quantitatively analyzed. The results show that the deformation factor gradually evolves
from slightly larger than 1.00 to slightly less than 1.00 as the diameter of the bubble increases. The hydropho-
bic plate with strong hydrophobicity makes the deformation factor of the same diameter bubble larger, and the
collision time increases with the increase of the bubble diameter, but decreases with the increase of the hydro-
phobicity. The stronger the hydrophobicity of the plastic plate is, the shorter the time it takes to form a three-
phase contact. When the bubble diameter is 1.0 mm, the liquid film discharge time of both the poly tetra flu-
oroethylene (PTFE) and polymethyl methacrylate (PMMA) plates is extremely small, which are 4.8 ms and
56 ms respectively. The diffusion time of the three-phase contact line increases with the increase of the bubble
size , and decreases with the increase of the hydrophobicity of the plate. When the bubble size is the same, the
diffusion diameter of the three-phase contact line decreases as the hydrophobicity of the plate decreases.

Keywords : plastic flotation; bubble; hydrophobicity; collision; attachment
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using electrostatic sensors
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Abstract; The monitoring of solid particles in the aero-engine gas path and exhaust emissions improves
the ability of fault identification and early warning of related equipment. Three different types of electrostatic
sensors are used in this study to measure the mass flow of solid particles in square gas-solid path and the meas-
urement results are compared and analyzed. The experimental tests were conducted under sixteen dilute phase
conditions of four conveying gas velocities and four mass flow of solid particles. The magnitude of electrostatic
signals and the velocity of particles are used to evaluate the mass flow of particles under all the test conditions.
The comparison results show that the square ring electrostatic electrode array has the highest average measure-
ment standard deviation, the intrusive strip electrostatic electrode array has the smallest one under low mass
flow rate conditions. The non-intrusive strip electrostatic sensor provides the best measurement performance
(the lowest standard deviation) when the mass flow is high.
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Fig.5 Streamline diagram of Faraday wave in an ultrasonic excitation period
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Formation mechanism of Faraday wave on thin liquid film
excited by ultrasonic vibration
GAO Guofu”, LI Kang, LI Yu, XIANG Daohui, ZHAO Bo

(School of Mechanical and Power Engineering, Henan Polytechnic University, Jiaozuo 454000, China)

Abstract: Aimed at the Faraday wave formed by 35 kHz ultrasonic excitation on thin liquid film, the for-
mation mechanism of Faraday wave was explored by experiments and finite element simulation. The two-phase
flow calculation model under ultrasonic excitation was established. The finite element simulation of the forma-
tion process of Faraday wave was carried out by CFD method. The formation mechanism of Faraday wave was
discussed by analyzing the phase diagram and streamline diagram. The vibration frequency of Faraday wave
was about 1/2 of the drive frequency. The existence of liquid inertia resulted in a constantly varying phase
difference between the ultrasonic excitation and the liquid surface wave, and the phase difference variation
period was about two ultrasonic excitation periods. Through the 35 kHz ultrasonic excitation experiment on thin
liquid film, a well-arranged Faraday wave array pattern was observed on the surface of the thin liquid film. By
measuring the wavelength of the Faraday wave, it was deduced that the surface wave frequency obtained by the
experiment was about 1/2 of the ultrasonic frequency, and consistent with the results of finite element simula-
tion.

Keywords: Faraday wave; ultrasonic excitation; thin liquid film; computational fluid dynamics (CFD) ;

formation mechanism
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9 7 1 0K U 3l 5 AR A i 3022 23 20 i T o
O ARG b (A5 58 O B S R 2
BN T ARE ST o YR 3h & REAE S Je LI 8 57 2 %
B A A 7 A P IR Sl R0, S5
TS BRI T, AXE T IR SIE X RS B
RERE Sl i KB R SRR I T B E )
R SIE X k2 & fE 8 S0 B — 4R S R sl T
1K TR e BIR 3 & b S B IR Bl AR
TAE T H BT i 9 3 1) 7% 98 05 2 K iR 4
w5 RSl G R, AR TR R IR Sl B
FHE 5 % o

1 BFERHITIES S MEiIT

PR B T A BT B SR 2 7 A
SR B i AR B 14 P B I
BT AR R B 2 B PR o P AR 1
3 7 BE PR PR B A B AR B
S, SHKRANK

] E
€= p(l—O'z) (1)

e D B AR B T, m/s; B O SRR
N/m’5p Jy MR FE kg/m’ 50 BIARA L o

P I AT LA [ UM A T AL 3 R
A% 32 P 5 T AR Z A7 AE — R R,
ZRF AN

)\=7 (2)

KA PR mf SRR AR Ha,

P 4% Bl T AT 5 < H B 7 e A1 <8 bR
s FE VAR B, DA R e B0 T AR G 1 T
PERCR BA R . REAS FH R 508 75 3k 3h T4
B IM R R Z R, 10 45#40 L Cr12Mov #{ Fl Bk
FaAF . ASHNTE IR o 15 1 7 T B AT R Bl g
FAUN 7 e L, B RS A X B, A 5 I T
S B Bz W o Crl2Mov H9 HL A 85 =

F1% 2 T R ) 0, O L AT LA R 52 48R 48 Ay
Al R B bl 28 SRR BRE AT BN BATLAE,
DIt al LIRS TAE G MBIt 22— sk &k
SE TN AR R0 T A B G A v AR IR A O B
PA% B, BT LAAS SCE 5 45 #49 Al Crl2Mov Hd 1
RSB AR A RHERES BN R 1 R .
MRAER 1 ASHN S RN (L) il BIR R
BT AE 45 #40 P Y L i e = 4. 957 1 x
10° m/s PEIUH 75 ¢ 4 2% f = 20 kHz fE B Pk 3h &
BT AR AR 3 (2) BT RISRAR A =0.2479 m,
H A G O 2 P R B B B, BT
PR Sl & 1K RS 28 245 mm, 25 pE /N Y
I AR & RST &g T2 R, i
YEG I 8 R 180 mm s fy F7E LR G 7%
JFE B A e ROt Z R A& —E N f TR
JEREE B 40 mm, % TAE & 5B R85 A%
e, P B R AR AR AR W IR 315 5 48 o 4 RE AR R
AR g HUBRAIR Bl Je Hh 728 W R 22 ) o 7 R sl 1%
B TAES TS ER OB A ksl Hop
PR3l 75 TAE G Z B %7 X 1 s
x1 MEEESH

Table 1 Material performance parameters

MR BEREE /(N - m ) JARE MR/ (kg mTP)
45H#5 2.09 x10" 0.269 7890
Cr12Mov 4 2.18 x 10" 0.28 73850

I TAE G SRS 7 1% Hon B 1
Fig. 1 Schematic diagram of connection between

working table and vibrator

2 BRERSITESHRTIHN

WA TAE & M08 B3t 0 TAE & 1 TAEE
AELE 1T A R OC 20, A ANSYS Workbench
Geometry BEHUH . TAEGHR . TAE G 1EIREIT
2 R, LRSS BT A B B A 5 SCHE T P O
A TR AL o R A AR 9 % 3 T A A
B2 MEERESIDE TG R ENK. S
IR HIRSFI G . TAE G M AR I 202 LA B R
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2 S, BT LUE TAE & b i T 36 PR L LADK
AINTAEG BT, MR A & RAF LR T
eI HRAL, THAEIE ART 2 Sy WUHEAE i S HEAY | 45
FaniE 2 fros

K2 fesh LG4

Fig.2  Vibration working table structure

2.1 WESH
A TAE G I BLS 2 45 2R, S B il 221
SEHRITAR B RAE N — R, PR3 & REB 1R
FURSE 9 TARARZS ol BEZS 23 Bir ml LAULERE T4
76 32 53— A % 30 [ 4% B S OO, e T
T BT BN IR S A5 5 I 77 A2 Y R o B2 AE
BERPERE R QRN L BB AR R AR 0 T AR R
PEAT S R 23 AU AT 5 SE PRl T 2, 245 TAE
ERAYIIFUR S SO NEE ) N7 S
JEEITE 16 ~25 kHz Z [l %) 2 F T AR & HEATHEZS
ST Aot OUCHERS A 5 i 8 i 2 X I 4 AR
fEIN2e 2 F2 3 P IR BN 3 FIlE 4 s .
K2 ASHNTIEAET 8 MESME
Table 2 The first eighth-order modal frequency of
45# steel working table

£ 3 Cri2Mov N TIEAH 8 MESIAE
Table 3 The first eighth-order modal frequency of
Cr12Mov steel working table

BRI s %

1 17787
18845
19 640
20126
21165
21690
22182
22268

0 N N R W

9 A 2 $i2%/ Hz

1 17381
2 18423
3 19196
4 19668
5 20694
6 21199
7 21693
8 21782

[ 3 AS#H AR & B B R 2
Fig.3  Partial modal vibration shape of 45#

steel working table

3 Ry AS#MN T AR G FB 3 B PR 7Y, MR 40 5
PRy T7% 2, 25 A RS IRB S B ] A1, 55 1
BRI 8 BB IR AT 4 N 57 2, HoX
FRIAR 43 531 Ay 17 381 Hz 1 21 782 Hz, HoAth Jk R A7
EEMEAETE . B FE 1 R, &7
AP I MRS DR R AR 8 YRS A BT A5 AR K
TAEBRMIRSIE X o LB Ll B b 75 2 1T
TEGUT y By m iR g, BIZBSAE 2 I A2 g
R/, Z5 T IRTERT 8 Brfis i, 55 8 TS G
T AT AN T S bR

FEAH TR 254 K6 4 SR Crl2Mov, HoAth T
VEZAMFRFE AR AT, R3IA/ T
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B4 Crl2Mov i T4 & 78 /3 25 ik Y
Fig.4 Partial modal vibration shape of
Cr12Mov steel working table

Cr12Mov 4N TAE G Al 8 B AR 2 XoF 1 A4 43 32 41

& 4 2y Cri2Mov 4 TAFE &5 & 4y LA IR AU, W]
VLA B b BHSCE J5 PR 8 & 1 45 B R B L-F- AR 5 A
5[ T B AN 8 B RS R BUAT A 0 L
HEX R 945 2R 43 5]k 17 787 Hz 1 22 268 Haz, i Bl
55 8 RS B IR AR AE S AR B Y AR,

I 0T R HERE AR B AT RS T, K R
HeWl TAE G 7E 4 B PR AL AL 35 kA PR, 7 25 ke
A BB AL AR W R AR, AN 3 R A iR S L
TEFENHERE TAE & 3t .
2.2 MRS AT

XF AR & #EAT I B 4 A, DA TAE &
SEAAE IR 2 AE FE R AR S IR 8, th T 2
g AL, pr AfE T B R ep , B R A i ik
Bl , AN T e B ) 1 8 S 4R 3h o AU 7S R B0
B B I L AR e rg YD EI 6 CAE & TG S0 N
T 2707 , 0 4 % 45 #40 F1 Cr12Mov 89 i Fl 4 1 1
TAE & BEAT IS B 23 BT, AT LWL ¢ 3 7 3 4R A %
R E TAE & iR shfe e Mo

E5 S 2 FbA kL AR &1 B o A 4 R . A
K5 (a) ATLAAE M3 AE 24 370 Hz B % 1 {8 5
HL R RAE R 1.3905 x 10 > mm; A E 5(b)
AT LLE 003 AE 24 910 I 4 MR (8 55 K, 1 I i
KAE F1.2260 x 10 " mm , TAE & 7F % KR 0E

BIS PRl AR & 8 i o3 B
Fig.5 Harmonic response analysis of two types of

working tables

Qb 343 7 A ) BT AR , T vk S92 BB A I TR 1
45#I IR 3 B 18 TAE IR 4R s Ak (21 782 Hz) (9 45k i
R 7.1 x 1077 mm, 38 $i R 45 95 K 350 Hz;
Cr12Mov 4 T4 &5 75 TAEIE IR 5 40 (22 268 Hz) 11
PRUG M K 2. 6 x 107° mm, L4 50 5 47 56 N
200 Hz, AT L5 3 45#890 4k 5l & 7 TAE I BA 8098
LR AR, RE S R AL B 0 AR E 1 HR
HA BN IHRIE -
2.3 ZEBRRESH

fdt 1T H BR 3R Sl A6 T k3 AR & AT AL 1
T AR S BB0E 9 H bs , WEEASE A5 e Y
Bt ASCEEANAL HAR AR IE TAE G iR 3h &k
SR ET R T N TAE B R R, IR RIE TAE G 8
SRR /N B R RO TAE G R =48R,
N T BT, B AR IR 3l T f sk AR S
RPAHR 220 mm<L<270 mm, 162 mm< W<
198 mm, 36 mm<H<44 mm, . L W H /35 R
AN

T AU 156 12 (screening ) #E4T (AL 315, fifi &
e — AR A 2 T I A R A S
B, P A% 9 Hammersley 53% 258005 1E 1 F
JIT A R A A R ORE S . Hammersley SR B 55
P — A BA R # AR 89 22 5 1 00 v BE BL 8O AR
ar, oK RE M 2 B0 L B I . I 1R ANSYS
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Workbench 25 1} 3 > L S8 A1, W3k 4 Fras , Al
DL B8 0 1 X0 17 A A A 2t ) 3 s i v
se e LA, B DA e e ik i 1 i ROSHE ik sh I
E G mE R,

RAE LA IS 0 25 R, e B SR 4 i fise ik A0 1
YER B RT o IWEAE & 090 107 f £ B 2% jeoxt
fe e s B9 ROSF AT B0, IR CAE & Rk
221 mm X 162 mm X 36 mm

ot fa TAEG Bia RoT &4 284k, fir D) g 22
AR S B 2 B TAE & ST RS 43 Hr F i
NGB, LA S AT 5 IR 3 TAE G A1k, DA
Cr12Mov #Hik3l &5 M 1], XF LAk )G B9 TAE & it 17
R0 H 76 16 ~25 kHz 70 [ N 42 BUHT 8 [ i 2
A ISk mr AT . £S5 Miib)E
Cr12Mov S LAE G Al 8 BB i .

HIE 6 FTLUE 55 2 B S R AL AER 6 [y
LS R Y 3 A5 i 75 i Bl T, G S R A 3 43 )
717 138 HzF1 19796 Hz, ¥ B 19796 Hz 1y T4E
G TAES R, Ak )G 2 Fl TAE & 0 TAE 340
Ho TR A ET 24 A B BRI, OF BG4 S PR 3 & 19 i
/N T 27% AR MRBEAR 1% , A %R
TS RE B AR SR BT AR

XEOUAR G 14 3 & 3 47 38 e R 43 A, TR
AR G W IR0 B IR i CAERA, 45 R
TR o

Hi & 7 (a) AT, 45 #8904k 30 & 75 L AE I8 4R A2
R (19349 Hz) (YIEAE S 1.7 x 10 77 mm , 4R 45 %

x4 kS

Table 4 Optimization candidate points

ZH A 1 REEM2 EES3
P1-DS-D1/mm 162.9 170.1 164.7
P2-DS-D1/mm 221.73 227.85 246.23
P3-DS-Exturdel. FD1/mm 36.2 39.756 38.867
P4-Solid Mass/kg * Kk x8.7424 x10.472 %x10.724
P5- 378 B 5 e KAH/mm 0 0 0

RS M5 Cri2Mov SHTIEA BT 8 MRS E
Table 5 The first eighth-order modal frequency of

Crl12Mov steel working table after optimization

B $5 RN A i % /Hz

1 17077
2 17138
3 17159
4 18 049
5 18063
6 19796
7 21193
8 22468

El 6 fifb)s Cri2Mov 4 T1E & #B 4 #E A5 R 7
Fig.6 Partial modal vibration shape of Crl12Mov

steel working table after optimization

BT AR A S R A & 1 I 4 HT
Fig.7 Harmonic response analysis of two types of

working tables after optimization
Mo 150 Hz; i & 7 (b) w] F0, Cri2Mov 4 T 4E

BE AR Ik AL (19 796 Hz) B IR AL 3.5 x
107" mm, YRR T8 100 Hz, 0] LR F] 2 Fp
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P2 & 75 AR B A9 24 5 2 a7 22 5 A K, B 26
L PR Bh R e 1, 5 Crl2Mov 0 TAE & B A KK
F14) e {1

XA IS 19 2 iR ) &, A TAE & 1E 3
T HE 47 B 43 B, T4 AR K A 4
(Ti6AMV) , TR F % 80 mm x 60 mm x 8 mm,,
T 16 ~25 kHz 5 [F 4 $2& HUAT 8 B A g A, Horp
A2 B ik B o 9 B B A Gl S PR B L
SR, At ) 77 A= AN ) AR B A HL R, LA Cr12Mov 4K
ezh & R, BARIRE I 8 R .

