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Ice protection systems

Prevention of ice from accumulating on

cyclic removal of already O
surfaces or in aircraft systems.

accumulated ice from the aircraft.

<de-icing anti-icing

Mechanical Thermal Chemical
systems systems systems
* Pneumatic boot » Electrothermal- e spraying of an
systems type systems anti-icing fluid
* Electromechanical (ETIPS) * Passive anti-ice
systems (EMPIS) * Bleed air and de-ice

systems systems



Ice protection systems: spraying of an anti-icing

fluid

Pros:
* Simple and quick to implement.
* Process adapted to all aircraft.

Cons:
= * High economic/environmental
8 Y - _ AT impact.
~ EE"’ =] po—— &= ° Limited durability (effective
- ) ' only during the take-off stage).




Ice protection systems: pneumatic boot systems

V. Palanque, PhD, 2022
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Natural rubber
Stretch fabric — nylon with natural rubber

||

Non-stretch fabric — nylon with natural rubber

Installation rubber - neoprene

Sweet, D. Collins aerospace technical note, 2019

Sweet, D. Collins aerospace technical note, 2019

Pros: Cons:
* Moderate technological complexity. * « all or none » system.
» Reliability  Low ice residue on the wall

4 https://www.youtube.com/watch?v=HrjP_iYlJ1k


https://www.youtube.com/watch?v=HrjP_iYlJ1k

Ice protection systems : bleed air system

Bleed Air Manifold

Leading Edge

Slat Nose

Section

Air

Cutlet TAI Manifold

TAl Press Aeg
& Shutot! Valve

‘/

Seray Tube Cross Section (Typical) L

 Hot air extraction from the engine.

* Injection into the leading edge of the wing (via piccolo tube).

5 .
 Low energy efficiency.



Ice protection systems : electro-thermal systems

Multi-lavered materjal

 More and more developed in

Heater mats "all electric" aircrafts.

* In de-icing mode: cyclic
activation of the heater
mats.

« Composed of several heater mats.
* Integrated in a multi-layered material.
 Can be used in two ways:

~ Anti-icing : the protected surface is constantly heated so as to prevent ice
formation (ex: Helicopter tail rotor)

- De-icing : Ice accretes and the heaters are activated according to a
predefined cycle. Therefore, melted regions at the ice/surface interface

appear and reduce the ice block’s adhesion, which eventually leads to ice
6 shedding.



Ice protection systems : electro-mechanical systems

SUB- SPAR
SPAR SECTION CONDITION
CONDITION
@ [ PIEZO
_ - @ ACTUATOR
u:*t- - 1 s .
SUB- ‘
SECTION
RIB RIB
CONDITION CONDITION

Figure 1.2 Leading edge reduction to an airfoil skin with boundary conditions
(V. Palanque, PhD, 2022)

The objective of the system is to trigger the natural frequencies of the airfoil
to achieve de-icing.

Electric supply

Piezoelectric device

actuator

Gonidec, et al. (2019). Procédé d’'alimentation électriqgue d’'un dégivrage et d’un antigivrage de nacelle par ultrasons. Library Catalog: Google
Patents.



Ice protection systems : passive anti-ice and de-ice

systems

« Surface treatment or coating.
« Hydrophobic and/or icephobic properties

N

Lubricant

Spray coat i

FDO-GNRs “
Superhydrophobic Slippery

Substrate

1 2 3

FDO-GNR films. Both anti and de-icing propertie. (Wang et al., ACS Appl. Mater. Interfaces, 2016)

« Main difficulty : coating durability, surface treatment renewal.

* Deteriorated surface condition may lead to enhanced accretion rate = May
be counterproductive.

¢ * Best option : combine both passive and active protection systems.
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Ice protection systems

Prevention of ice from accumulating on

cyclic removal of already O
surfaces or in aircraft systems.

accumulated ice from the aircraft.
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Electro-thermal ice protection system (ETIPS) : an unsteady

phenomenon by nature

Liquid Water Film

Heaters Band D
activated

« Ice Shedding

Parting —» |
strip \

And So On

5 Operating of an ETIPS (Aerospace 2023)



Electro-thermal ice protection system (ETIPS) : physical

phenomena

Runback film
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lllustration of the different physical phenomena taking place when an
electrothermal ice protection system is being operated (Aerospace 2023)



Electro-thermal ice protection system (ETIPS) : shortcomings

of the classical Messinger approach

* The Messinger balance is a steady state model unsuitable for the deicing
mode where the phenomena are intrinsically unsteady (like ice shedding
for instance).

* An uniform temperature. Needs to compute the temperature gradients.

* No dynamics for the liquid film which runbacks.

