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Motivations

* Trending application of electric IPS system in aerospace industries
* Prospects of electric IPS for real-time sensing functions
* Prospects of analytical modelling framework for SHM

Research gaps

* Challenging optimisation of power consumption in electric IPS
+ Complexities in integration of sensors with IPS
* Computational complexities in structural analysis of IPS with embedded sensors

Obijectives

* Develop novel analytical framework for structural analyses of IPS with embedded sensors
+ Integrate the effect of bulk and delamination damages in IPS model

* Structural analyses and 3D FE validation of IPS system

¢ SHM analysis of IPS system

1. Ice Protection Systems | Collins Aerospace
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Kinematical formulations

3 parameter displacement relations i ...
Mechanics complexities

Mechanical variables
u(z) without damage
IPS Assembly (stack + leading edge)

u(x,y, Z, t) = uO(x'y' t) + ZQDO(xryr t)r
w(x,y,z,t) = wy(x,y,t),

Up(2) Mechanical variables wit
. . damage
S parameter displacement relations I ‘
To(2)
( t) - + W + + O - Carbon insulator - = : T::a(z) > Consecutive layerwise
46,3, 2,8) = o+ (Do + fra(D)po + fra (@, g e [ g S
- Advanced heater _ 1z
W(x, y, Z, t) = Wo(x, y, t), :-:ensor\s - - . 'f’p(z)
Delamination::It::-l:I::‘I’::tgezg:e — : li!: (Z) > :l?%:-::;:;f‘:i:::fi;fyerWise
. b ulk d ge in leading edge Yy (z)
Thickness functions "
TP TTTd
4 Envirenmental conditions (FOD, icing, Temperature, etc)
foo=—732° : : :
3h Beam reference Kinematical assumptions
_ 4 .3 z
f = (2= 527%) ' A
. » Thickness is smaller than in-plane dimensions.
. Z
(") Smh(T ~z¥ * Rigid cross-section (plane strain).
fa3 = cosh(g)—l ' . X = Transverse loading application.
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Elastic constants

E Piezoelectric constants
VA

Dielectric constants

Expansion coefficients

Constitutive assumptions

= Negligible transverse normal stress.
= Negligible in-plane shear stress

= Damage dependent material coefficients
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Refined constitutive relations

1D constitutive equation with bulk damage effect

K [ Ak Qk Ak ] (k)
Oxx Q11 0 011 —CQa1 );(x
e l=1 0o k0L o 0 | ’;f,j >

k _ Ak ~ Ak z
D; |—011 0 N33 Qa2 | \AT, )

Q\fl (I, Qé‘s (), T € [0 1] - damage dependent stiffnesses

A; .
[ =1—- i =1,2,3 - anisotropic damage parameters
Aj

A7 and A; represent damaged and undamaged areas in the orthotropic material
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Effective material coefficients

Qk, - longitudinal stiffness coefficient

Ok, - piezoelectric coupling

Qk.- shear coefficient

f%.- piezoelectric coefficient

Q.- mechanical thermal expansion coefficient

Qf,ﬁz- electrical thermal expansion coefficient
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Governing equations N " T
Tys
i i=1
muu muw muq) uo kuu kuw ku(p u() {hulIJ} {CIuT} N . O
[mwu Muw M| ot + [kwu Kww  Kwe M thwed| (B} + [lawr}| T3 | ) a2 |= (R
mcpu m(PW m(P(P bl Do bl k(pu k(pw k(P(P bl Po bl _{h(pll’} bi {q(pT} bl l=1]\_l 0 b
uO Zi Z 'l_'}(clz)
[9eu  ew  IGwe]y, {WO} Ay lpidWn: + [qrr]lpilAT } )| = - =1
§00 bl
9%u 92 = ow = _ — = . o . . me11 9 0 D) —(i
3115 + B11 —+ Dy 5 R+ By s - w — Bss ——* — BssWo — Dss@o — Essyp — Lyl — I;1Wo — L12¢0 — I13|— [BI1'] g} - [Hal]%]bl —[Z fPTd]=0

Numerical Implementation

Sublayer element

Differential quadrature method

N
u() = ) L
i=1
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ESL discretisation-mechanical

LW discretisation-thermal

LW discretisation-potential

e e

Sub-layer ESL variables |

Sub-layer penalty variables |

Sub-layer layerwise variables |

Multidomain and layerwise summation
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Numerical examples

Geometric configurations

IPS stack
[ - Carbon insulator
IPS stack — [ -Fibreglass

H - Heater

M - Sensors IPS Assembly (stack + metallic leading edge)
O - Carbon insulator

IPS stack —» [ - Fibreglass
I - Advanced heater
M -Sensors
] - -
—— Metallic leading edge
Test setup — — -

1TN/m

z
y / Environmental conditions (FOD, icing, Temperature, etc)
LX
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Thermal analysis

Layerwise temperature for one CNT-zone IPS
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One CNT-zone IPS