H & 8(a) n] 4, i1k J5 Cr12Mov X TAE & i
ARG JE4R A5 R R 2 19481 Hz, [H H AR sh 3
REGF T 4S#NTAES ;B 8(b) FrndiRsh 676 L
YRS 2 AR B RAF M9\ 1) 4 2l 808, 1B H i (A
BN AR FSE BRI T, LIS i 45#50 T
YE G TAF LG o RE PRE B4 i 90 i IR sl 3R
(SRS IS o Q1) | WANE = S N (2 72 S8 O e
19040 Hz, #§ 3 & 76 T 1F 5 R 1Y 4 I8 228 T
Cri2Mov ] TAE G o LG 50HT 2 btk TAE & 1Y
PN BRI A BEHE Crl2Mov WA R X TAE & i
Fri il B o, i 9 Fios o

WA 9 Fis, L Crl2Mov 4044 R 5 0 35 2
& M R 0213 B F0E PRI, IR W5 ~ 8 pum,

K8 fifk)a Crl2Mov 9 TAE &4 A3 0 B S 4R Al
Fig. 8 Partial modal vibration shape of Crl2Mov steel

working table with workpiece after optimization

K9 i A PR 8 TAR &

Fig.9 Prototype ultrasonic vibration working table
g an 5 A MR AT 2 18] R AR S0 #2 , O A 22
B R TS b, 78 W AT B R i 5 A B Z 8] R
RO o U A e BE & A AE & B AR Ry
o 20 kHz, % $ ORI 5 19 52 5 R 3 R AR N
19.6 kHz £ 47,

3 &

A SO B AR 7S R 3 AR & AT T A5
Th, 3 BIE 2 ARk T AR & iF 47 1T A ROt
BT, IARSEZS 43 17 45 2R v #0380 745 & 8 75 ik 3l L 75
PR BRI IE X TAE & 17 2 Hbr ik ix
I, B4 E TAEG RSN 221 mm x 162 mm x
36 mm , ARSI WF

1) 2 Fobhok i 8 m) TAE & B A AR AR
PRAY,ASHNR 3 & 7 TAE I IR AL A 4R sl A2 LA
KARME /N T Cri2Mov 8 TAE A .

2) 4S# AR & LRI R A 58 KT Crl2Mov
WLAES U] 4548 TAE & 76 TAER iR g A2
FEMEELF T Cri2Mov I TAE G .

3) i 2 B bR A 15 Ik 3 & 00 S AR R
REAR 27% , T AR 3 % [ i B AR 11% , (AL J5
2 AR & Y SR A A A YA 22 B/, 3 IR
BORHY Cri2Mov 4 TAE B AE B A BT T % .
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Design and finite element optimization analyses of accessory

ultrasonic vibration working table
WANG Yan', LIN Bin>", DONGYE Guangheng', DONG Yinghuai',
ZHAO Jingnan', ZHANG Xiaofeng’

(1. School of Mechanical Engineering, Tianjin University of Science and Technology, Tianjin 300222, China;
2. Key Laboratory of Advanced Ceramics and Machining Technology, Ministry of Education, Tianjin University, Tianjin 300072, China)

Abstract; Ultrasonic vibration assisted machining provides effective manufacturing solutions for difficult-
to-machine materials such as alloy materials, brittle materials and composite materials, which is widely used in
aerospace, defense, electronics and other high-technology fields. The complex structure, high degree of spe-
cialization and poor reliability of ultrasonic vibration assisted machining device restrict the promotion of ultra-
sonic processing technology. In order to popularize the application scope of ultrasonic vibration assisted machi-
ning, an accessory ultrasonic vibration working table is designed based on the principle of ultrasonic energy
transmission, which can be conveniently installed in the machining center to provide ultrasonic vibration assis-
ted machining for the workpiece. First, two types of materials were applied to structural design of the table,
the working frequency and vibration form were determined through the modal analysis, and the working stabili-
ty was presented by harmonic response analysis. Second, the working table structure optimization was carried
out by the method of multi-objective optimization. The quality of the working table was reduced under the con-
dition of guaranteeing invariable total deformation, in order to reduce the loss of ultrasonic energy and improve
the working reliability. Finally, in order to make the working table more suitable for the actual machining
needs, the material of the working table was selected and the table size was adjusted by comparing the results
of finite element analysis before and after optimization. The results of analysis indicate that 45 # steel vibration
working table has better vibration stability and smaller vibration amplitude. The overall mass of the vibration
table was reduced by 27% , the working frequency was reduced by 11% through multi-objective optimization.
The bandwidth difference of resonance frequency between the two workbenches is quite small.

Keywords; ultrasonic vibration working table; structural design; multi-objective optimization; harmonic

response analysis; harmonic frequency
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Fig.2 Track of outermost point of drill cutting edges
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Fig.3  Motion speed curve of outermost point of cutting

edges in ultrasonic vibration drilling
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Table 1 Material parameters of tool and workpiece
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ppe GPa MER/NE A emy  (105C 1)
Ti6Al4V 110 0.31 4.43 9.5
#4345 (WC-Co) 524 0.23 15.7 6.3
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Fig.4 Finite element model of twist drill and workpiece
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Fig.5 Speed function of drilling simulation
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Fig.6  Axial force curves of titanium alloy drilling with

different processing methods
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Fig.9 Experimental devices of ultrasonic vibration drilling
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Table 3 Ultrasonic vibration parameters of twist drill

HA2/mm 1
W R A 3/ Ha 21130
PR IR 7/ mm 0.025
HLHR £ R 1/ rad 0.01
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Table 4 Experimental parameters of ultrasonic

vibration drilling
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Fig. 10 Axial force data acquisition results
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Table 5 Experimental results of average axial force
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Fig. 11 Variation of axial force with amplitude
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Table 6 Experimental results of average torque
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Fig. 12 Micrographs of exit burrs
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Table 7 Measurement results of hole

diameter and exit burrs height

T RV ANE
T 3 mm % B /mm
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Simulation and experimental study on ultrasonic vibration drilling
process characteristics of titanium alloy
ZHAO Ganlin', FENG Pingfal'z'* , ZHANG Jianfu'

(1. Beijing Key Lab of Precision/Ultra-precision Manufacturing Equipments and Control, Department of Mechanical Engineering,
Tsinghua University, Beijing 100084, China; 2. Division of Advanced Manufacturing, Graduate School at Shenzhen,

Tsinghua University, Shenzhen 518055, China)

Abstract. Issues of high cutting force, high cutting temperature and bad machining quality in the case of
conventional titanium alloy drilling are widespread. Thus a study of ultrasonic vibration drilling process charac-
teristics of titanium alloy was carried out. Firstly, the characteristics of both interrupted cutting and high-speed
cutting were analyzed using the equation of motion of ultrasonic vibration drilling. Secondly, Deform-3D was
then employed to simulate the axial force, torque and cutting temperature of titanium alloy ultrasonic vibration
drilling. In the final step, ultrasonic vibration drilling of titanium alloy was conducted. This aided the investi-
gation of relative change in cutting forces, torque as well as exit burrs of ultrasonic vibration drilling in com-
parison to conventional drilling. The results show that ultrasonic vibration drilling of titanium alloy can reduce
the axial force by about 20% , the torque by about 40% and the average cutting temperature by about 50% .
And the processing quality by ultrasonic vibration drilling of titanium alloy is superior when compared to con-
ventional drilling. The longitudinal-torsional composite ultrasonic vibration drilling of titanium alloy is more
effective than one-dimensional longitudinal ultrasonic vibration drilling as it has much greater influence in the
reduction of axial force, torque and cutting temperature, which shows superior drilling processing characteris-
tics.

Keywords: titanium alloy; ultrasonic vibration drilling; longitudinal-torsional composite vibration; cut-

ting force; torque; cutting temperature
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Mechanism and experiment of high-speed ultrasonic elliptical vibration
milling of thin-walled titanium alloy parts
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Abstract: A high-speed ultrasonic elliptical vibration milling method is proposed for poor processing
quality and low processing efficiency in milling of thin-walled titanium alloy parts in aerospace. Firstly, high-
speed ultrasonic elliptic vibration milling combines high-speed ultrasonic vibration cutting concept with mill-
ing. A high-frequency intermittent cutting where the cutting tool tip moves in accordance with the elliptical
trajectory can effectively improve the quality of machining and break through the limitations of the ultrasonic
vibration processing on the critical speed. Then, the separation principle of the process is analyzed, and a
self-developed ultrasonic vibration milling device is used in the experiment with thin-walled titanium alloy
parts. The experimental results show that, compared to the common milling processing, the cutting force re-
duction and the relieving amount reduction for high-speed ultrasonic elliptical vibration milling method are both
about 20% to 30% , and meanwhile the surface defects and roughness are cut down.

Keywords: high-speed ultrasonic elliptical vibration; milling; thin-walled titanium alloy parts; cutting

force; relieving amount

Received: 2018-12-02; Accepted: 2019-01-18 ; Published online: 2019-03-18 1605
URL : kns. cnki. net/kems/detail/11.2625. V.20190315.0844.001. html
Foundation item; National Natural Science Foundation of China (51475031 )

# Corresponding author. E-mail: zhangdy@ buaa. edu. cn



2019 4 8 H
$45 4 48 ]

tEMEMRKEFFR

Journal of Beijing University of Aeronautics and Astronautics

dtﬁl%&ﬁ A 2019

Vol.45 No. 8

http: // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2018.0713

N

ks, £XR07, kEx"?, HAEDDT, 2080, M AW

(1 Jestiizs R K2 HUMCLRE I A 3 Ak 2B, JLat 1000835 2. JERUATZS LR K2 AW IR 2 TR e AR BT 0,
JEAt 1000835 3. fiizs ol R #S CHL Lok (5211 A RITEA W], AR 610073)

jbuaa@ buaa. edu. cn
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18N EE I

1 B AR AR BRI EEZ &M B (CFRP) £ 5 & 47 (CD) 142 o H 9 8l A
FRAERATMPE AN EHA FLESEF RS, KA T it &7 4 B 45 B (RUAD) #] 3L
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JL R 4508, AR ML BT o B PR B ROk R
DLEF A AR Y BB AR o 7 B R ALY F-
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Bl AL A b DI B2 | 25 S S CFRP 43 )2 1]
AINTEIR &R IR IEAT T SC g B0k . 25 2R 3R BT . 1)
HI| 38 B % m CFRP 23 J2 I~ K/ i 5 2 19 1)
HI 28, Hor 2 P ¥ B U HI R DL e i 25 3 %
{9 38 A0 T 3 K. Gaitonde 2517 3 F i N T ¥
( Response Surface Methodology, RSM ) ## 37 T —.
Oy AL IR T O a8 i LBy A T CFRP
L ZH 75U S 8m Wk R, 458K
(SRRl 1BE AR NG o = < [0 A NN 1 N A <
HE 25 HE 5 5k UM BE B8 A R i 43 2 . BRI
— A CFRP L 1Bk RS HEAT T 9 5 B
TR AR S HEAT TR B4, A R R
M BN E CFRP AL 1A EEHHIE A, 74
) 22 R b ) I S B I SR B E . I
S R BB B AR S VT EI ) Bk BAR s
e g R A e B R AR A OG, T 5 B Sk B
A O o

25 Bk A B WE S A R AL S g AL
i ok LA T2 S 8 T Bl BE SRR IR CFRP Gk
B Y 7= AR, BOAR BB S AT — 8 ROR  HERTHA R .
H A, Ay —Fh s Ry Sk B R Ao CHOR | e i
7= & 1) 445 Bl ( Rotary Ultrasonic-Assisted Drilling,
RUAD) i F H A phRe /9 2R P 51 & 1 B A Ak
FHERTIZ R, A RUAD $AR 76X M fin T
MBS IR 5 4 BR G 4 DL & CFRP S84 H| 52 56
AT T RPN T EHCR T 1% CFRP
PR B 8, Makhdum 48" JE4T 1A 06 T2 96
B, S5 SRR W] <8 7S B ) BE 08 AT A B 1) g AN AH
H,BEAK CFRP 43 2 I AR 13 80U Y R T i & . Ph-
adnis % 38 45 25 SCH M4 & 1 Oy 20
BiH| CFRP |85 H) ) AL BEAT T 05T, 05 B 4%
5 S R A AR — B, A i
T2 SEE BT T N L2500 8 5 B ) CFRP 4
HIl 3 B o MRS B2 A 52 e IR AR, 4 SRR B . i
RS Al ) g 70 2 T AL B R R W O, A 1A OE 4
W2, B PR . 25 B X T CFRP
7 B B R AT 9T, T AR P AR LA S o U I
JIUA B ALAG A3 A8 B 52 77 T, X HG dfe e 410 o] AL
HHILFBA V.

