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Fabrication and Electrothermal Anti-Icing/De-Icing Performance of Composite
Leading Edges With CNTs
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[ABSTRACT] Aircraft icing severely threats flight performance and poses safety hazards. Electrothermal anti-icing/
de-icing system demonstrates considerable potential owing to their structural simplicity, design flexibility, and precise
controllability, etc. With the development of heating elements, the system enables integrated structural-functional design
and manufacturing, thereby enhancing the system integrity. This work developed heating elements based on spray coated

carbon nanotubes (SCCNTs), which are co-embedded with glass fiber reinforced plastics serving as electrical insulating
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layers into carbon fiber reinforced polymer composite structures via a single-step curing. This process yields integrated

composite leading edges with inherent anti-icing/de-icing functionality. Two structures with distinct ply sequences were

designed and fabricated, with their electrothermal properties at ambient temperature and anti-icing/de-icing performance

in an icing wind tunnel evaluated. Key findings reveal: (1) The conductive paths formed jointly by spray coated CNTs
(SCCNT) and carbon fibers exhibit exceptional stability; (2) Heat transfer of the composite displays significant anisotropy;
(3) Overheating risks can be mitigated through optimized thermal protection design; (4) Compared to the symmetric layup,

strategic outward positioning of the heating layer can reduce the de-icing time and energy consumption by about 50%.

Keywords: Carbon nanotube; Spray coating; Electrothermal anti-icing/de-icing; Composites; Icing wind tunnel test
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Fig.2 Design and fabrication of electro-thermal heating element based on spray coated carbon nanotubes,

as well as the leading-edge composite aerostructures
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Table 1 Parameters of icing wind tunnel tests
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Fig.3 Icing wind tunnel tests
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Fig.5 Resistance thermal stability of composite leading edges

148 Wiz hEEEA - 202645 5698 551710

3 YCHAE P 3 R v i i B — TR AR R i 2 an 1#] 5
JJT7R, SCCNT F h LBt v B T s i 6 K, B AT I3
Z K ( Positive temperature coefficient, PTC ) % . HYE
JE SRS 2.3 YR EE S 00 v i BEL (e L T v AR A
FEZRHE R, B PTC 5B #iE R, Hop 55 3 ER
TG, B I R T 100% , 3% 25 S350 2 B & it fin
1) Iy 25 B 3 5 e i AR AT, ™ B S e I ERAS e P o 1T
SCCNT-CF R i 17138 B 52 %5 ( Negative temperature
coefficient, NTC ) %{v7 , R e B bifi 2 i 1 T v 1 R A1
3WHELEIA M ML TE S BRI E/NT 5%,
B Bt i) P LIS S P

X5 OO B FL R AR A G, SCONT 15
FEL 3 5 P TR R A K A AL, Herp ONT BEBIL M, 2
5 1) [, Yok o) S50 A K o6 508 - v 30 2%k 1)
W BELE TR, B 7= A PTC 800 5 R IR T 5 H 6 A2 Bt A
AR A, W) b P BH B A R I R A AR
(5 (b)) SCCNT-CF 1, £ ] [A) 14 1 W iR i 4 oK 5
55 90° P[RR AT AL [RIVE R B AT, B LT AE VR 4T 4
D5 A TR E Y S L 4% R B NTC R0, BRI 5
FHLBH TV 2 i F LA (R B, S 2 130 CRYIR X
6] P, BELAE AR fR g /N 5 (), B AR IR 2 1
33 SAMBEISEHEBERER

BT FRE AR TS S5 f BE R AR L AR
% SCCNT 5 SCCNT-CF 45l 75 V A1 120 V
FL LA S BAH AL T 23R (it i, F£4% 30 min, LIRS HLE
T AAERE . FERTZZE M b 8 ANAS TRV B 3 i B
SIS W I EL R B AR AL TR — IR R 4R DL R TR RS
Ko BT RLE A AR AnE 6 BTz ot T RR£F 48 90°
P AR AR B B R A% 1) S, YT 4y 1) A
FRACI, e BT 27 27 AL IS 5 v (B3 0 DX Il
B TR R AR PR, AN ] X B 2 0 I A TR R
SCCNT Hi A &b PR 422 fi Hi BH 52 BUR) B3k #4; SCCNT-CF
FL AT R SRR K AT 5 90° BREF4EITICZ A, FLAR
e fmAE BT Brekcat , o B R R 3. (HJR Tl
R RN SIREER T AR REF 4= TR
3, BT MR E AR X, IR TT R A AR S A7 )

M, 6 (b) AI(d) s,

PN R  J2 1 52 6 AR % 25 49 ) T — B[]
il £k | P AN TR R AR AL DL K IR S5 min fingA Bt
FLaniEl 7 frs ARG STl Bl S

U2
= (1)
U I
dr(t
Dot = m ( ) + 9 cona + 9 cony + 91 ( 2 )
dt
qin = qout ( 3 )



PN
RESEARCH m%rex

0 10 20 30 40 50
5] /min
(a) SCCNTYREH}[a] fh£k

(d) SCCNT-CFFHl . FRAS M WA Tl At Y BE oA

120 — TC1
—TC2
100 — TC3
TC4
80 — TC5
g,\.: — TC6
o 60 —TC7
= — TC8
a0 lls 2CFRP
! 4CFRP