Layer Start Peak Steady
state

Cl-top 2.4°C —2.8°C —7°C

FG-top 11.3°C —1.8°C —=7°C

CNT 20.2°C —0.8°C —7°C

FG-bottom 18.9°C —0.6°C —7°C

Cl-bottom 17.6°C —0.4°C —=7°C

Layerwise temperature for two CNT-zone IPS

Two CNT-zone IPS

i, t,

Layer Start Peak
CNT-zone- | CNT-zone- | CNT-zone- CNT-
1 2 1 zone-2
Cl-top 2.4°C —8.7°C —2.8°C 2.8°C
FG-top 11.3°C —9.2°C —1.8°C 3°C
CNT 20.2°C —9.7°C —0.8°C 3.2°C - -
FG-bottom | 18.9°C —9.9°C —06°C | 33°C b b2
Cl-bottom 17.6°C —10°C —0.4°C 3.3°C
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Static analysis — one CNT-zone IPS

_AT=07C AT=107C Electric potential (V)
sensor1 | sensor2 | sensor3
AT = 0°C

1D_3P | 0.39 0.26 0.13

_ = 1D_5P | 0.39 0.26 0.13
< = 3D_FE | 0.39 0.26 0.13

AT = 10°C
1D 3P |-1.83 -1.96 -2.09
1D_5P [-1.84 -1.97 2,11
3D_FE |-1.81 -2.15 -2.14
AT = 20°C
L) L (m)
1D 3P | -4.05 -4.19 -4.32
AT=10°C AT =0 AT =10 AT =—107C 1D_5P | -4.08 421 434
' ' T 3D_FE |-4.07 -4.58 -4.42
- =1D-5P
—==3D-FE AT = —10°C

v . 1D_3P [262 2.49 235

7 \Y 1D_5P | 2.63 25 237

g ,f"" k 3D_FE | 3.07 2.56 2.45

Vi AT = —20°C

/ 1D_3P [4.84 4.71 4.58

1D_5P | 4.91 4,78 4.64

3D_FE | 565 4.91 4.77

L {m}
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Static analysis — two CNT-zone IPS

Beginning time

——1D-3P

Beginning time

Middle time
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Electric potential (V)
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Middle time
—1D-3P
— =1D-5P
—=-=3D-FE
#
7
‘f
/
*
o
/
*
'J"'
s
L {m}

sensor b, | sensort, | sensorb, | sensort,
Start
1D_3P -2 2.22 -4.17 2.07
1D_5P -1.96 2.22 -4.21 2.09
3D_FE -3.25 2.63 -5.51 2.45
Peak
1D_3P 0.81 -0.56 -0.16 -0.86
1D_5P 0.82 -0.55 -0.18 -0.86
3D_FE 0.88 -0.62 -0.29 -1.02
11
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Frequency analysis of IPS Assembly

Mode 1 Mode 2 Mode 3 Mode 4
No damage
wq ) w3 Wy No damage
1D_3P 38.52 240.87 | 672.02 1310.12 3
1D 5P 38.52 520.9 6722 1310.86 40.86 Hz 249.05 Hz 625.77 Hz 1382.7 Hz
3D_FE 40.86 249.08 | 625.84 1382.7 ) 3
40% mixed dama , .
; 40% mixed damage
0)1 0)2 0)3 (U4. . A\\ - K
1D 3P | 35.89 | 207.31 | 358.53 | 501.93 e o i i S = i
1D_5P 35.89 207.33 | 357.09 501.87
3D_FE 38.07 218.88 | 316.91 504.49 )
60% mixed dama 60% mixed damage
wq ) w3 Wy 35.34 Hz 202.31 Hz 478.34 Hz 785.45 Hz
1D_3P 33.33 | 210.54 | 497.66 787.84 60% mixed damage
1D 5P | 33.33 | 210.41 | 497.11 | 786.05 — oo
3D_FE 35.34 | 228.45 | 478.34 785.45 r - = 1D-5P|
--=-3D FE
[ - Carbon insulator I 1
]— IPS stack —— EI:(F:i:.rreglass .
: - Photonic sensors E—-
]
g
{—» Aluminium wing =
= L
E
(1]
1 ] =H i
Delamination in aluminium-IPS interface k i L .
\ Bulk damage in aluminium wing quuency [l‘t}
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SHM analysis

[4] Figure 1
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Fo = |- G~ f?
i=1

Damage characterisation

Model X y Damage
length

40% mixed damage

3D_FE 0.3 0.7 0.4

1D_3P | 0.28 | 0.69 0.41

1D_5P | 0.28 | 0.69 0.41

60% mixed damage

3DFE | 02 | 08 0.6
1D3P | 0.19 | 0.79 0.62
1D5P | 0.19 | 0.79 0.59
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Conclusions

Electric IPS with integrated (thermal and pressure) sensors provides benefits for real-time monitoring of aircraft parts

to mitigate the effect of damage.

Advanced IPS system is characterised by complex thermal-load induced deformation that may contribute to structural

failure beyond the predictability of classical bending or shear behaviour.

Analytical modelling framework offers excellent prospects for designing and SHM analysis of advanced ice protection

systems.

Further works

Comprehensive investigation on the prospects of electric IPS integrated with photonic sensors in line with the goals of
PLEAIDES project.
Advanced SHM analysis of electric IPS using sensor responses as objective parameters for damage detection,

quantification and prognosis.
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