R, A< SCAE 73 CFRP 3% 38 46 1] ( Conven-
tional Drilling, CD ) Y Lk i 28 B K 7 Az AL B ) Jk
filh b 25 A S AR Som T RE M, WF R T RUAD
4 FL R e 410 ) LB, JF @ i CD Al RUAD CFRP
R0 F 592 36 XoF L R B 7 A B3 S A o LB R AT T
Bk o

1 ERBEHNRE e LER
Be3 B 490 6 471 32

K12 RUAD Ay EEA R HR B . aniE 1 R
TR Al Sk TR THE G 1 Ay 1 T) v EG f ri AR R )N
PR P 2l o B P i 2l 1 n 2l AR T4l 10 AL B
AT H o AR 2 43 B 2k o =X R
Hn R o/ ming f O B E 4 5 mm/ ey F OOy
PRENAT A Haz s A R HRIE , pm

2 - SE NI CFRP B 70 A 3 D) I 71 34
SLUVH G R AL A B R . &3 5 RUAD
Hh el T 7 IR Sl 4 (5 A5 48k Sk i 0 A 32 U0 )
A A B sz ik o DA ) CFRP AL Bk B TE 1L
MOALEE . b, Ve Syl i 45 R, mm/s; Ve O
75 iR Bl ) R S mm/s

F£ CFRP (4l il 2 F2 b, iy Y10 7 Br 51k 1)
ST 2 22 Z A0 18 D I ) 47 3 B R a2 4 2 2 R AR
JI B R B2 D)2 A 20 ey T A A 1% B 24 7 A

WE 2 frzs, CD 4l 3k 70 A 3 b0 91 LA
6 ) E 25 SR BE V, RG34 n D)), HL Y5 CFRP 1R
SARFE A b, A 20 L K 3 90 ) 20 60 AR R 4 4
CFRP A 2 NMEM Jy: — & Rhm m F S Fp,,
TR UIEI G EE 5 1 B T F o Sk B VIH T IE
R 40 %) CFRP bt 25774 2 MER g, 3
B B 1 F o, UL R DY T 1 1 J) F oy o
il S R F o, FF, (F, >F ) B9 E AR ™
A 3 ELN ) AR CFRP = A = gk JF 1 24 2 ik
B 5 TRV B8 D 1) 1 1 F R R HE Y 2R 4 il
Z 5 5 S R AR VL0 4y 7 AR — AR BT B g
Sl TF AL RLECERE, AN, Bkt T H A IR
TE L5 AE) , 6l ) 2ok A vp s A b B RS

Bl 1 RUAD J5#R 25 )&l
Fig. 1  Schematic of RUAD principle
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2 EiE A CFRP WS I 32 D1 77 2 22 40 1
T8 7 J= 4 2 B B it 2L ]
Fig.2 Schematic of delamination and tearing induced by
chisel edge and major cutting edge of continuous cutting

during conventional drilling of CFRP

— LML T R B Y 7 A, CFRP AL A
PG5k o3 = 2 Pl o 7 o 24 280 2 SR o P 4L 1l o A LE
LTINS R =2 N = N T 1 S o &= 4
JIECHR 5K FF AL B B 2 B i 2R 2 4 dE AL
Fo Fo MR e mER T, & E 8 ™ &
R BT R BB o A LG R TRDES 4y, B AL RE ) I
PR EAE B8 ) ¥R, SEAR R 2 th B4y 2 Bk
K , LR I 7 AR B0 45 i i 26 1l CFRP £L 32
BT IO R 757 W L 1B S5 ) 511 2110 2 &= 1
55, 2E VI 7 HE T3 0 VR TR (A5 5K T R R R AR
FH BTN R FELBRR AL R, F R
FIIX — g 38 AR 0 RS TR AL o
WE 3 s, #H X4 CD, RUAD () il 7] ik 25 A
T P IR B IR I A A O, A R Dy
Viern =V, + V4 (1)
MVe=V, By AR B, B Sk 8 71 Fn £ )
I 705 A )= A 4y 8 R Ve B RN RIS o] 2
JEAPEAS A, i LUE 1 7 B A1) JE 94 1
CEfh- T . MV 5 HE g R E O ) A R R B
o5 S R I G R YV g A R 1) A R

K3 RUAD f 7 F0 32 DI I 9 43 w2 W7 252 Jk e 20 10 1)
Ml CFRP Lk & JE AL 2T
Fig.3 Defect suppression mechanism of separate intermittent
impulse cutting model of chisel edge and major cutting

edge during RUAD of CFRP hole

T 20 T R AR I DR /0, K TR T ) R T R Y
B AR B 4 8 U Bk o B0 BT . £ CFRP
FL et v T A R Xk = 0 2R R I ) 4
i EER AR VLR 5. 155G, BEAE B R AR
BEHIVIE] 3 A, X O CFRP 73 2 4 26k B 15
FIAT AW ) 2D o U Bk - T ] A A
SV 3 M- B BE 05 JBE G B Sk R T0 R0 T DD
TV} £ 4E () 7 22 IR A5 5 HE BF, T A 28 I
A 255 fLBE A £F 4E Bt 2k o AR, A X CD,
RUAD b JJ HL AR i A 38 O, 360 1 5 Sk 19 8 )
PE, B T UIHIRE Sy, HL b T A IR 3 A T oW
ZINIR 5 P 725 AR B v o8 Bk £ 24 7 A SR R
M RERE A M) CFRP fLBRE 19 7= A2 o Bk A
L (0 R e 2 FA) o8 45 A BR o ek 16 48 7 9k B 35Dl
Jei L PR AR S R vk 2 YD) 90 5 ) 1) ke
JE TR 2 DR g P I 5 8 I 3 94 £ 78 T R AR 3
YRR SR, DTG 7T H 1 D) 18] D) I RE T 75 B 32 71
o AT A P TR A 2 i fo i £ 4 ) T 2R
e, £ P A o, CFRP LAY 23 2 # 2¢ A K
21 i 51 % A5 R e RE 08 15 3 A 25 R 1Ak, B R M
HRHICR S AL

2 CFRP g3t LbshHI LI

2.1 LBWHHETIR

TEASL Y 1,5 mm J5 1) CFRP Az iy fif 25 Toll
B CHL Tl (ZEAT) A BR 5T 28w S 41, HAf Rt
JEEULZE Lo O DR IIE 52 56 25 R B 47 48 3 52 B A
77 R HAE CEFRP MR 2815 Al i 7 SN R AT 52 56, F
e R385 v i U0 B ol ST 4 B R A
A R w17 AR R A ) B AR R
G R JIRIITIRZ R an el 4 3 2 Pis o

PS5 Shy e JRR A 4l 71 B, 5 AR T, A SE 5 i
F A Sk (UL 4) 19 70 B E5AT LAR 45 A O/
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%1 CFRP LHéMHEM
Table 1 Material properties of CFRP workpiece

& ¥l
CFRP %%/ (kg - m ) 1520
Hifi J2 5 BE /mm 0.2
Tk £F 4 7 JiF HRC 53 ~65
R A/ (kg - m ™) 1760
T £F 4 1) T P B 5/ GPa 230
Tk 2T 4 (19 437 {1 5% J& / GPa 4850
T 21 4L (VA AR HE 0.3
A NG HAR %/ (kg » m ™) 1190
AU i S A LA 1/ G Pa 2.7
I g B AR TR 58 B2/ MPa 80 ~85
I e SIS L 0.35

4 S I B ILTALE

Fig.4 Tool geometry in experiment

x2 JELMEBHE

Table 2 Tool geometric parameters

HAA/mm 7.5
B E/mm 98
s/ (°) 118
IR/ (°) 10
NIEfs ) 10
e/ (°) 20
1 71 9 B /mm 0.2

FEUIH] 7] 58 B/ mm

5 PR AL B LAy AL A

Fig.5 Conventional twist drill geometry

JIFERE TR IR I AR BE T R (R BE L O AR
% A7 300 S B T 5 K R CFRP 45473 ; @)
1) 270 1630 g a9, R R 0 10 5 R ) s 32 B0 70 Bl
1 15843 (AR A 18 K, A A 3 e T 3 T PR AR B
W HT AU . DA AR 25 G VR T RE A AR AR
CFRP i 1L & 7 v iy 0 2 407 24 460 15, 42 & 4 AL
i
2.2 ZHRFRERMENS

W 6 Fros , A S g a5 a1 A3 Ak 2 fiuh Xk
7 AL EL T A P iR 30 & 4t BV100 7 2 T
V& (KISTLER 9272A EH N 1) RE LRV 5.
Foepr, AT Y E 42 firh =% 7 L FE G R 7S R
Bl R G0 BEALHE PR R SO A Sk 0 U i
R R L W R s A A N
7 EL VR DA B T B o I R R A R 2 Y
F B R AR AL G0 1 W 30, AR 7S D AW e %
25 11 [ Bk E A7 4k e, DT B 65 A 800RE G 1% S0 1 26
REL T % L ) B A S T 55 R] A, O 2 8 4% i
LV HARET NG, R KEYENCE LK-
G5000 42 firh PG I & R 48 AT 70 R i I
) R R g A T s o HLAR ) SEE A
MILESH, W3,

El6 SLmF&
Fig.6 Experimental platform

2.3 MERWRERLZX

WE 6 fr s, CFRP 53 4 | #1 RUAD (% 1)
1) 3 R0 0 5 >R FH i A7 43 Sk KISTLER 9272A
JEHLI T R 58 D ) A S R R ) 7 A B H
Tif {55 5 1% 3¢ 45 WL ff i K 2% ( KISTLER 5070A) , 48
J5 8 o $ ¥R R 4E R 45 (KISTLER 5697A) f) A/D
B 0 e N L 4 OB 15 5 i B 2 B KIS-
TLER DYNOWARE # {4 (14~ A Ha figi , AT 447 %
i L5 FAL B

B 7 i s B A Bk WE SR ] B LK-G5000 3
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BT B QIR MR 00 e i L ) 45
Fig. 7 Principle and result of drill tip vibration

amplitude measurement

R3 XBEHMIZSH

Table 3 Experimental conditions and process parameters

KIS SH CcD RUAD
TIH MK T T Ay 4 5 & 4
WARSR/ S Jc Jo
B J J
4 FL B AL/ mm 7.5 7.5
A FLIR JE /mm 5.0 5.0
ERBEE/ (r - min™h) 1255(2)00’,23000000’ 1255000(;,2 30(;2)00’
T/ (mm - ") 0.01 0.01
9 % /kHz 0 18.687
PRI/ pm 0 10.0

o F A% OGN K L 28 | LK-Navigator 2
VRS A A0 A N W i 41 8 B A JE B KEY-
ENCE LK-G5000 ={E 2 filt #0605 R ge #4700 & .

CFRP fL i A B 3 ML 5% T o627 B i i
(OLYMPUS SZX16) F1 %% #1 #L ( Nikon E950) #4
B WLER R 45, CFRP L REFE 50 W >R A 41 4 1
B 1% (SEM) (JEOL JSM-6010LA ) #Ef7 %L,

3 SRARSITSR

3.1 {IHIAfnE%E

&8 S A [F] 3 il 4% o 5% 4~ CFRP CD Al
RUAD F&& B HIl B B 19 ~F- X5 90 I D7 F 56 /9 %
Foo mild 8 mI L, RUAD it il 77 A4 46 15 B &
&+ CD, A &}, # b F CD, RUAD 1] FEAIK U) il 11
FHL AR 4 1 3k 41. 46% ~ 46. 32% 1 41. 61% ~
48.94% , ML) FARMFLFEKEZ, 5 CD 1Y
LY AL A e, RUAD B 6% {7 L - T4 i) =

8 CD #l RUAD CFRP V-2 4] 1| J) FHH 56 %) Lb
Fig.8 Comparison of average cutting force and

torque between CD and RUAD

A AP A M A B, AR A 4 s b 2 ik v =X U0 )
B, MRS 1 45X CFRP 5L v B 7= A 4
AL B 53 B, RUAD 5] il J7 F1 1 4 B 1K g 4%
AR 53 V2 2 2L B Y 7 A DT AR K L 4
L
3.2 CFRP 7LAMER

9 FI[& 10 4355 CFRP CD 1 RUAD 7& &
) = s A5 R LA D I & IE 50 DL I 4y )2
T B (B 10 He 43 )2 BB F, o CFRP Ll
GRRKAPZEED,, SILAMER D, ZH).
M H A L AR R — 5 45 T, RUAD i9fLAH
TEHUH B AT CD, fE %3R4 2 W1 2448 105 /N HL 5%
ot L %, BEARTE 2 000 r/min [, B 53
ZERFE R B NE 10 Rl LUE S g i
B, RUAD BB 3/, JAE XA 45 R &
L & RUAD (1 43 55 7 2% Bk oh =X 1) #0521l
B H U0 RN AR R R B (DL 8) o ALIET 9
PRl DIE H, CFRP LA 1 A9 G B 35 22 2 i 1Al
SNEYYI R 3 B 5 R 1 W BT B, X S
551 AT A SR A — 3

K11 &% T CFRP CDfIRUADZE3 000 r/min
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[#9 CD 1 RUAD CFRP fL A 11 2B SR L
Fig.9 Comparison of edge morphologies of CFRP hole
entrance between CD and RUAD

K 10 CD F1 RUAD CFRP LA M43 E R F X} He
Fig. 10 Comparison of delamination factor of CFRP hole
entrance between CD and RUAD

¥ N fLBERY SEM MR Ao MIE H R IL, CD 4L
BEFFTE WL A £F 4400 2K BB, AT el 1 2 22 4
5, F 0 R, RUAD (1 FLBE 85 4 6 ¥, 4F
ZEWT 1R T4 AT B A 1 SRy e T R 2T 4R R B
i R T CDo X2 i T8 k- AR ) Ry
JEI P 1 4 M- 7 S T B Sk R D0 AN T U
TR T Y 1) i 2 VR 8 5 BT, O HL A R 3
A RO/ U 88 P9 e 930 4 2l o ot fie o ok 2T 2 7 2

SR PR WY 228, M A 200 e AR 1 L RE 1) 2T 4 45 2K ik
B, W0 B L BE A9 T i o AR TR R OR
U] 14 7 J2 40 2L R s, T A1 2K S L RE 4 1 1Y
FEEIL A XG5 1 AT B4 R A — 2

12 @7~ T CFRP CD F1 RUAD 7£ 3 000 r/min
PHE TN OB EES. NEF LA T,
RUAD BE% 2R A5 5 9 6 1 my AL 1 i 2, W] e A
T CDo i T 1E B M S¢ 56, CFRP M 3 T K
B, BT AR WL SALEE 70 A o L 1 gk R 7 7 3
S B A A T G B0, HE gl B AT L 0 T R
MBI E

£i b AHECT CD,RUAD RE#S A R i CFRP
FLH AT B LBE I3 240 28 27 4 40 2% S B B, 7

11 CD il RUAD CFRP L% SEM & A
Fig. 11 SEM images of drilled hole surface morphologies of
CFRP for CD and RUAD

12 CD fl RUAD CFRP AL FE S 1
Fig. 12 Comparison of edge morphologies of CFRP

hole exit between CD and RUAD
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TALBE . X IF g X CFRP CD Al RUAD
Ja £ R L BE B T 380 X HE L6 5 0 #
Bk 15 1 B ad SRR 7 A D DR R A ol AL B 1Y I
Eﬁ‘l\io

45 ®

ASCE SRS HT T CFRP B ] 2 72 v 43 J2 4 24
DL B &F HE 400 2k 45 i B 1 7 A DR B R LA Y T
CFRP RUAD fy &k [ 41 il #1138, IF #6147 7 52 56 5%
UE o ARG AL FE 43 A7 RS B 45 L, W] A E LR 4548

1) it % CFRP CD 43 )2 ¥ 24 UL S 2 4 Ok
SEER B AENLEE R 3 HT L 15 8 T RUAD R A 4L
00 G5l o 7 AR B D DAL, B A3 S R S bk e X B
B

2) M EF CD,RUAD B @ B A &l 1 1 110 77
R 4> 5 R 41. 46% ~ 46.32% F1 41. 61% ~
48.94% 3 47 J2 P 54 T £F 4 512K B B g s 45 31
A AN Y 32 A

3) CFRP RUAD fL A T /i 8 5 B Bt F
CD, H Wi == b %% o i 35 L LA E 400 0 2% B 34
N O 0 O /NI 3 s s R : 3 o <
UG

4) CD [y fLRBE 775 B 510 £F 2 4 2 Bl j , L
SRR 225 K 55, T RUAD (4 FL BE 5 0 e
S 2 W7 VR O A B Y JR) S T SR £ 4 5%
WL R W AL T CD . S 4Rk 2 FLREBR G
M EZE A

5) RUAD REfE ARG 40 0 e AL i 2,
B R AE T CD. HH F/E 5 HI 525 o, CFRP it T
BT EAR, BT DL W58 B LB 4 B p AL R gk
TF A" 24 50 B 5 R T E A A L, T ERRE AT L
TR S G R

AL L 38 5 DL X CFRP 4 AL Y ik B 7™ 42 K
RUAD {5t 3 490 T AL B4 43 A R0 552 50 56 91F 114 45 SR AT
L, RUAD £ R G842 45 2040 il CFRP 4 il i 72 v
e 5y B 20 2 07 24 DA B &1 2 461 2% S Bl B, i3
AL I B2 B LR
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Defect suppression mechanism and experimental study on
rotary ultrasonic-assisted drilling of CFRP

SHAO Zhenyu', JIANG Xinggang' >, ZHANG Deyuan'?, GENG Daxi"" > | LI Shaomin', LIU Dapeng’
(1. School of Mechanical Engineering and Automation, Beihang University, Beijing 100083, China;
2. Beijing Advanced Innovation Center for Biomedical Engineering, Beihang University, Beijing 100083, China;
3. AVIC Chengdu Aireraft Industrial ( Group) Co. , Lid. , Chengdu 610073, China)

Abstract: To solve the delamination, tearing and fiber losing of carbon fiber reinforced plastic ( CFRP)
hole induced by large cutting force and torque during conventional drilling (CD) , the rotary ulirasonic-assisted
drilling (RUAD) technology is introduced. Firstly, based on the analysis of the types and forming mechanism
of CFRP hole defects in CD and the characteristics of RUAD, the defect suppression mechanism of CFRP hole
in RUAD is proposed. Then, the experimental platform including a self-designed contactless energy transfer
and a vibration system for RUAD, vertical machining center platform and force measurement system is built.
Finally, the cutting force and torque, hole defects and quality of hole wall obtained in both CD and RUAD are
compared at the same process parameters, respectively. The experimental results indicate that compared with
CD, the cutting force and torque produced in RUAD decrease by 41. 46% to 46. 32% and 41. 61% to
48.94% , respectively. And the delamination, tearing and fiber losing of the CFRP hole are effectively sup-
pressed and the hole quality is greatly improved. The forming mechanism of hole defects in CD and the defect
suppression mechanism of CFRP hole in RUAD are verified to be correct by the experimental results. The re-
search in this paper indicates that the RUAD process can be used for machining of CFRP hole with low
damage.