20 10CFRP

0 10 20 30 40 50
5] /min
(b) SCCNT-CF i FE - a] Hh 28

s

80

70

60

50

40

30

20

Bl 6 SCCNT 1 SCCNT-CF £ &# RIRT& &M IR B A AL
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T,-T

2
U—ZCom-dT(t)+kA =+

R dt Ax
hA(T, = T,) + e A(T; —T?)
K, g A o, 20 BENHT A i TS U kit i i
s Roeom T t AT T,  Ax. k. h, e Fl o533 hH
BHL L HEIAAS o R ISHIE] A A SR T R A
TR PR TR A A R AR ST R BORT Stefan-
Boltzmann # %0, HLBEINAA™ AL 1 30 J2 22 F P
155 Goona FARTIR oo FFRIS g0 THAERI IR DL R A
RSB A S i P . H e TR R AR S A
AT LIZNG . RS T, h TS R A SRR
WEE HAYPR SR R EAE
SCCNT i L $A 2 75 Hh ], 38 H i #0752 g
F R, RV AR EREAR, L8 25 Sk
T, FHEER T, E 7 (a) FI(d) Frs, RH
XIFR AR IZ T, PAMIU R TH 7R B IR DL A S B B
LB AR R, i 7 (b) Al e ) iR, SCCCNT-
CF [ L ITC AR e AN 2, TR R A H 5T I 40 15 i
1o, T R AR RS AT, G T B A MR

(4)

FE—FR oI, ST S 0, IR SRR | R HE X PR
JZ, Tl AR R AR AT LY PN 3R T 2R B s ) i
TR ; TR BRSSO, 280 AR i %
TR IR 5 AR I &7 3 T D) EL A I v 18 ol ol 38 R A Y
MR, K 7 (¢) PR,

WA, FEEEST T 2540 — DhRe— Ay By / BRovk R &
PBHRTZE5 MG , T By Ik BT / BRvkad B X 2 A
PABFEE 7= A e PRV, SR T S IR A it , B 34
HCH P G HRIBEE E B [, AT T RN, B
PRIREE — BRI Zen &l 8 Urvn . S5 IR 2 kR
SR AT PR, LSO S IO G il & TR E S A
B0 R AR ARG
3.4 EEIEH / BRok sk XURIXIE

B LR E A MR RTZ S5  Be BB |, SRR
NACA0012 FAI([E] 2 ), ZEHC 2 PHIL Tl K45 0K XU
W TR . G50k TR 1, IR 10 C MK
R g/m’  SEHEKIEARERR R 20 pm, BN 0°, 4
T SCCNT &y 10 m/s; SCCNT-CF #EHX 10 m/s 1 15 m/s
WIS H A DA T B vk RIBR v, 45 & TR A

20264E 55694 S 171] - LBl EEAR 149



‘_‘i. N »
mﬁblﬁx RESEARCH

120 - 120 - 120
100 F 100 100
80 | 80 80
g e e
=60 =60 60 -
ue = uc
40 40 40 |
— SCCNTAMI| —— SCCNT4Mil 50 | — SCCNT-CFSMif
20 F __ SCCNT-CE4Mil 201 . sSCONTPI] [ SCCNT-CF/il]
1 1 1 1 1 1 1 1 1
0 20 40 0 20 40 0 20 40
I} ] /min I} 8] /min 5} 8] /min

(a) SCCNTHISCCNT-CFAMl
ZE KA L ) i) iy £k

(b) SCCNT ., AMUZE IR ] i £k

(¢) SCCNT-CFP ., AMjZEts
5L st ] £

120 - 120 120
100 |- 100 - 100 |-
80 80 F 80
e g e
W60 60 w60
40 40 40
20 20 20"
o 1 2 3 4 5 o 1 2 3 4 5 0o 1 2 3 4 5
5 [E]/min I [E] /min [ [&]/min
(d) SCCNTHISCCNT-CFAMill (e) SCCNTW ., AMlgkty (f) SCCNT-CFN . AMilZEts
LEFGHILRS minfiI L WILAS minfmHAE L WG5S minflHAE

& 7

FAMESMRIBT KSR E - B8 M2 ASMURERE U R EEIFIA 5 min AER

Fig.7 Temperature—time curves, comparison of the inner and outer surfaces and corresponding heating performance

in the initial five minutes of the two leading-edge composite structures
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Fig.9 Anti-icing temperature—time curves of SCCNT and SCCNT-CF, with images from digital and infrared cameras
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Table 2 Results of anti-icing/de-icing tests in the icing wind tunnel
1 e e N N

I <0 G / (m/s ) HREE /°C BvkeLE /V | BUKAERE (10 min) /AWh | BRUKELE /V | BRUKESE] /s | BRVKRERE /KWh
SCCNT 10 -10 100 0.032 150 133 0.016
10 -10 200 0.034 200 62 0.007
SCCNT-CF
15 -10 200 0.028 200 160 0.013
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