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Fig.1 Schematic diagram of reasearch
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Fig.2 Temperature distribution and Local displacement of

probe bonding area
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Fig.3 ultrasonic simulation model
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Simulated echo waveforms under different widths of air

Fig.4
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Fig.5 Relationship between ice amplitude and width of air
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Fig.6 Relationship between decreasing rate and attenuation

coefficient of ice with the ratio of ice delamination
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Fig.7 Simulated echo waveforms under different heights of

air
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Fig.8 Experimental waveforms under different temperatures
Pk e (] 30 45 5 1 SR SR AL o A P A7 AE /N R

JE R Bk 3h B, 45T KR [ I 08 (5 22 AL T
0.04 Vo 45 1t m I O 6 52 56 3 Y BN, 0K 2 iR



170 &,

w5 2 W

44 %

SRS o P e 1 A S B R, AR B KR
[0 35 A 57 K2 A s A T [0 388 (1 B AR AN 7E

ALOL e AR TR, UK (830 e {E 2 B0 A8
AT Hh VK= 5 SRR S TR A SR R RS LR 515 T T
2R T UK [ 98 A5 5 0 {1 308 3 15 3 0 R PR Ok =
Jay T 0 e B R B VA 4 o

3.2 BEFEmsL

3 3 9L 2 78 Al X DK Bl A5 S B R S, 2R AT
HLIAA T %5 B 1.6 W /em® T 19 KL 3R 1 vk 2 #4 o
i T R S 0 G 4R R I 6 I S, DL L A TR
W 1.2 W/em® T 552 0K Z BRSSP0 52 5
A B 6 2R B 9 0 0 [0 90 v 5 K (R AR I {EL
1.6 W/em® A1 1.2 W/em® it 4 2 5 5% AR 1 S5 56
S5 R NEN 9,10 fR o

2.6 10
24} _
22} "
2.0F g
> 1.8[  (-24,1.63882) v
=16} @
o4 e
g Ext
1.2} W&
1.0} =
0.8} w
0.6 |

T/°C
B9 1.6 W/em InfA sl AR T S g &5 2R

Fig.9 Experimental results of heating power density of

1.6 W/cm®
2.6 0
2.4¢ = ~
I —o- TRRM 1o #
20 —— VK 8 g
2.0F KRR :
> 1.8f lg
a L6 (-4, 4.224 36) @
“% LAF o4 Ds1583 | A Z
= 1.2_( s ) (-8,1.351 85):/ - "ﬁ
10  omimmimmmm T T |, .
0.8 (-4, 1.064 88) w
0.6f ‘ o | .
-25 20 -15 -10 s 0

T/°C
BI10 1.2 W/em® fin#h Dy 55 BE AR R SE e 4520
Fig.10 Experimental results of heating power density of
1.2 W/em?

TR AR BN AR AT UK)E /B AR S
TET ALk A A R S S I, R A I 14 0 M (e 95 W (L T 3R
JEE TP i 7 3 4 A, DI [ S A A e A i A% L
W AEL DB /)N, 5 0 B AR A B ML A 5 DI W 1 5 o 52 56
WEFE 4 R 5 -

FT T G35 LI 31 DK JZ S5 B BRSO, LA 13K

Y 208 R B RS T AL L BB S R NS IR LR
15 5 52 50 T Wl R B0 R A RN TR B, SC 86 5
SERF A 11 s

HLINAE B 1.6 W/em® i S 36 5140 F , 2448
We /UK 2 R TR i —24 CTHE & —4 CH, R 42
B9 b i S 56 B o 5 AT A i T A S 80K 2
JIE RS 1 1 Pk 2 ] U e R R S 62800, 1A
5 %) 2 R BN 8.73 dB/mm . AR 4 &l 6 15 3] 1%
DX 35 P 6 RG /24 ST AR B R 62.8%6 0 ARFE I 11,
BB BT Rl 1.6 W/em® B 15 0 F 3 Il &R 4L
8.73 dB/mm X 1 1) i K 11 AR L A 63.1% , 2 Bl ITA
J7 V5 AR AT 0 UK 2 IR T AR B AR R 25 0 4.7 %6, SE 5
SRR RS B8 R — 5

100l — PG R A 2
o 1.6 Wem S5 ¥4
A 1.2 W/ems256 3
s 80r
f:—" | ke _—(8.733,63.1)
=X 1
= | 4224,372)
B LT
E - - - - A———(2.955,28.0)
20p7 7 e
:::\.\(2.290 223)
| S

0 5 10 15 20 25
TR /(dB * mm™)
11 e85 05 JEAS R XTI
Fig.11 Comparison between simulational and experimental

results

TEHL MR BE R 1.2 W/em? B9 52 56 7 (18 10)
B A I 3 T i, UK 2 RS R A5 5 v AR el
WS P8 T 3 K, UK )23 [l D U/ )s , 5 0 L AR A5 1t
B, MRAKERmMEEH 24 CHHRE
—4 CHF, iy T $onh o 5 2ok 2 RS 518 /Y 2 &R
R 4.22 dB/mm, AR P B 1T, BRI X BN VK ZE
K/ 280U e 37.2% .