Keywords ; carbon fiber reinforced plastics ( CFRP) ; rotary ultrasonic-assisted drilling (RUAD) ; defect

suppression mechanism; cutting force; hole quality
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plastic forming press machine
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Fig.9  Ultrasonic compressed forming sample
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Fig. 10 Ultrasonic stress softening curves of T2
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Table 1 Chemical constituents of AZ31 magnesium alloy
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True stress-strain curves of compression with

different ultrasonic power output
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magnesium alloy with different ultrasonic power output
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Design of 10 kN ultrasonic-assisted plastic forming press
machine and experiment
LEI Yulan', HAN Guangchao'>** , SHENG Chaojie' , ZHANG Zhaochen'

(1. School of Mechanical Engineering and Electronic Information, China University of Geosciences, Wuhan 430074, China;

2. State Key Laboratory of Mechanical System and Vibration, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: Ultrasonic vibration assisted plastic forming has become an important research direction of
plastic forming in recent years. In order to meet the installation requirements of ultrasonic equipments and
workpiece, a 10 kN ultrasonic-assisted plastic forming press machine was designed and developed in this pa-
per, which was based on the self-developed porous ultrasonic vibration platform. The control system and hu-
man-computer interaction interface of the press machine were designed and developed based on C + + lan-
guage and Qt software platform. The ultrasonic stress softening test of T2 copper and the ultrasonic vibration
assisted compression test of AZ31 magnesium alloy were carried out on the press machine. The experimental
results show that the plastic forming press can meet the requirement of ultrasonic-assisted plastic forming. And
the tool ultrasonic vibration can change the compression fracture characteristics of magnesium alloy effectively.

Keywords : plastic forming; press machine; ultrasonic vibration platform; control system; compression
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Fig.1 New compound horn
T T 18 LR 1 2% A0 T, 2 M A G 1o 91 3 ) g
shorrn "
z—j+%-g—i-g—i+lf§:0 (1)
e S =S () Sy 722 MR A /Y R AT AR bR B € =
E(n) AR RB k= w/c bk HIAPE, 0
A3 32, ¢ Ay DI 8 M A v A 1 4 R
B L By 2R s by A b D s, DU 2% Be 1 T A R
S, -1, <x <0
so) = 2 2)
S, (1 - ax) 0 <x <,
Pl L g3 o) D B W A A A R 5 HE B R L
D -D, N-1

- A RN ) RPAY AL R
o Dzlz le s 1~ zﬁﬁjj‘j_é‘%%lﬂﬁlrpiﬂ

S D
ﬂ%ﬁ@@ﬁ%ﬁN=J§=5£“&ﬁ%ﬁ
R PS5 A B L

A 5 B 2 U T 09 18T B 0K AR B 8 7
A (1) A IFREER (3) ~ A (5) s

SRz RUR S L]

%1 - 0

Bix |,.

[ (3)
%, -0

S ],

AR MR AT 22 v 2 B 31 B4 R

fl ‘xzle zgl (4)
T B S W AT 22 (8] B SRS N AR SR S5 1 R

‘fl‘tzo :fn‘lzo

[agl _ g, (3)
T T

fifk Aot Bk B WA (9 15252 pR A

& = &cos(ha + kl)) -1, <x <0
a,§, (6)
&y = cos(kx + o) 0 <x <1,
1 - ax
DL o kg, sinChe + M) Ll <x <0
x
% z—kaziflsin(kx+a2) +
X 1 - ax
% a+(1a_2é;lx)2cos(kx+a2) 0 <x <,
(7)
kl
ﬁEF:QZ:COS( 1>;tan a2=tan(kll) +£O

cos a, k
1) B T5 e
H 2 (7) A J 25 1 (3) AT RASE S A% R T

N 2
kl, - kl,) "tan(kl
an (kL) = 2 (N—])Z( z)t ( 1)
? N 2 N
1 +m(klz) +N— 1klztan(kll)
(8)
1 (8) SR AR (kL) ZJa, T i 2 (9) 3R i
lz ﬁg:
A
L = 5 ki, (9)

A R K
2) RrASH A x,
(6,2 x =x, B £ =0 195 5 (0 x, N

—M1+g— kl, <

(10)

m
2
.
2

kl, >
3) BORMEE M,
Hi (6) Mt B4 the, |,

&
&
| Ncos(kl,) (cos(kl,) — tan a,sin(kl,)) |

(11)

=1, :fz ﬂﬁ%"

M =

p

4) 5 ASIHLEE 7,
B (7) BRI R, = - 8B

dx x= -1

Al
Z = —
Jwé,
K F, N A I E iR & s tan o, =

7, = S pe.p R WHFATBDR 1

= jZytan(kl, — «) (12)

tan «,



Je A4

2019 4§

1632 S R PN
5) TEARPSL o
ke
()
ax max
e N 1 k
Mtk R S tan (KL + ) >~ —— « —i,
k 2  Na

o T AR AR KA, o, B BT A
¢ =
2a Ncos(kl, ) (cos(kl,) - tan a,sin(kl,))

k a,
sec(kx, + a,) (13)
a 1 k
=*._ - (-
anhe, +a) = (- an,)
(14)

AN R AR A DU I B AT AR 1 R A, I
BRREAE 2, =1, 40, =1,

2 TwRFRZAZEDN

FIFH ANSYS Workbench A i 5T 43 1 4K 14 X
JF BT BB B A G S MR AT R AT B ) 2 g B, il
Fb #5845 T 2500, B ik B A 2 IE B 1 o
2.1 BERBEITE

TEAR AT BT, fe S AT R ges it 5,
o A 45 SR iR B R . X ST SRARXE T TR
AN Y AT, 3X R 75 2 AR B MATLAB £k {4
A

H A 238 7 R AT A R 1 45 T 2 B0 AR
HARRENAxRIES 1B AKX,

o T B BE [, =31.25 mm DL K i A
FEON =3.5 R WEF TAE B 138 PR 45 3 FREQ =
20000 Hz, i it = (8) SR 45 A [ ) 1 B R £ NV B
B HEFF A EE L, DL RORTR ) T B B 1, i [5 4
e 4 R e (1) (A (13) A (14) 7
I SRAT AR N ) R A B M, AR TREL @ Y A2 1
K x, HERWME T K2 Fim,

2.2 HMAESMERSEREEFEILR

T AR R AT A O rp — AL A v A ) R 3
AR, BRI BT 36 B4 ORE 6 250 B A — 2 1Y 5 EE N )
P R 1 F M BB AR R 00Cr17Ni14Mo2 #4
BRI A WG, MRS 83 3 s,

AT CAD B X5 A2 g A1 L, S A ANSYS
Workbench B v, %22 W AT HE 47825 73 BT, & X
BB RLAS HECIRE O T A IR A, FERLS
Sr#ri) Eeal B, %8 F Harmonic Response & B % 25
W A A7 38 e 0 AT, B A AL RS O TR R

F1 NWEERTEESENZN
Table 1 Effect of N on performance

parameters of horn

B A 2y N 1,/mm M, ¢ x,/mm
1 1.077 94.31 1.09  1.05  33.13
2 1.167 95.50 .20 1.10  35.12
3 1.272 96.70 .32 1.16  37.27
4 1.4 97.89 1.47  1.22 39.63
5 1.556 99. 88 1.63  1.29  42.21
6 1.75 101.87 1.83  1.37  45.07
7 2 104. 66 2.06  1.45  48.24
8 2.333  108.24 2,32 1.54  51.64
9 2.8 112.22 2.65 1.65  55.49
10 3.5 117.39 3.02  1.78  59.37

#:l, =31.25 mm,FREQ =20 000 Hz,

R2 L MTEFEESHERE

Table 2 Effect of I, on performance parameters of horn

FEAYS [ /mm l,/mm Mp @ x,/mm
1 1.99 139.67 2.94 1.705 82.46
2 3.97 138.08 2.95 1.695 80.95
3 5.92 136.49 2.97 1.716 78.86
4 7.85 134.88 2.98 1.711 77.44
5 15.14 128.92 3.04 1.746 71.37
6 21.50 124.14 3.06 1.741 67.02
7 26.85 120.56 3.03 1.767 62.51
8 31.25 117.39 3.02 1.780 59.37
9 34.86 115.00 2.98 1.792 56.58

10 37.82 113.01 2.94 1.794 54.49
11 40.27 111.02 2.93 1.806 52.97
12 42.32 109. 83 2.88 1.801 51.42
13 44.05 108. 64 2.85 1.801 50.23
14 47.36 106.25 2.79 1.822 47.55
15 49.70 104. 66 2.74 1.825 45.74
16 51.43 103. 46 2.70 1.826 44.40
17 52.75 102.27 2.68 1.834 43.60
18 55.93 99.88 2.60 1.843 41.09
19 57.55 98. 69 2.56 1.859 39.37
20 58.53 97.89 2.53 1.867 38.47

" :N=3.56FREQ =20000 Hz,

* 3 00Crl17Nil4Mo2 # #l S %]
Table 3 00Cr17Nil4Mo2 material parameters

E 34 iy
¥ p/ (kg m ™) 8000
WAMERL R E/Pa 2.06 x 10"
HEL /A E 0.28

FF A3 xy S TH 0 0. 04 mm 1 {57 B8 287 , 15 3] A5
W B4 T R A B M, A8 AR R AR, R R
I O o

P13 2 AN 450 2 8000 A2 IR AT AT 3h
JI2E0 M S5 R IR 4 3R 5 R
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Table 4 Effect of N on kinetic analysis

FEA 4 5 N FREQ/Hz M, o /MPa  x /mm
1 1.077 20431 1.14 23.99 34.46
2 1.167 20355 1.25 25.416  36.45
3 1.272 20318 1.36 26.926  38.56
4 1.4 20330 1.50 26.341  41.05
5 1.556 20273 1.66 27.002  43.51
6 1.75 20275 1.86 28.745  45.97
7 2 20239 2.08 30.578  48.80
8 2.333 20180 2.35 32.287  51.98
9 2.8 20250 2.66 34.035  55.71

10 3.5 20330 3.02 34.65 59.49

el =31.25 mm,

RS L WMHAZESHHZMW
Table 5 Effect of I, on kinetic analysis

PEAYS [ /mm FREQ/Hz Mp T/ MPa  x /mm

1 1.99 20518 3.00 35.85 81.25
2 3.97 20489 3.02 35.85 79.84
3 5.92 20474 3.02 35.81 77.79
4 7.85 20455 3.04 36.01 76.46
5 15.14 20449 3.07 35.93 70.57
6 21.50 20414 3.07 35.76 66.35
7 26.85 20352 3.05 35.17 61.91
8 31.25 20330 3.02 34.65 59.05
9 34.86 20296 2.98 33.94 55.78
10 37.82 20282 2.94 33.32 53.68
11 40.27 20311 2.90 32.74 51.98
12 42.32 20275 2.87 32.35 50.42
13 44.05 20260 2.83 31.87 49.23
14 47.36 20263 2.76 30.88 46.58
15 49.70 20254 2.70 30.35 44.54
16 51.43 20251 2.66 29.65 43.18
17 52.75 20276 2.63 29.25 42.14
18 55.93 20295 2.54 28.91 39.59
19 57.55 20316 2.50 28.58 37.87
20 58.53 20359 2.47 28.15 36.82
H:N=3.5,

Lhae e 1 ik 4 SKgmas L, | B K [ &
FEAAZ I I R AR A FREQ (i K A5 £ M, F1 0728
W K v, BIARST IR 22 Q136 6 FIrR .

PeicdR 2 Fk 5 SRRy 45 8 A R NV
PRFFAAZ I I PR AR FREQ UK AEE M,
AR, x,, WA IR 22 W32 T FiR o

6 KT vl Al @Ak g R S
A RITH BTy 45 R EA Y & IR 5E FREQ 1
AIXTIR2ZE I RN 2.59% <5% K AGE M, A1
XPIRZER K I 4.59% <5% , WA KA «, HAH
iR KK 4.29% <5% . H M, 757 R
0, B T e A S E .

R 6 NIHEIIREMFM

Table 6 Effect of N on relative error

A N FREQ A%} M, AHXE x,, FERS
= WEA /% REA/ N RFEA%
1 1.077 2.16 4.59 4.01
2 1.167 1.78 4.17 3.79
3 1.272 1.59 3.03 3.46
4 1.4 1.65 2.04 3.58
5 1.556 1.37 1.84 3.08
6 1.75 1.38 1.64 2.00
7 2 1.20 0.97 1.16
8 2.333 0.90 1.29 0.66
9 2.8 1.25 0.38 0.40
10 3.5 1.65 0 0.20

ol =31.25 mm,

R7T I, FHEMNRENEE

Table 7 Effect of /, on relative error

KAk L m FREQ #H % M, ARXE x,, AHXF
Hi= ! WEA /D% RE AN RE A%
1 1.99 2.59 2.19 1.47
2 3.97 2.44 2.20 1.37
3 5.92 2.37 1.83 1.36
4 7.85 2.28 1.97 1.27
5 15. 14 2.25 0.90 1.12
6 21.50 2.07 0.39 1.00
7 26.85 1.76 0.63 0.96
8 31.25 1.65 0.01 0.54
9 34.86 1.48 0.03 1.41
10 37.82 1.41 0.01 1.49
11 40.27 1.56 0.89 1.87
12 42.32 1.38 0.46 1.94
13 44.05 1.30 0.55 1.99
14 47.36 1.32 1.06 2.04
15 49.70 1.27 1.34 2.62
16 51.43 1.25 1.41 2.75
17 52.75 1.38 1.88 3.35
18 55.93 1.47 2.28 3.65
19 57.55 1.58 2.51 3.81
20 58.53 1.79 2.28 4.29
VN =3.5,

3 FTERTFHERES IR KM AT

3.1 TERITHERESEI

AR R AE B M, R AR KL o 1R K62
K, 5 B — TUAR R AT DL B /) i 12 (B A AT 1 A T
HEIE 2 MR AT AT LU, S R AN IR 2 B .