ETIPS2D: heat equation
inside the metal thickness
of the leading edge

= Need of a more sophisticated
approach to compute ice shape

Bl ice block = The triple layer approach

MiLeS2D: multi-layer solver
solid ice block (white)
over a static liquid water film (blue)

14 PhD works of Chauvin & Bennani



Electro-thermal ice protection system (ETIPS) : typical

architecture of an icing suite

Inputs
l Droplet Myimp
: > ' —@
Meshing tools | ——-| Inviscid flow solver || Qe trajectory solver Tf%)
Strmesh?D = Ue TrajL2D/TrajE2D
Unstrmesh2D (gmsh) uie Pe Taw
Surfmesh2D Te —>(Boundary layer solverl Pt ®
A SIM2D/CLICET Trec
I'| Fracture solver Heat conduction solver Ice accretion solver |/
I I
| Crack2D Conduct2D Messinger2D (steady)|
| ETIPS2D MiLeS2D (unsteady) |

Coupled

15
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Electro-thermal ice protection system (ETIPS) : typical

architecture of an icing suite

OBAD Sandwich structure
NHI of the heated wall.
C i < Glaciated ice crystals
oupling Icefliquid water mixture Q |:| Layer 1
i 1
|nteFace 5 [ Layer 2 .
[ Layer 3 Strong coupling
S
B Layer 4
[JLayers
QQ Flat plate
\ q.)com) - htc [Trec - T]
o . s 3
Fracture solver AKX mzv\ >
*/J ""f:-; \ ‘Bulk Failure 2
Aﬂl’le_ﬂugj Cohestye | o minaton ~ 1 (_JLiquid water
Initiztion  CAEnsion [ Jice
Triple layer approach
I Fracture solver Heat conduction solver Ice accretion solver ||
I |
| Crack2D Conduct2D Messinger2D (steady) |
| ETIPS2D MiLeS2D (unsteady) |

17 Coupled




Electro-thermal ice protection system (ETIPS) : the triple layer

approach

\ ms tI)GDﬂ’U = htn [TT‘E{‘; - T] hf Hunning Flm
%00 A\ s L3 2= bi(1)
°ee _ h; Ice
° o z = b(t) = a;(t)
1ri'!p~;'m>l hsI Static Him S( :}

z=as(t) =0

(i)waﬂ — hwa“ [ﬂnt - T]

o 6 possible modes :
L1 C__JLiquid water 1)full evaporative,
[ Jlce 2)running wet,
3)rime ice,
4)glaze ice,

I

Mustration of ic icing situation. ic f
(a) lllustration of a generic icing situation 5) Rime ice-+static film

6) Glaze ice+static film

unning film layer:
* R film lay
. o . o 1 dp
v’ Lubrification theory: (i) = 5 hs+ 3.~ (—a + ngw) h _ Classical finite
v" Mass conservation: 8Pghf 3P"é’;f“z . volume method
v Energy conservation: oewcuhsls , dpuehsvsTs _ g
ot ox B
* Ice layer and melted film layer
v" Heat transfer in the tangential direction is neglected Finite element
v ; Ipihi, B
9 Mass conservation: Lok~ 2 method
Energy conservation: %, 9% + boundary conditions T(t, 2) Z O (D)) (2
J J

18
Chauvm et al., FINEL 2018



Electro-thermal ice protection system (ETIPS) : the triple layer

approach. An illustration.

time = 50.01s
[Jice runback ice build-up (ice ridges).
0.01p 304 _ .. _lce/Film
interface
300
- - Heated area
206

Heights are scaled:

0.00p g2 - running film x750

- lce x2
288
—0.01p 284
280
276
—0.02p _ .
0.02 7K
time = 20.03s time = 20.08s

Film runs back under effect
of aerodynamic forces )

soizslce is melted and released
downstream

Running Film

0.012p

0.011 b Ice

0.010 Static film
0.009 b

0.008p,2* - - - - - Heated area

] time = 20.21s
0.013pStatic film grows as
ice block continues

Heights are scaled:
- Running film x500
- Ice x25

- Static film x10

0.0124
0.011p
0.0104 .
Film freezes and
forms a runback?

0.008be’" . ice ridge . .
19 0.006 0.010 0.006 0.010

0.009

Chauvin et al., FINEL 2018



Electro-thermal ice protection system (ETIPS). Coupling between the

ice accretion solver and the heat conduction solver.

Loop on (k) : Bound dition f h
oundary condition from the
_(I)(k) — W T(k 1) T(k) (I)(k 1) heat conduction solver
acc 1 cond acc cond (wall) to the accretion solver.
k k Boundary condition from the
q)éo?n,d — 2 (Ta(l(lfg — TC(OT)L ) —|— (I)gz)c accretion solver to the heat
conduction solver (wall).
-  The coupling coefficients Wi
AT (z — 01T = and wq are optimized by a
ace Schwarz algorithm.

« Mathematical framework for
Accretion solver unsteady problems with linear
BC and steady problems with
D, .. D.ond non-linear BC.

0 -
* To convergence :

Heat conduction
solver (wall) Too

) cond acc

20 (I)OO
Chauvin et al., FINEL 2018 cond acc



Electro-thermal ice protection system (ETIPS). Schwarz coupling.

lllustration on solving the heat equation.