H I AR T R R R TR ) 2 4 S R O R 4
h—24 C, AR ILRES R —4°C, 720 CHIRET,
1.6 W /cm® 20 (14 i 4 Ty 258 28 B 45K, B/ vk 22 B T
T B2 A AR AR, B A R B I, 5 R0 Xk 11
VK MO RS T B b A K, B IR R R R R Ak T AR ) il
UKIZ iR o 33X 5 SCk 5 b i F 55 45 A A L 30 E T
K2 00K R 7S K o e 3 R 5 vk AT AT M S E
1

1) = B 5E BA A 5k SR X S, B e ol
PR Jo 35 M Rt X 75 {5 5 i R i o D HAE R R



A, A LB SR B4 7 Ik 2 171

B, R P R Sk T DI RG34 B0 A AR DN i R Ay G
TE L5 R P X, HL K R DX O S 28R A
A G BE T3 1) RO AL A X SR DA 5 3 IS L, v T
fi) ]S A A 6 7 [ 90 5 SR B R

2) BEFE WK /SR EUR TR BRI X KO (9]
WA T W AR K B 2 980/ 0N o D2 P14 5 1 1 S el 30
55 iR /RS0 A LR 5 R, T 8RB R X
VK= ik /2 S0 AR HE SRR RO R

3) SEEAE R R B bl M TR URJZ RS BE 4
X P Ik e [l 9 £ o B R e R S O LA SR — B
A e S ol A f e Il 3 7 9k T LA 00 A A X3
PR DK Jrd B B RS TT AR o LE  SR ] 2 i A P ik e A TR
i P37 3 AT AL TRBLER UK 2R G2 T AR I D= i kG
DX I8 R 58 T AR

z % x #

[1] OLEJNICZAK D, NOWACKI M. Evaluation of the
influence of icing on wings on aircraft flight parameters
[J]. Transportation Research Procedia, 2018, 35:
100-109.

[2] PRINCE RAJ L, LEE J W, MYONG R S. Ice
accretion and aerodynamic effects on a multi-element

SLD icing
Science and Technology, 2019, 85: 320-333.

[3] ZHAO Z H, CHEN H W, LIU X L, et al. The

with

airfoil under conditions[J]. Aerospace

development  of electric  heating coating
temperature controlling capability for anti-icing/de-icing
[J]. Cold Regions Science and Technology, 2021,
184: 103234.

[4] LIU X L, CHEN H W, ZHAO Z H, et al. Slippery
liquid-infused porous electric heating coating for anti-
icing and de-icing applications[J]. Surface and Coatings
Technology, 2019, 374: 889-896.

[5] DING L, CHANG S N, YIX, et al. Coupled thermo-
mechanical analysis of stresses generated in impact ice

in-flight  de-icing[J].  Applied  Thermal
Engineering, 2020, 181: 115681.

[6] SOMMERWERK H, HORST P. Analysis of the

mechanical behavior of thin ice layers on structures

during

including radial cracking and de-icing [J]. Engineering
Fracture Mechanics, 2017, 182: 400-424.

[7]

[8]

[10]

[11]

[12]

[13]

WANG Y B, XU Y M, SU F. Damage accumulation
model of ice detach behavior in ultrasonic de-icing
technology [J]. Renewable Energy, 2020, 153: 1396-
1405.

MARBEUF A, BENNANI L., BUDINGER M, et
al. Electromechanical resonant ice protection systems:
numerical investigation through a phase-field mixed ad-
hesive/brittle fracture model [J]. Engineering Fracture
Mechanics, 2020, 230: 106926.

BIRT E A, SMITH R A. A review of NDE methods
for porosity measurement in fibre-reinforced polymer
composites[ J]. Insight, 2004, 46(11): 681-686.

X R, Ak, BRI, % T 2 )2 5w RS A0 A S
i 5 iR AF S (T]. B A 7l s R R, 2020, 39(9)
58-62.

LIU Jiatong, JIN Yong, ZHANG Haoya, et al. Multi-
layer interface debonding study based on ultrasonic de-
tection method [J].
Technology, 2020, 39(9): 58-62. (in Chinese)

HOU D W, WANG X M, NI W B. Research on

Foreign Electronic Measurement

ultrasonic detection of air spring rubber debonding based
on CEEMDAN [J].
Series, 2020, 1549(3): 032154.

LIU Y, BOND L J, HU H. Ultrasonic-attenuation-

Journal of Physics Conference

based technique for ice characterization pertinent to
aircraft icing phenomenalJ]. ATAA Journal, 2017, 55(5):
1602-1609.

NOLET G. Quantitative seismology, theory and

methods [J]. Earth-Science Reviews, 1981, 17 (3) :
296-297.

FE—EFE N KA, L, 199843 H A&,
Wit o FEBAEFET5 S CHILEE iR A DK
PRI BA

E-mail: zhy222(@nuaa.edu.cn

BREMEEEHN REL, L,19684 4 1
Ao W Bk, EEHIR 5N EHL
Bis / BR KRB A

E-mail: clzhu@nuaa.edu.cn