Hy [ 2wl i, B T FR AR B 3 O, /0 o % [
ERERORERE Y Ik A Y RO ON R C P NIER PN
AR g PR (R AR DR KA S/ T A 3 FRL S
F14 728 W AT ELAL T AR B K o T T 280 2 5 7 e
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Fig.2 Comparison of performance parameters of

various horns
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/N 12 198 R A 19 2 45 150 T 72 W AT 114 e KL A7 i
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Fig.3 Comparison of maximum stress of various horns
R N 218 H— B AL T HAR M AT A5 4 kit
17 oK o
A BT BT AT A, B B A AR R AT A
U LR G PERE RN ST /N B KN 7, BT AR B 2
Gl EY S RIUESE (Al Y o =0

4 FEESETRTHISERMNH

4.1 TIEFHR~T&M

N TR AT RE A% L T 2 DL R AR AT /)N Sy 4
A B RE S URE , ZORRIRAT R BLAR D, 2 T4
BE S R AR NI AR D, ST I E A,
e BR BT, X T 20 kHz 19 # 75 Iik 3 U &
G5, MRl 8 S 4 E A B S, AR MR A o B R KR
KN N =35, R IEH R HA2 D, =56 mm, /] i
HAZ D, =16 mm, [AF A 7 LRAE 7] 5 5 i 4 i
Tl /2 SR IR B R A B M, =3,

MRPEFE 2 Al A, M AR N =3.5 i T Bt
KW R &M 15.14 mm <[, <31.25 mm, 48 1§ 1
AITRCRAG BT LLIK B M =3, 3 2 9k R Y 5 2o
HEAEFACEE £, =31.25 mm B, f KN BN B
TR B @ BUF o BT LA, B B 52 5 8 i A 19 RUST
B a7 & SIESR NN

HT T A WA Y R i T 5 45 BE A MR B0 R
WA 10 /0N T 5 T BB B00% B, i DL S AE A2
FFF 08 R S T R/ g T 45 o T — S SRS AL

AR A8 A2 A B T B A RO R BRIE AT, S T

®8 WEERTRISH

Table 8 New composite horn parameters

e Bl
l,/mm 31.25
1,/mm 117.39
x,/mm 59.37
M, 3.02
@ 1.780
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Design and application of compound conical horn with cylinder at big end

JIN Tao, HU Xiaoping” , YU Baohua

(School of Mechanical Engineering, Hangzhou Dianzi University, Hangzhou 310018, China)

Abstract: Aimed at the problem of poor durability of the domestic ultrasonic horn, a new type of com-
pound horn is designed to meet the amplitude and make the horn have a small working stress. The new compos-
ite horn parameter equation is established by the wave equation, and the parameters such as magnification,
shape factor and stress maximum point are calculated. Frist, the finite element analysis software was used to
analyze the kinetics of the horn. The obtained results were compared with the theoretical results to verify the
correctness of the theoretical formula. Second, on the basis of this, compared with the conical horn, the expo-
nential deformation horn and compound conical horn with cylinder at big end, the results show that the new
composite horn has better comprehensive performance and smaller maximum stress. Finally, based on ANSYS
Workbench optimization design function, the horn is optimized and trimmed, and the optimized horn is subjec-
ted to impedance analysis and vibration performance test. The test results show that the theoretical performance
parameters of the new composite horn are basically consistent with the experimental test results. The resonant
frequency of the rod is 20013 Hz. When the transducer peak-to-peak value of the output amplitude is 13 pm,
the peak-to-peak value of the output amplitude of the horn can reach 40 pm, and the amplitude amplification
factor of the horn is 3.08, which satisfies the requirements of the cutting experiment amplitude.

Keywords: comprehensive performance; life; maximum stress; optimization design; finite element anal-

ysis
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Fig. 1  Structure diagram of giant magnetostoictive

ultrasonic spindle
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Table 1 Magnetic permeability of materials
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Fig.3 Magnetic induction intensity of closed magnetic

circuit and magnetic circuit with gap
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Fig.4 Axial magnetic field intensity of
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Fig.5 Axial magnetic field uniformity of

GMM rod at different magnetic path gaps

wr ITERE , GMM LB NG, N b G 5 oy A AN 3 2] &
SPECA R ST 7 A AT /I A R 1G5 A7 i, D
M SC B GMM 8 N 39 5] 1 1k 5, A A T 3 5 GMM
PERIA I 3 o fl % 2 D GMM A 488 {1k 3K B 35 B,
T i B I 25 2 S W B BE A 9 TAREVERE

15 GMM 5 N 1 RE fE 451 #E Jhy 1 % 28 S8 9 A 2%
AE T UFE , 75 H A T 20 1 BE fE 50 FE O 0 A% RE it 1t
FE o TE 1 B A5 AT R RE AR L B 25 H BT
e R AT RE B R A R 7 RE R R G , T L E it
/N A5 BE A 19 25 F 0 2 1R (00 AR 22 v A %
23 IR B 7 W 3 0 455 Ak BB B IR A . AR
SOl 1 A F FE e A 3 8 15 T 119 A 1) B —
TR B R L TS 1 BT A9 b v ]
PLE. MBS AT, TG 1 R 5 GMM 4 2 [A] Yy
T S i) AR, GMIML 8 A ) i 37 56 B8 gl i/ o Ok
/NG 8 BT 5 GMIML A 22 ] ) i ) B, T LA 4
iy GMM 2 (14 i 377 56 2, Dk /) $86 B i G R 1k 71 i



1642 b5 M = MK k% F M

A A

2019 4¢

IR, 7R RE B AT b E A R R RE %
SN I, 52 BN RE e HEAT S8 0 v A e fiE
i 0 1 3 AN 12 6 T 7S o

P 7 Oy A g 67 HP s A R A SE I, GMIM
8 14 i i) s 2 5 B 0 A R B 8 mm B, GMM
AT 0 P fe K o P 8 O 7 S (B £ P 5L AN [
R T it , GMM A% 1) il 17 i 3 249 23 B2 ot JBT Ml D - 24
T St 1) B AT ] I 5 A 8 ) 0 A, S [ L
R /NI GMM # b 1) i 27 4 ) B2 14 52 i AN S AR
B2 o >4 S 0 15 6T ) M 58 29 D 6 mm I 46 BE 45 1Y

6 15 RE A A B

Fig.6 Magnetic circuit of transducer

B 7 TRV 2 GMM H fily ] i 37 54 52
Fig.7 Axial magnetic field intensity of GMM rods

at different solt widths

B8 AN[FIHE G GMM A il 16 47 14 ) 1
Fig.8 Axial magnetic field uniformity of GMM rods

at different slot widths

GMM # Py 9 Bl 37 35 2 BE B o 25 5 1l (54 £ ) A
RTF 6 mm i, GMM 4 1) 377 249 ) B2 72 B ks o

3 SCIg i

N T BT T 8 7 LR A S X
BUfh 45 6 P A BE A IR 0V BE B R L, SR T
AR S AR, S 5 R R A 58 2 Ah, oA
RoF5g e Afla], S 1 3 5 TN 7 64 A [ %) 52 5 25
E oA I R A N N e R iU R R e NG R R
T, 0 8 BE A% A7 16 ), e 00 O S [
RS T AT R R AR . 9 e
o R S B8 A5 T SR e OUAR 1V FL 9 ( BP4620)
FEAR AN R Y FL L, e A FEL Ol 60V O S T
e, PO LR AR A B 46 RE A 1 1 PR AR M
F1% i H R A 5 BELBE 0 B A0 S0 00 A ) R 5 T
REA 19 BB, BOE I 4 450 it 4 e 4 T R
Sk T P A M, 3tk 2 A% J A 00 4 48 fE 4 19 GMM
2 B 3T PR o

B 10 Sy A R Rl 5 1) 3 150 o 6 2 Db i
anPLPL B & R o A5 R R - BE T 1 B £ A A
T3 O T SR 4 R BE e Y IR R SR AR
— B, G O 4 e RE A 00 A5 R0 B 4

B9 Hehil e i SE g il i

Fig.9 Experimental measurement of transducer
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Fig. 10  Circular and circular slotted magnetic cylinder
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Table 2 Results of impedance analysis of transducer
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Fig. 11 Amplitude of transducer at different slot widths

12 R [RAE SE T GMM 4 fft 3 3 2
Fig. 12 Temperature near GMM rod at different

slot widths

G I BT B R UE Y 3 DK, GMIML A R G 4 L E
I, i P A 8 A A ) T R A R T
REARMEAT IR A

4 % it

AR SCR AT BIR 0 90 Yo s 85 o 4 o 75 4
Tr PEAT HE S o3 M, % S 0 5 £ i 1) R A B TS
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S M AR e 00 45 2 A0 S8

1) Bl g 65 1) B2 074 39 K, GMIML 2 18 el 1)
Gy i JBE R S ¥ 50 B /0N 2 AR P R
8 mmfh i fk X 4 P RE 25 19 GMM A 1Y ik
YRR . 3R S AL 6 mm I,
HefigAr i) GMM 1) i 37 19 20 JE foe e, HLAR i Joi
P B K o

2) M TEBOR, BA F TR e BE A AT I
LM 58 O 8 mm I S A 2 R 6 E A Y IR
B, BT 98 8 mm A1 6 mm I, 6 RE 4% B i 1
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F8 T 39 3% 5 JEE AR R ARG, DR IR, A S v 5 1o
e fiE a9 5 8 1 fA] AU 204 6 mm
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Optimal design for magnetic circuit in giant magnetostrictive
ultrasonic transducer

LIU Qiang'?, LI Pengyang"”*, XU Guangyao'”>, WANG Quandai'*, YANG Mingshun'"
(1. The Ministry of Education Key Laboratory of NC Machine Tools and Integrated Manufacturing Equipment,
Xi’ an University of Technology, Xi’an 710048, China;
2. Key Laboratory of Manufacturing Equipment of Shaanxi Province, Xi’” an University of Technology, Xi’ an 710048, China)

Abstract: In order to improve the magnetic circuit environment and minimize the heating of the giant
magnetostrictive ultrasonic transducer, the magnetic path gap was taken as the research object, and the rela-
tionships between the magnetic path gap and the magnetic field strength of the giant magnetostrictive material
(GMM) rod were analyzed by Maxwell finite element software. The impedance and amplitude of the ultrasonic
transducer and the temperature of the GMM rod were measured by experiments. Experimental results show that
the magnetic field strength and magnetic field uniformity of the GMM rod decrease with the increase of the
magnetic path gap. As the slot width of the magnetically permeable cylinder increases, the resonant frequency
of the ultrasonic transducer is basically the same, the temperature of the GMM rod is reduced; When the slot
width of the magnetic cylinder is about 6 mm, the magnetic field uniformity of the GMM rod is the highest and
the mechanical quality factor is the largest, which is of great significance for the optimal design of the giant
magnetostrictive ultrasonic transducer.

Keywords: giant magnetostrictive material ( GMM ) ; ultrasonic transducer; magnetic circuit optimiza-

tion; magnetic field uniformity; magnetic field intensity
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Fig. 1 Framework of BV-RSA model
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Table 1 An example of basic partition and super-objects
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93
Xy C, C, C,
g G, (o ¢
Xy C, [ON C, S,
X0 Cy Cy C
X1 Cs Cs ¢, Ss
X2 C; Cs G,
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Table 2 Description of experimental datasets

LSITES FEA KL Jr 1 5 M 23U
iris 150 3 3 UCI
glass 214 9 6 UCI
segment 2310 19 7 ucl
hitech 2301 126321 6 CLUTO
klb 2340 21839 6 CLUTO
lal2 6279 31472 6 CLUTO
rel 1657 3758 25 CLUTO
reviews 4069 126 373 5 CLUTO
sports 8580 126373 7 CLUTO
trll 414 6429 9 CLUTO
trl2 313 5804 8 CLUTO
41 878 7454 10 CLUTO
45 690 8261 10 CLUTO
letter 20000 16 26 LIBSVM
mnist 70000 786 10 LIBSVM

S, IREbR S L, (S, i ZBE N (S, | =k,
S, FEIER R 7, RIS e, W 0, B ng,
ng, A n, BOHUECH B R A2k
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HoAth
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T
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e

4 ZWHTEREENH
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glass il reviews F1 tr12 $u 4l 4E 45 R &, (BEAEH
SeR A b ROR AN B AR 5l 2 mnist $CHE SR AE
KRB %, CSPA Bk A Mt 45 R X 2N
CSPA B3k XA~ JE il I AR 5 2L H 5 — AL
JERE W, 7 ki 2R 28 H0i 22 B A R R ), 5
TR T RN A7 T B e, M S O R R R
A A REAML S R E, MCLA kY
BV-RSA #7125 R AH AT, {5 BV-RSA #E R 7E K
B4R letter A mnist |- A9 B i — 26

TEGPEVE DT 1T, 18 2 25 15 1 kb i SR 7E A
[7] B il SR B I D0 T, 45 BB 1) 4 SR 2R
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BRI C % Ms (BV-RSA/C) | BV-RSA #AI Y R
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Table 3 Comparison of clustering result

precision of different models

4% BV-RSA/C BV-RSA/R CSPA HGPA MCLA k-means

iris 0.91 0.91 0.79 0.73 0.91 0.89
glass 0.53 0.54 0.60 0.56 0.53 0.54
segment 0.67 0.65 0.59 0.52 0.67 0.66
hitech 0.56 0.56 0.56 0.53 0.56 0.51
k1b 0.89 0.87 0.86 0.86 0.91 0.64
lal2 0.74 0.75 0.71 0.60 0.76 0.69
rel 0.71 0.70 0.70 0.62 0.71 0.43
reviews 0.67 0.67 0.68 0.62 0.67 0.64
sports 0.93 0.93 0.65 0.49 0.93 0.64
trll 0.85 0.86 0.79 0.65 0.85 0.68
trl2 0.78 0.74 0.79 0.73 0.78 0.64
trd1 0.82 0.81 0.72 0.61 0.81 0.65
tr45 0.80 0.78 0.79 0.65 0.74 0.68
letter 0.34 0.33 0.24 0.24 0.30 0.26
mnist 0.57 0.55 — 0.35 0.56 0.54
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Fig.2 Impact of number of basic clusters on Fig.3 Driver grouping result obtained from
model precision k-means and BV-RSA model
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Fig.4 Distribution of order quantity received by different driver groups in workdays
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Ensemble clustering algorithm based on rapid simulated annealing
LI Hong" , ZHANG Zhibin

(School of Economics and Management, Beihang University, Beijing 100083, China)

Abstract; There are two key issues in applying simulated annealing algorithm to solve the problem of en-

semble clustering. One is how to use basic partition information in annealing process to obtain better result,

and the other is how to accelerate the algorithm convergence. In this paper, the rapid simulated annealing

based on voting ( BV-RSA) model is presented, in which the complete and partial consensuses of basic parti-

tions are used to recognize super-objects and construct voting box for each super-object. In the process of sim-

ulated annealing, some data samples represented by a super-object are controlled to move in a group, and the

motion direction of a super-object is selected randomly in the scope of its voting box, thus reducing moving

randomness and speeding up the clustering of super-objects. Experiments on multiple data sets demonstrate

that the BV-RSA model performs well in both clustering accuracy and robustness.

Keywords: ensemble clustering; simulated annealing; super-object; voting; combinatorial optimization
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Fig.9 Angular velocity curves under simulation conditions
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under simulation condition 2)
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Star spot motion trajectory modeling and error evaluation under
large angular velocity
HE Yiyang', WANG Hongli', FENG Lei"" ", YOU Sihai', CHEN Zhikan

(1. Missile Engineering College, Rocket Force Engineering University, Xi’an 710025, China;
2. Unit 66133 of the PLA, Beijing 100144, China)

Abstract . Star spots obtained by the star sensor on the imaging plane will be seriously blurred under large
angular velocity, which affects the performance of the star sensor. In order to fully understand the star spot
motion blur trajectory and quantitatively evaluate the influence of the star spot motion blur on the star centroid
extraction process, this paper firstly establishes the mathematical model of the star spot motion trajectory on the
imaging plane. It is derived that the star spot motion blur trajectory on the imaging plane is a part of the circle
during the exposure time. Then the energy distribution model of the blurred star spot is established and the star
spot centroid coordinate error based on the centroid method is evaluated under the large angular velocity. It is
analyzed that the modulus of the star spot centroid error can be approximated to one half of the length of the
star spot motion blur trajectory. The simulation results verify the correctness of the conclusions obtained in this
paper.

Keywords: star sensor; motion blur; star spot extraction; motion decomposition and synthesis;

error evaluation
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1666 b5 M = MK k% F M

A fu S 4R
NEEEE

2019 4¢

npor > 0, FLHKE 30 $0 1 52 i JLAT AN R E , 753 DU gk
AT =% 553 B LHE . BBl AR,
oy T AT 2R A5 A 1 T S B K T 1 R A AR A
KI5 IR 5E B A 15 47 I Bk O A R E 0 R
JUfTRasE . T B uE ] i A MR 40 i B R
RE JEAFAE E

LT RE S DL 45 T AR A M 7 LT AR E
E PSS 18 o PLE T e 8 05 B B A A Ay 40
AT R ATk I CAE 5 A O i B0 1Y 1 9 W 45 23 O
CABET) o TR ALRE AT R E I, AT ki B

i H RE B B

2 MIRGMILAREARTREILL

S5 e A A B AT e g RS 2 A ) L TR
i 17 42k (A0SR BE I T N R AL RS R B R Il S
Jit A SF ) BEAT AR L1 iR, T AL
Tl R RE 1Y RE S K M JBE R B K AN B B AL
TS 2 DL 1 235 g o 7 S, TR Ikg HRIT A9 47 2 45
P F MG A L T 3 A 0 L AR R 1k Y 4 24
o AIAEGI F A T — LA 7 %, ik
BOH 3 hEATORSE o A5 F D0 A 1) RUAF A P A7 35
S AR AT REME , (EGH AR BR B /A I AL, 3 B E
Ao A R RS 0 24 R 2% A, PR — A
S BB Ol o A SCHE PR B /A Y ) S fi
EXFPRIT 3 AR AT RIS AL B IR
I A B B BB AR C. FHEERREE
2R
2.1 ETFTHEM MR ZE

DXt AN TR B9 LA A 29 RTT %6, 40 58—
AIPEAE B o A0 5 22 00T B 2R BE Y R 45
P R W 29 RO 22 JR A E 0, Jee R R U

MminV = L (la)
-

Ll 1, =0 i=1,2,,m (1b)
(I

g f =K(tu,  j=172,k (lc)
H C,=fiu, j=1.2,k (1d)
E% C<C =12,k (le)
g K(t)¢p - AM(t)p = 0 (1)
= A = A (lg)
= A

E K(t>¢c + /\GKG(fO 9t)¢c =0 (1h)
LI, = A, (1i)

A (La)  HAR R, Horh VO T A4 4 10 A
EBGAFTEER ¢ (0= 1,2, m) # TP RR

I e R sm W FF PR

H(1h) ~ K (1) B R Ld. 3£ (1b) H
PERAE G20, 2 (Le) Jg T j F BT 7 72,
K(0) Sy s MR B o f, W85 A T80 F WO BT
s, 9 T BT B A AR kO T A
(1) AT Xk, €, H T F R
fi. R (le) HREAR,C N AA A LU T
G ERR. A (10 MR B bR Eh R 3 7
PR, A g B o AR B R GE A, 3L M
SEHE Ay s WAL 160 3 M (0 Shy 25 48 05
3 (1g) HHIRLI I, AN 5 HE T B I 10 451
PR, 2 (Th) N R RE 7 R, by s f
Ji S B K 2 4 T O 5
FF % BRI £, = Ao iAo WEBTE T £, Hy
B, AR SO SERR B . R (1h) B R/ E
(0 A 25 4 00 R D o 5 PR P A
I S B o 28995 U = A fye (1D 4 R R
LS, FE R s S R AR AN T 52 B B R
AR AL S A S R TR B IR
WANTF 1R

SEARALBET (1) 5 e SDP I 3%, LI 3% F
&L HY SDP SR 48 6 47 06 fL oK . SDP 2 4 5
F e 2 R 76 48 W 75 ] o B A T, 20 i 4
90 4F P TF i 7 J11 F 45 H 4 AL STk, SDP 45 7
7 T 8 £ o™ A 1% 25 7 4% A (8 170 B b 3
TF 5 A 45 5 50 0 1A 90 ) 000 24 oft 7% S 2
92k s R 2 B S TR 3A FME g SDP
TSR ACE TS & S I R A
T (1) X B SDP KTy

m

[min V = t, (2a)
- 3

%L 6, =0 i=12,.m (2b)
= c f ,

Ol [ ’ ]>»0 j=1.200k (20)
Cl f K1)

(I

[ K(t) - \M(t) >0 (2d)
= A

=K + ALK (i1 =0 (2e)

A5 X >0 LR X FIEE. X (2¢) 2
H5A(Te) ~A(Te) MMM FELH R, X (2d) 25
AU 2 (1) XL EEAR 20, K (2e) & 5
2 (Th) A (L) X A 42 Jm B 0. 20 Y
LM 8 Ak 13 FE W] £ 2% Ben-Tal \Nemirovski . Ohsaki |
Achtziger F1 Kocvara %%%E‘Jﬁ?ﬁi{’ﬁmﬁ'm o
ARG PR 3 T TUART AR SE 24 9K T 58 0 39l %o g
3AMIZRAMEAL R R, )R A B P A A R
K(2a) ~ (2¢) Ao F P 2G5 A 75 i 25 B A



5 8 3]

A SEBT , 45 T AR A LA BRRE AE TR N 2 SR 58 LR

Je AL 4
o

NI AR A — R A S B 2 AT {4 AL [ R
FEEARUT R, DTG0 [ S0 2 1) B A A e
MR (2a) ~ K2 4R i TFR—HIMGET
RS Ry AR AR A e N e A B O N A N {2
WAL SRR e /NS5 A AR, 4% KA T RO e T
Teg5 /NCHEDLSCHR[26 1) , A S B 2 o) ] i L Ak
IS 5 o (A C A i il 3K (2a) ~ 2 (2¢)
= (2e) AL, 0 (o [R]85 A, B B vt 25 B T
FRRE AR FUAE AT LS SO e

T 52 B SR e I, — g o8 i 0 o 4 1 Bk 2 b
HEJ7 ¥ ¥ bR BT B A g AR o SDP B K, ] A
A FIIRIRE B A] 8% Ak b o 9 £k A SDP [ 551, il fif
Ji1 SeDuMi™™"" | SDPT3 " 255 fiff #8 HE 7 3K fift 5 7] At
C J&—/~dE& M SDP [0 8, W] ] PENLAB 3k fi#
B R SDP ik B BT R i
2.2 MIBREEHITRINME L BB

AT E SEXF 3 A AN [R] ) fT BT EE 43 0 R A AR
fEIR S A B F1C, 38 3 43 B 45 SR 1 LA B 1
PRI T A 7 29 3007 2 10 45 2535 4R (0 3 il
AT X R — 23 18] 45 22 A 1 Ak, o — 28 X He
T 3 R HIT R A B

AT A 1B R R R LA S50 [ AR T
I B R, T 440 2675 FF 1R (9 A0 6 B4R K
N s AR B Sk 2R [l — R A R Sk
KR 26 7 2 P P 2879 R D 1) R X R/ 5 i £ o
NSRRI AT BEARS BR ) o UK A
7 Tl ¥ A3 43 A, 45 T B B, 091 b 4% 5 1] AT
T EE R A 1A 0 K B 5 R I 4 A A
R O 1 MR AT BRI O BAG 1, B
B 205 Y A, o A LR R R R
SCFHRGIC(Y) " RN U R E, “ (N) " %
RIURFEE , “ N7 J5 B9 805 2R ) R E B koo
(i LA (LA R bk 1 1 AR A ) .
2.2.1 4 1—F B W&

X 2 (a) BT B 10 FFHT 42 3 25 4 2% fedn T
3 AP R« A O BT TR A
IRy 2 WA A 15 B 28 far @ Fn B 43 A4
TH 3 A 00 A0 e () 5 5 8 R IR 0.1,
JiE BRI C =1,

i FH SeDuMi 3R i 52 Ak 1B A, 7R [7] 48 1
A O T ARG RN 2(b) ~ & 2(h) fiF
o AL AN 4 TR T AU T I 46 R
R B TR RE T A0 LL B I AT O (AR AR 2
B AR SRS S g B R 0.1% ) o

B2 (a) TR B 454 R LT RA & 1. L% 18
A O, AL JE AN (E2 (b)) JLT AR E .

B2 10 FFHTERIEEE M SO TR 00 T e AL J5 09 4 4b
Fig.2 10-bar truss ground structure and optimized

topologies under different load combinations

e O 2 Al 1 2% 5 W 24 @, 1t 4K 5 4
(B 2(c) B 2(d) ) B ILMFRAE ; 76 284 (DL Al b
5 JE BTN A ), AN 18 2 [7] i ks 2 73 T80 A
BN (B 2 Ce) (I 2(6)) MR, H 9L
AT SE s 7E 80 OB Al 25 B M m#a5 @ MG,
AL G AN LR E , B R 2% 1& 3 i D@
RN (B 2(e) (B 2(d) ) MR AT B, B
ATV Y A5 P 2 8 X I A # T LART RS 1 1Y
MR K o 73 8, 22 804 3 T 000 28k L [7] B Jon 28 i
EVRCAL R SR ME AR S T LT AR E , AT
B 5 BT AT, H A S 2 A ) SO

Xof M 5% 200 A BT T SR A 0 2 R P R AT X L T
KB 28 3R o I 20T Xof 2 A M BRI 3 LT
BEA R o o 1 T, JL A AN BS54 114 MY 38 1
K 77 53, SR fift F- 5 7 F 5 7] SR ] Moore-Penrose
MR
2.2.2 FHI2—F BARL &

NP 3 (a) s i) 33 AT HT SRR L5 4, 45 5 1)
FHRBY L T O 0.5 AN A e 2l 3 4
A T YR R A O A AR A KT
7 MR 1 IS 3T o 33 ARAFIF 58 T BR [E]
SR Z ) e Z AN T A R RESE AR DL, 0 B
R R



1668 b5 M = MK k% F M

A fu S 4R

2019 4¢

FLLERRFL R 21,543 1, 2 BF 4 0. 265 2, 3
Wik 0.059 2, ffi F§ SeDuMi 3K fi > »& 1 1k 7]
BB LR E N C =1, 350 T BR /43 3 i
0.05.0.1 1 0. 15 B}, Ok J5 ¥ 40 (3 25 23 4+
F) 535 an & 3(b) ~ & 3(d) firos , Hme LR B 4)
Bk 1.1030.2.4886 1 10.7037 , %45 H 1) 2 i
{344 1.000 0, FE 55 359 35 2] 45 2 T B CEUE 20 51
$75.0000 x 107> ,1. 000 0 x 10" I 1. 500 0 x
107") | R FNSEAR LY s 35 s L2y o . ] I .
X AN [ 0 B 05T BRAE S, 16 Ak 45 SR v FF 1 09 1 A

B3 33 FFAT AR EE K S A ] B A 2 R DAL S5 A9 3 41
Fig.3 33-bar truss ground structure and optimized topologies

under different fundamental frequency constraints

AR ZS I Fa N4 K A T I 25 AR Ak B R S AN
HOR EROR R 22 () R R T R SRR,
T A B 29 N A5 B UL S H 2 L
e e 1o

XA ], AN 25 FE PR — 24 B (52 5 B A 2 )
EORENAS RNy e = I R N i v i P 2 o S
FE U TR I 36450 T R SR AT 3  B, th B 2 Al Ak
Nl Do A A2 BE 20 U AH T BRI 29 R (B S =
0.001 ) 1k "% , W) 451 24 o Ry SE A 249 0, A3 416
FZER (B 4 (a) ) (RF R 1.0000, 2B 1.0000, 5t
B 9.9999 x 10 * (RS ULIE 4 (b)), 1 — & iR
ZEE AT R i R 2 B RS o, st A
FROEJG 0 2 AF4R 4N (B 4 () ) EBE{E R 1.000 1,
AT R 2 BE Y (B Fh B A o BE oy 2,
JLRT 2 B4 sh 4 32 350 O, AS T 2 356 4 29 3 ( 41
FFBYFEAE X — B 41 780 %) 2 357 AS ] Bl i, 22 B 40 AT
JE MBI NS AE ) o A FEINLY R (B f=0.2)
AH LR BE A0 T 2R B Al FERA 2O
BE T AAF LA 3 2 25 (1 4 (d)) R
238.8505, 22 4 1.000 0, F 47y 0. 159 4 ( % i
AR IR BB WL 4 (e) ) , AN I B AT 2
B IRANTIAT, SRR W 23 A AT R S5 Y
8 FFHRFNC Bl 4 (£) ) FeHii Ay 0. 200 4, i /& K& 4 2
G HILZEREAE N 1.041 7 NP 2 2 B 20 o (4
FF X5 fE 22 BE 29 oA AT Bl ik ) o X b ik 2 FhE
o Ak ) R 2y 5 R BREUE A & 3, AR 29 5
PR A S b R R 22 BR A K, IR BT B R A A
B N NI

B4 33 FFHTAR A5 MRS 29 R0 B3R $ME fb 45 2R

Fig.4 Topology optimization results of 33-bar truss under unreasonable fundamental frequency constraints



5 8 3]

A SEBT , 45 T AR A LA BRRE AE TR N 2 SR 58 LR

A fu S 4R

1669

2.2.3 HBI3—FELHBETAR

WS (a) fr s By 4 AFHTZR FE S5 44, ToUAE A5 i
TR e T m R R A b B A o s T SCER[30 ]
i P51 SDP J5 ik, I8 H SeDuMi 3K fif # 5K fift AF
LRk SDP [a) @l C, ZEJE B FRER C =1, 115 54 il 3%
fif A FRRHA,, =1,

Shy Ut W A3 A % D0 Ak 25 R 0 52 o 48 A i
FornlBch 1 0.5, Ak 5 40 3 (I 25 5 4 T
1) 23 A E 5 (b) FE 5 (e) s, B 5(b) fis
FE A I S R A R O 1210 1,0 R e R R
FEL R H AR IR A 25 F2 5 1.000 0, LR
G5t SN FRREAR(C=1) WiET L
AR, U ATE o B 5 () Frs M il
FIR M AT E F R 1,000 0, 4 5 Fa 5 2 I A
SEFEZERE A 1,000 0, 52 FE 24 oA il B, 3% i JL AT
FaE . LB b, o BE A5 LA A R E (L& #F
D) M 25 Rt vl i B 2/ e 4w, B
F=0.58f,FBCHYMHEMES(d)x, &KL

BS54 FFAT SRS H T A ) 24 AORN 38467 1B T B9
iAo gl R
Fig.5 4-bar truss ground structure and topology optimization

results under different constraints and loads

AP AR, FZ A 9 1 55 Jee il 28 £ PR F-2 1..000 0,
AT TR R 1, A% L 42 R e 2 R R 3%
FEZH . A EE R MR 4 AR S S AR 1 Rt
fift (15 (c) PNy 4.8890) ,3 FFHEEE5H T 11k
P2 8] A8 /)N, o M ik W 2 249 S T S 1) b R R B
(5.098 1) WA 3. AT UL 2 42 J B 2 2 A
WHiZ 4 0 vl GEJLfl A , o] REJL T AR 2 | 2T
14 5% M AR K o

NI & F =0.5 Bf AR E SO . 27
AN A R e 2 T AN I T B 2 O, P A5
(E5(e) ) B2 MG FHE 1.000 0, (A i 5 il
Bt 7R 0.605 6, A & 2R AR, AR
TR B 2 R AN R A R R 2, P A5
(S (E) ) I 5T iy 2407 B 7 Sk I LB 1. 0000,
MR 2 BE M 0 4,209 2 x 10°, 3 48 i % i 1 bR
C =10 W, R 0T e s AP R 22 52
ARSI AR — 7 BE I L AR M A A

& R Ra s A (S (F) ) 776 58 Jn ™ 55 i [)
i A RARE A, N TR ER R @ B A A Y
R 1 T TR 5 4 A 2 R R 1 1 FE D R A T
FRAIAR /I, LR T 4 % {328 325 &5 0 A D@ (AH 22
295 ANECE ) 5 #4FF O Rk 4 it 78 J5 A B i AR o
BB, 4% 1 D @ @ AT 1 K5 A R 7R 0 45 7 48
fif o A AL FF O @R TUAA] A i 2 3 45 44 oK 1
25 18 4 Jry R i 24 o 1 AR B I /N Ak ) S, T A5
W 5(g) Fim . Xt AT O, 38 KT @ i e 48 imi B
I EsF /N ) 118 8 8 T L, R 0% A /N 11 45 4
B E 2 RREAR,

B K B S, et R 1 T SCRRE
iR (Th) @SR AF 78 B R AEAE o JUAT R B a2 40 4b
W SRAETE 55 B5 48 B AN 78 TE Ry X AN B0 2 AH
(BB SR A B — S 4 3 DL O M) 284
K F o #tE CRAR) JLRIANER E , 76 355 I 5
fil 2 o R B, 074 3 BB 0L R O (B HERR o
2.2.4 bl A—FRRAY kF LI

WnlE 6 (a) FT 7R ) 88 AT 45 [H] #1542 3L 45 4,
25 (A RSE N 8 x 1 x 2, 220 4 A7 5 [ 5, A7 1o
I 2 AT A R R L A S A
0.666 74k far . XA FIE A CHk[14 ],

I C =0.03, 78 A2 JBAT o] 29 o 7 S8 1 1% 0
TR A AL AR S AR AN LB 6 (b)) s AR
6 (b) &5 5%, 7 32 F AT 2 92 (4715 a5, it Jin B Jom
BT, MR E U EEAT 1% B C =0.03 3K fif ]
A ARG D UL 6 () 5 % RS FE A0 2 3, B
C=0.03,f=0.0809 K fi# v i B, Ak J5 41 Fh W
Fe(d);FEaRBEAR, B C=0.03.1, =1




1670 b5 M = MK k% F M

A fu S 4R

2019 4¢

SRAF A CL AL FD LA 6 (e) o S5 44 L Xf
W2,

6 88 FFAT AL AL K AN W) B8 5E T IR AL 19 4 Fb
Fig.6  88-bar truss ground structure and optimized

topologies under different settings

F2 SSHFHIBREEMRMULERSNE
Table 2 Properties of ground structure and optimized

topologies for 88-bar truss

1A
Gt HM R LRSS RE ;i’;i‘i
Feghty 88 157 2 0.03 0.0809 64.244*
B 6(b) 22  66.879 7(N20) 0.03 307.39
E6(c) 42  67.704 Z5(N3) 0.03 1.1338
E6(d) 55 67.392 7 0.03 0.0795  0.5489
Kl 6(e) 41  66.927 7 (N8) 0.03 0.869 1

T+ RORAR SO AT AR 2 454G 1 e 5 it 280007 [ 708 64. 244,
55 Nastran J3Hr &5 2R — 80 3CHK [ 14 ] iz Bdii i 1.074, 566 1R

XA, AT 5 B (F5 JE S0 29 90 P i3 14
JE SR LIRS E 1, H AR T7 S BT AR 0 4 3 A7 7
ARV JEE B LA ANERRE o I B DL [ 245
W] 6(c) M 6(e) BT 7m 45 H i i AT E T
SAE TN 3O SR A 7 JE AN R
li) S 45 AT BE HEINAT & LA 25K, AR ULk 5E ek
S5 R UM RS E L, X AR TS ; QAL 58 s
D8 R 20 A1 X 45 4 22 B TL-F- B A B2 0 (EX0E S0 i
Gy A8 A PR 7 S R AIE A 2 00 R R B AR
K6 (d) FroR#hifh 9 ZEAURT AL 6 (e) FT 7 #1$h Y I
G Ji b A D R L 2 R B A — A
I, AR5 2R ) JL AT AGUE TEAR K A B s @ B AT e Ak
SR 22 MR T AT A B IE AR AL, 1B 6 () ~
6 (e) i dMHALLIE 6 (b) 2 T A FF 3£, Ik
G i A R A T AR Z R B AR R Y
A JFUSE B 22 W R A O 9 RF AR (B AZ AR/ 1Y
A FRAEL , AT A4 3B i 5t e 48 P o
2.3 MILARELARTRHITL

ARG 1, 25 58 B 48 I A BE 5 DR 1L 1k
JEFAN LIRS AE o BRI A8 1 FH 4 A9 2 436 X000
&R B U RS E Ve A R KR o JLAT AT AT
ZRAFAEANBE R A B o 3 A T £
F HE I S 05 R A LR A M 5 5 DU 25 4 K
I DA VRE Z UL ES R LY SR NS A RS
W REAARES , LR TC i o 32 BE 20 s ) A7 7R RE %
LA S A BLE 2 A OO, (HL AT AN S E $h
FIAETF AT E P HOARZS (55 1 Bl B0) I I A B2
M| SR JEE 249 SR A 2 o R DL, 2 R BRI A8 A7 114 5 I
Je (o AIGA 205 SR £ B X B 2 f) AR BRBE T, %7

FURAME—E R BRI T AR 45 R LR E 1Y

WA I A —E REARUE AL AL )5 #h AN LIRS E o

B2 v AEZR B IRG BBUE R AT S T
DU BY rp 255 1 B 00 249 SROnT GRUE G AR )5 i # L
RS E o SEBr b m] RUIE B 9 A2 S A 24 TR 45 4
WAL R E (PR LI % B) o — A ¢ B m] AL 7E
T, AR L T BT AT A AN TR 4R
PR RS P R 88 2 B, DI A 295 2R, o O B L
T 00 A2 A% 29 3R, 5 RLAT AN BE 7] I 3l 2
VAN 2 AT 25 SR ) AT X I AL SE AR 2 R A
AT B BRI VR, — B AT A S A B R o
BB , 35k 26 T A 24 R A5 18 0 A 06 2 o B 2
F18 R ol R i 1 0 15 P, RIS X 36 9 1 A ) A, 24
R BREUE A S P 2 S EOT R AR A G B
5 S R L SRS T T ) R X

HRAETB) 3, AL W) Ih 2540 2 75 J LA RS , 1l
4 R AR E A R BE PR IE A AL )5 #h 4 LA AR



5 8 3]

A SEBT , 45 T AR A LA BRRE AE TR N 2 SR 58 LR

AL A
o

RENME o AR SCHR IR, 42 R A R Pk T A AR TR 1Y
PN T3 A U0 AH 5 B 45 0 J 1, LA AR E 2 U R
IR B [ A7 S A, AT 5 2 A O, SR S 3
LR, “H ZEBA BRI R UF &R
SE 29 BT AR A5 4 PR B R /Al TR T, R 9K i
CRCEINE in N ER A PN R NSO L TR g iU R
EREI A G, B NA S MR BRE ,
DUACEE SR b B 23 R R A AR /N 5 N K
ISR IEAR G B, ol L 3 T A A B ) K Y
FORZEH . 2 # K B, 3 B AN & B A% L ) 73 A 1)
i B LLSE /N (9 45 4 R BRI A2 42 SRy A RE 200, {HL 3
AFFE PR LR EOR

3 & it

1) JE kX 4 Bl J7 ik R L, B T AT AR
S5 A8 TUART RS 1 R 1 2 S, T 3k e TG R0 o vk
M0E A 45 G AN IR0 77 36 0 R a5 45 s — b
] BT AR, W FH AT 2R 2 4 L] R e M i bR o
AT

2) ffifH%E— 1 SDP BRI 3 F L[ £ 24
W7 SRR LR B, A R A0 A5 78 e 25 R o 286 e
B4 R R 2 R e DR U AL IS FH I LA AR
SEME ETEA R AR BT, % B30 2 )
WAT LUPRAIE

3) A G BE G5 Ah 1k HE SR AF T8 N BR 3k 4 AT
(0 J5 A B 75 2 H T R A AT X 45 A AR 1 Y R
Wi, 29 9 1 B 152 1 A B S R B A R Y
B R EL 2 A0 Ak I R0 RS SR A 1) TE A o Ayl B
Xt AAT AL B, R — 25 B 25 AR LT ST 4R b AR
I R A VA AE SRR AT X LU AR

4) 5 I HT R AE A B LA AR A T A — R S
P AL T A G Y JE e, 5 e S OG X R MT AR LAl
FaE ME 5 R BB R e T L A R AR e M A AR R X B
M SR 45k 4 R R AN AR LR UE H LT AR .

5) AUAE A R fa E T SE AT M1 HR 45 4 1R FR
S /MEBETT, BT A5 25 59 I 5 43 A3 7K OF B RE AR AS
AN R bR TR IR . AT UL B S5 A Ak
[Fa) 50 A A SR A7 R 0 1) AS DB i o5, X S ] 24 R 4
A AL IR 35 M 2 SR 1] A VR DA
B A FAR B R A 0 5 R R B

S 2 Hk (References)

[ 1] RULE W K. Automatic truss design by optimized growth[J].
Journal of Structural Engineering,1994,120(10) :3063-3070.

[ 2] MCKEOWN ] J. Growing optimal pin-jointed frames[ J]. Struc-
tural Optimization,1998,15(2) :92-100.

[ 3] MARTINEZ P, MARTI P, QUERIN O M. Growth method for
size , topology, and geometry optimization of trusss structures
[ J]. Structural and Multidisciplinary Optimization, 2007,
33(1):13-26.

[ 4 ] HAGISHITA H,OHSAKI M. Topology optimization of trusses by
growing ground structure method[ J]. Structural and Multidisci-
plinary Optimization,2009,37(4) :377-393.

[ 5] HOOSHMAND A,CAMPBELL M L. Truss layout design and op-
timization using a generative synthesis [ J ]. Computers and
Structures,2016,163 :1-28.

[ 6 ] DORN W,GOMORY R,GREENBERG M. Automatic design of
optimal structures[ J]. Journal de Mechanique,1964,3:25-52.

[ 7] TYAS A,GILBERT M,PRITCHARD T. Practical plastic layout
optimization of trusses incorporating stability considerations
[J]. Computers and Structures,2006,84 :115-126.

[ 8 ] DESCAMPS B, COELHO R F. The nominal force method for
truss geometry and topology optimization incorporating stability
considerations [ J ]. International Journal of Solids and Struc-
tures,2014,51:2390-2399.

[ 9] OHSAKI M,KATOH N. Topology optimization of trusses with
stress and local constraints on nodal stability and member inter-
section [ J ]. Structural and Multidisciplinary Optimization,
2005,29(3) :190-197.

[10] CERVEIRA A,AGRA A,BASTOS F,et al. A new branch and
bound method for a discrete truss topology design problem[ J].
Computational Optimization and Applications, 2013 ,54 (1) .
163-187.

[11] MELA K. Resolving issues with member buckling in truss topol-
ogy optimization using a mixed variable approach[ J]. Structural
and Multidisciplinary Optimization,2014,50(6) :1037-1049.

[12] ¥R, kel R, 5. 25 B S 8 R R 1k 29 SR i AT 28

WAMEA B [T]. T 3% ,2013,30(2) :8-12.
LENG G J,ZHANG Z,BAO H,et al. Topology optimization of
truss structure based on overlapping-filter and stability con-
straints [ J ]. Engineering Mechanics, 2013,30 (2) :8-12 (in
Chinese) .

[13] GUO X,CHENG G D,OLHOFF N. Optimum design of truss to-
pology under buckling constraints[ J ]. Structural and Multidis-
ciplinary Optimization,2005,30(3) :169-180.

[14] KOCVARA M. On the modelling and solving of the truss design
problem with global stability constraints [ J ]. Structural and
Multidisciplinary Optimization,2002,23(3) :189-203.

[15] DEB K, GULATI S. Design of truss-structures for minimum
weight using genetic algorithms[ J]. Finite Elements in Analysis
and Design,2001,37(5) :447-465.

[16] SAVSANIV J,TEJANI G G,PATEL V K, et al. Modified meta-
heuristics using random mutation for truss topology optimization
with static and dynamic constraints[ J]. Journal of Computation-
al Design and Engineering,2017,4(2) :106-130.

[17] RICHARDSON J N, ADRIAENSSENS S,BOUILLARD P, et al.
Multiobjective topology optimization of truss structures with ki-
nematic stability repair [ J ]. Structural and Multidisciplinary
Optimization,2012 ,46 (4) :513-532.

[18] AHRARI A,DEB K. An improved fully stressed design evolu-

tion strategy for layout optimization of truss structures[ J]. Com-



1672 b5 M = MK k% F M

S AR 4
o 4

puters and Structures 2016, 164 ;127-144.

[19] PELLEGRINO S,CALLADINE C R. Matrix analysis of statically
and kinematically indeterminate frameworks [ J]. International
Journal of Solids and Structures,1986,22(4) :409-428.

[20] PELLEGRINO S. Structural computations with the singular val-
ue decomposition of the equilibrium matrix [ J ]. International
Journal of Solids and Structures,1993,30(21) :3025-3035.

[21] A%, HEK. TR I M. et R AL, 2014
1-3.

YAN J,YANG C Q. Computational structural mechanics[ M ].
Beijing: Science Press,2014:1-3 (in Chinese).

[22] 75,2 A 4. MR [M]. Jbat: Jbat 583 Ko h
#F,2014:1-79.

XIU N H,LUO Z Y. Semidefinite programming[ M ]. Beijing:
Beijing Jiaotong University Press,2014:1-79 (in Chinese).

[23] BEN-TAL A,NEMIROVSKI A. Robust truss topology design via
semidefinite programming[ J]. SIAM Journal on Optimization,
1997,7(4) :991-1016.

[24] OHSAKIM,FUJISAWA K,KATOH N, et al. Semi-definite pro-
gramming for topology optimization of trusses under multiple ei-
genvalue constraints [ J ]. Computer Methods in Applied Me-
chanics and Engineering,1999,180(1-2) :203-217.

[25] BEN-TAL A,JARRE F,KOEVARA M, et al. Optimal design of
trusses under a nonconvex global buckling constraint[ J]. Opti-
mization and Engineering,2000,1(2) :189-213.

[26] ACHTZIGER W, KOEVARA M. On the maximization of the
fundamental eigenvalue in topology optimization[ J]. Structural
and Multidisciplinary Optimization,2007 ,34(3) :181-195.

[27] STURM ] F. Using SeDuMi 1.02,a MATLAB toolbox for opti-
mization over symmetric cones [ J]. Optimization Methods and
Software, 1999 ,11(1-4) :625-653.

[28] TUTUNCU R H,TOH K C,TODD M J. Solving semidefinite-
quadratic-linear programs using SDPT3 [ J]. Mathematical Pro-
gramming,2003,95(2) :189-217.

[29] FIALA J,KOCVARA M,STINGL M. PENLAB:; A MATLAB
solver for nonlinear semidefinite optimization[ J/OL]. (2013-
11-20) [2018-08-20]. http: // arxiv. org/abs/1311. 5240.

[30] KANNO Y, OHSAKI M, KATOH N. Sequential semidefinite
programming for optimization of framed structures under multi-
modal buckling constraints [ J]. International Journal of Struc-
tural Stability and Dynamics,2001,1(4) :585-602.

[31] SRk, A M0 A S5 R0 [ M ]. 2 R dE 5t 3 40 K24
#1,2013.61-67.

ZHANG X D. Matrix analysis and applications[ M ]. 2nd ed.
Beijing: Tsinghua University Press,2013:61-67 (in Chinese) .

fEER N
MEH F, W LER A EEIF I I m K G S5 L

it

BER B, WL R A WS, P DR . &
BEWEFE T 1 < LR A B R BE R S B S

BTTE BB G . ERBES T K A 3l )2 S
KAk BBt

ERFE WL, mRTRIG FEHFTE I 1w K A SR8
i R SR E it .

PR A:NIEER K EES FEERK
A 17 BRRYZE ) 14 1E AR
LR A BIFk O rank (A) , 15 55 45 A 4 Bk
AR — L T
O MEEHHEAC A
rank(A"A) = rank(AA") = rank(A) (A1)
@ #HEWE P e CT U Qe O Hy T, I}
EEHFEAeC A
rank (PA) =rank(AQ) =rank( PAQ) =rank(A)
(A2)
MRAEA BRICHIE , M7 28 25 14 /9 W B2 A S K e
R P s A = B' e RV
v o d g 1) RBLE 23 T 4 B2 5 n g 749 )80 5 ¢ K
LY B R B sm AR s B R EE R L
i RIS
W T HT 2R 45 0 1 SR B D e R™™™ 2 %) £
2R TC R I N TE A A X 0l Bk 7 B DRI AE AE R A
W7 P e R™ 45 D = PP I A
K=B'DB=A(PP')A" = (AP) (AP)'
HF AP e R R ROH
rank(AP) (AP)" = rank(AP)
SCH T HERE P oAl il v B ] R
rank (AP) =rank(A)

[l it ] 5
rank (K) =rank (AP) (AP)" =rank(AP) =rank(A)

(A3)

W B2 B KOG 5 R Bk, rank (K) =d xn —

¢, (A3) Hl rank (A) =d x n — ¢, B -7 55
M A 170 Bk S5 K RIE

Biisk B:iw B EMARMHI R L AL
M2 E LA

AR 22 SR B8 21 FE A 2 T R 6% B CR AT AL 25 44 1Y
JUI RS M AR A 25 A DG o AR X4 ) —
ol 7 A R

BN R ER AN W=K-AM >0, H
R REAEAE T BRA > 05 258 JUAT A2 19 55 i 25 1
Sk W S B AE L, B K> 0 AL TR IR
W=K-AM >0, >0=K>0

TS A AR [ K M R W i 4E 355 1 x
Lo W R FEIMLA BT HE e WP 1E 8, AR 1Y



e A 4R
% 8 1 B 5 O T i P o P4 A 3 1673
et BIA A (W) =0,i=1,2,-,1, WIEAH R A (W) + A x A, (M) =0+ e >0
HOE MIRASH B DR AR I MR ARIERE B, o 4 1 AR TS B T i Weyl
ACRFAE (RS O E GG /M AE D) & >0 W g (72 WSk 31]) 0 SERE KOS GE (0 0E
A(M)Ze,i=12, 00 MR i=1.2,LBA g K>0, 4 B3IE. BHW L, WFIEE, &
A(K) = A (W AM) = A, (W) + A, (AM) = \MEGHE{E( K = W+ AM (112 A 5] T 3R 4L

Comparison of determining methods and constraint schemes for
geometric stability in truss topology optimization

HAO Baoxin, ZHOU Zhicheng”® , QU Guangji, LI Dongze

(China Academy of Space Technology, Beijing 100094, China)

Abstract: To improve the accuracy of determining truss geometric stability and the practicability of truss
topology optimization results, several ways of determining truss geometric stability were compared, and the va-
lidity of three schemes for guaranteeing truss geometric stability of topology optimization results were discussed.
First, by comparing several ways to identify truss geometric stability through some illustrative tiny trusses, a
simple procedure was outlined to evaluate truss geometric stability. Second, a unified semidefinite program-
ming (SDP) formulation of the truss topology optimization problem was established for three kinds of con-
straints to address the geometric stability issue. Finally, three truss structures were optimized with the SDP for-
mulation, and the geometric stabilities of the resultant trusses were evaluated by the given simple scheme to re-
veal the validity of the three kinds of constraints to guarantee geometric stability. The results show that consid-
ering additional loads or the global stability constraint cannot guarantee the geometric stability of the optimized
trusses while the fundamental frequency constraint can do when the constraint values are reasonably chosen.
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loads; fundamental frequency constraint; global stability constraint
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Fig.3 Flowchart of sensor management
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Table 1 Information of sensors

& 1% Pa Py 17,2, (Ti Q/m’
5! 0.8 0.1 10 0.010 30 x 30
52 0.9 0.2 20 0.020 30 x 30
5 0.8 0.2 15 0.015 30 x 30
st 0.7 0.1 30 0.030 20 x 20

®2 B#WER

Table 2 Information of targets

H # c (%,50)/km  po(1) %/(m-s') y(m-s")
' C(1)  (500,0) 0.5 -300 0
2 C(1)  (0,500) 0.5 0 - 600
£ C(0) (-500,0) 0.4 450 0
¢+ C(0) (0, -500) 0.5 0 - 400
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Fig.5 Process of target identification of sensor s' to target t'
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Fig.6 Process of target identification of sensor s° to target ¢’

HAR o, —H py,, (2) > A, ¥ AR FEX % HbREAT
PR EF
3.2 ZfREH-ZEHRSE

T k=0 B2, Ak =1 B 20 04 4% ks - H b
SYBCTT S, VAR 5 S ik 20 xh B AR JEAT BB . TR0
FLE R A SR H B A SN0k AR Rk
AL EAE NS e, A 7 Frs

SR 7 O
Fig.7 Comparison of algorithms

i 7 AT, 5 AR SRR L, AR SO K A
F R s SRS A E AR SRR SR A 1 3
P UL A SO BT R AF e .
3.3 AXAESHMEHERBEEA AL

Ll A 28 B P A% SR A B O T R B T O 248
P 17%) A s A B 3k 5 6 TR R e I A% kA A
1k, ARy B B F BR B R B 4 o 1 A% IR
BT (R PR B B ORE JE R)) FIJE T Reényi
S AL AR A BT kT (T AR AR B k)
SARICHIEAEX . 4351 H 5 3 R L s &
A ) A R A B 8 I ) XU i A & B
PRSI R E 8 ron . Il 8(a) Al LLE
RN R [ £ N N R = A U = O
H bR 08 BR800, X6 B A i 100 XS R R B AL
REA o A DRV B 7 1A, % Je 25 78 B 7 ik AL 95 1K
WO AT s > BRERE BEF ) > {5 B sl .
i 8 (b)) AT LA Y, BAR AR ST 1 1 oA SR R B2
HE BEE A vk (R RS 1Y H A B ORG BE (A
G R TE k=5 B 20 )5, 1% 28 A 1500k 1 H
Bt R, WA AL R B H AR L
PR R, EH UG O T A% R B IR R 1T R R R
HE B T RAR B 1 o 45 o A% IR A O kL R
% AR HAR R 2, — R 38 SR 45 K R H
FRAEN B T A H br 4 = B RS B, il e s Bl T A%
JERASTEIRIR TR o AT FEIE 8 (¢) ~ &l 8(f) 1]
FIESE



5 8 3] PESK , %5 « 2 1 I U [R) R A0 BR B 22 I AR 48 B0 7 %

A fnF 4

T
e |5 1679

4

8 ARG BT IR I

Fig. 8 Comparison of sensor management methods

& it

A SCHIETE 2 1% T Db IR] BR BR 22 H B A R

EISN=R
H &1

F14 1 RS A B ) R, 2 v ) P 5 0 R B R
PRI 55 1 1 Jo 05 4 LRSS AR, O B X B AU 11 5K
i th 3 T 2 Agent 73 A5 153 HE 19 70 A 5UH
V5 B FUERE TR R B A AR (5 LA
SRR, A SO B AMERE B AT B AR A KU (H , i
AE S I 455 b %0 R A AR B B, AT S 4 4% J2 2 9
BR P . 2 HERIRESEOLT , PR A H br
1498 2% 55 8T H AR B B, 2 e H AR K E Al A
HERAE D0 T X 1% s BE A7 48 B, 45 2 A9 15 JR A 48
HJ7 SR REHER , T — A B ST B R S0 T 1Y
e I g DA, A7 L ) AL

2% ik (References)

[ 1] SUBEDI S,ZHANG Y D,AMIN M G, et al. Cramer-Rao type
bounds for sparsity-aware multi-sensor multi-target tracking
[J]. Signal Processing,2018,145 :68-77.

[ 2] ASGHAR A B,JAWAID S T,SMITH S L. A complete greedy
algorithm for infinite-horizon sensor scheduling|[ J]. Automati-
ca,2017,81:335-341.

[ 3] GOSTAR A,HOSEINNEZHAD R, WEIFEBG L, et al. Sensor-
management for multi-target filters via minimization of posterior
dispersion[ J . IEEE Transactions on Aerospace and Electronic
Systems, 2017 ,53(6) :2877-2884.

[ 4] HONG H G,BA-NBGU T,MAULE R. The Cauchy-Schwarz di-
vergence for poisson point process[ J]. IEEE Transactions on
Information Theory,2015,61(8) :4475-4485.

[ 5] BUKAL M,MARKOVIC I,PETROVIC L Score matching based
assumed density filtering with the von Mises-Fisher distribution
[ C] // Proceedings of 20th International Conference on Infor-
mation Fusion. Piscataway,NJ:IEEE Press,2017:433-438.

[ 6] SAYINM O,LIN C W,SHIRAISH S, et al. Information-driven
autonomous intersection control via incentive compatible mecha-
nisms[ J]. IEEE Transactions on Intelligent Transportation Sys-
tems,2018,99(1) :1-13.

[ 7 ] MARTIN S. Risk-based sensor resource management for field of
view constraint sensor[ C] // Proceedings of 18th International
Conference on Information Fusion. Piscataway, NJ;: IEEE Press,
2015:2041-2048.

[ 8] BORGES M E G,MALTESE D,VANHEEGHE P, et al. Sensor
management using expected risk reduction approach[ C] // Pro-
ceedings of 19th International Conference on Information Fu-
sion, Piscataway ,NJ: IEEE Press,2016:2050-2058.

[ 9] BORGES M E G,MALTESE D,VANHEEGHE P, et al. A risk-
based sensor management using random finite sets and POMDP
[ C]// Proceedings of 20th International Conference on Infor-
mation Fusion. Piscataway ,NJ:IEEE Press,2017:1588-1596.

[10] #&, ¥ 4% 5 FEIE Riccati 5 FiFl Kuhn-Munkres &
1) 2 A6 G IR R VIR r BC [T ] #5205 1 5], 2012,27(5) .
747-751.

TONG J,SHAN G L. Study of multi-sensor allocation based on
modified Riccati equation and Kuhn-Munkres algorithm [ J].

Control and Decision,2012,27(5) :747-751 (in Chinese) .



AL HLF W

a5

1680 | L R ./ R NI NI = O 4 2019 4¢
[11] HEGARAT-MASCLE S L,BLOCH I, VIDAL-MADJAR D. Ap- [15] SHIC G,SALOUS S,WANG F et al. Power allocation for target
plication of Dempster-Shafer evidence theory to unsupervised detection in radar networks based on low probability of inter-
classification in multisource remote sensing[ J]. IEEE Transac- cept: A cooperative game theoretical strategy [ J ]. Radio Sci-
tions on Geoscience and Remote Sensing, 1997, 35 (4 ) ; ence,2017,52(8) :1030-1045.
1018-1031. [16] ODEJIDE O O,BENTLEY E S,KONDI L P, et al. Effective re-
[12] HARE J Z,GUPTA S, WETTERGREN T A. POSE ; Prediction- source management in visual sensor networks with MPSK[J].
based opportunistic sensing for energy efficiency in sensor net- IEEE Signal Processing Letters,2013,20(8) :739-742.
works using distributed supervisors[ J]. IEEE Transactions on [17] LIU Y,WANG H. UKF based nonlinear filtering using minimum
Cybernetics 2017 ,48(7) :2114-2127. entropy criterion [ J]. IEEE Transactions on Signal Processing
[13] 2300, X B =, 008, [ 2 % %48 U IR AE 55 00 &) 255 34 Journal of Astronautics,2013,61(20) ; 4988-4999.
[J]. 5248 ,2016,37(1) :29-38.
LI Z H,LIU C Y,NI P. Review on multisensor cooperative mis- EER® A
sion planning in anti-TBM system[ J]. Journal of Astronautics, EE OB M., FEMNRT A SEREDESEE
2016,37 (1) :29-38 (in Chinese) . R
[14] OZTURK O,BEGEN M A,ZARIC G S. A branch and bound al-
gorithm for scheduling unit size jobs on parallel batching ma- BHEHZ F.ML EE AT, BB AR
chines to minimize makespan[ J]. International Journal of Pro- HH L EEMAIE SN B E RGN,

duction Research,2017,55(6) :1815-1831.

Management method for multiple sensors’ recognizing and tracking
multiple targets cooperatively
PANG Ce', SHAN Ganlin"* , DUAN Xiusheng’

(1. Department of Electronic and Optical Engineering, Army Engineering University Shijiazhuang Campus, Shijiazhuang 050003, China;
2. School of Mechanical Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043, China)

Abstract: Aimed at the problem that there are false targets among targets being tracked, a target recogni-
tion model based on risk theory, Bayesian theory and evidence theory is established firstly. Secondly, the situ-
ation of target recognition when the target is being tracked is analyzed, and a risk function model in which both
target tracking and recognition are considered at the same time is established. When calculating the sensor
management, a distributed algorithm based on distributed computing of multi-Agent is proposed. The simula-
tion experiment results show that: First, targets can be recognized effectively and the tracking progress ends in
time once a target is recognized as a false target under the framework of target recognition in this paper; Sec-
ond, the solution of the algorithm proposed in this paper is better and the calculation speed is faster than other
algorithms; Third, the sensor management method in this paper can avoid the waste of sensor resources and
improve the tracking effect of real targets.

Keywords: sensor management; target recognition; target tracking; risk theory; a distributed algorithm

based on distributed computing of multi-Agent
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Fig. 1 Sketch map of experimental device
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Experiment on gas film cooling efficiency in environment of deposition
YANG Xiaojun™, YU Tianhao, CUI Mohan, LIU Zhigang

(School of Aeronautical Engineering, Civil Aviation University of China, Tianjin 300300, China)

Abstract: In order to study the effect of deposition of pollutants on film cooling of gas turbine blades, the
experiments were carried out by injecting molten paraffin wax into a small wind tunnel to simulate the pollu-
tants in a real turbine. The blades were approximately replaced by flat plates. The experiments were carried
out under mixing conditions of high temperature mainstream and low temperature cold flow. The influence of
particulate matter deposition on the surface of the workpiece and the changing trend of film cooling effect after
paraffin deposition. It was found that under the same experimental conditions, with the increase of the aper-
ture, the film cooling efficiency increases gradually, and the cooling efficiency at the aperture of 10 mm is
about 6% higher than that at 5 mm. At the same time, the paraffin deposition on the plate surface decreases
gradually, and the thickness difference is 0. 15 —0.20 mm. With the increase of the surface roughness of the
plate, the film cooling efficiency decreases gradually. However, the deposition of paraffin increases gradually,
and the film cooling efficiency after deposition decreases greatly compared with that before the deposition of
paraffin particles, with a difference of about 5% .

Keywords: film cooling; deposition; aperture; roughness; flat plate
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