Conduction solver

—ll Ql == ]—ll; 0[ 0 Qg = ]0, l2[ 12

Material pi (kg m™3) i Jkg ' K M (WmTK hei (Wm™2 K1) T;i (K)

1 1000 4181 0.6 200 313.15
2 2700 900 167 500 300
ey (T1 (—=11)) (p.1T1 (=11) + Ly(Ty (=11))) + hee.1 (T2 (=1) — Tr.1)
N /
— ~

Non-linear contribution (evaporation) Linear contribution

hic.2 (Tg (L) — Tr,z) Linear contribution

Bennani et al., CAMWA 2020
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Electro-thermal ice protection system (ETIPS). Schwarz coupling.

lllustration on solving the heat equation.

22
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Electro-thermal ice protection system (ETIPS). Schwarz coupling.

Illustration on a real accretion problem (1/2).

0.03

0.025
0.02
0.015
0.01

0.005

23

Heated leading edge :
« 1 parting strip (PS)
permanently on.

« 2 symetric heater mats
(HM).

* Unsteady (deicing)
mode

—-——
-
==
—_—
=
-

270 292 314 336 358 380

Solution at t=40s

Composition
lce
S Liquid water

LN RN LAEEN L

0 0.02 0.04
X

Power density (kW/m?2)
A

0 40s 8IOS

Bennani et al., CAMWA 2020



Electro-thermal ice protection system (ETIPS). Schwarz coupling.

lllustration on a real accretion problem (2/2).

Bennani et al., CAMWA 2020

107
101
10°
10"
5107
107
10™
107
10°

—— Temperature difference - t=61.55 ' —— Flux difference - t=61.5s

0 20 40 60 80 100120140 0 20 40 60 80 100120140

Schwarz iteration Schwarz iteration

\« Oscillations between accretion modes :
rime, glaze, running wet, static film, ...

[=)]

un

« Stiff coupling for real applications.

L

nb. of occurrences
I

M

» Justifies an optimization of the
coupling coefficients to maximize
and sometimes make possible the

24 100120 140 convergence.

nb. of Schwarz iterations

ol




Electro-thermal ice protection system (ETIPS). Ice shedding.

Theoretically, ice shedding due to heating and aerodynamic forces

Melted region

* No reliable correlations available with aerodynamic
forces

 Empirical criteria based on L (film width) and h (film
thickness)

Film A
ﬂ thickneps
h \4

film width L

25



Electro-thermal ice protection system (ETIPS). Modeling the

mechanical behavior and shedding of ice

Physical model

» General idea: evaluate the energy required to create/propagate a crack and
compare to available |nternal energy

Sharp cr

4 N

Crack energy:
— Er = g.AQ)
N /

Regularization gdc : crack energy release rate

by length scale |

Regulerized crack / Regularized crack energy\
2, (Bourdin et al., 2008):

Er = f gcydv

= ldz + - |Vd|2
N 2 /

d : Damage function Tend_S to  Tends to
26 localize spread

(Christian Miehe, Martina Hofacker, Fabian Welschinger, A phase field model for rate-independent crack propagation: Robust algorithmic
implementation based on operator splits, Computer Methods in Applied Mechanics and Engineering, 2010)



Electro-thermal ice protection system (ETIPS). Modeling the

mechanical behavior and shedding of ice

Physical model

» Total energy balance: Emt — Eint + Ecrack

y N\
Ll])dV LgadeLgcde

» Conservation of energy: S§E;,; = W, = f T.6UdS
a0

» Energy transfer illustration:

Allows to write a stationary damaged

equilibrium state compatible with the

external constraints + equation on the
damage function d.

T

l — —
Wirk Ofl Elastic
$x erna energy
orcets dissipated
;Ir::tiis into crack
energy energy

T.5U > >
Reversible l/) Irreversible (p

27



Electro-thermal ice protection system (ETIPS). Modeling the

mechanical behavior and shedding of ice. Basic tests.

» Shear test (fine mesh)

SO RN SN S NN AN N AN

» Mixed Mode, comparison with experiments:
fe—20 cm———+

20cm—

-

|
emeNoNoNoNoNoNoNoNoNo]

Experiment

28

Simulation

Bolander et al. Fracture analyses using spring networks with random
geometry, Engineering Fracture Mechanics 61 (1998) 569-591



Electro-thermal ice protection system (ETIPS). Scenario.

Heaters B and I

| activated |

* Pressure in Pc* transferred entirely into the
film (hydrostatic balance).

« Air flow accelerates to bypass the ice layer
=> pressure in the film > external pressure.

« => A force appears. Added to this are the
viscous effects

29 PhD thesis, Bennani, 2014



Electro-thermal ice protection system (ETIPS). Scenario.

« Shedding in adhesive mode. Part of the interface .
is melted and the adhesive forces holding the ice to AT
the surface are no longer sufficient.

Dehonding

« Shedding in cohesive mode. Part of the interface is
melted. Ice may still adhere, but a crack may initiate

Coheslve

near the stress concentration zone and propagate pebonding
along the surface.

- - e : -——-—..F/J_- .
* Fracture in the core of the ice. Part of the ;T
interface is melted. Ice can still adhere, but a crack Crock Througr
. - . ulk of Ice
can initiate near the stress concentration zone and :

propagate into the core of the ice block.

{ﬁ#—"_‘_'_‘.___ ;:j 25 _,_,-o—'-"'_'_'_'_'_'_'__
il - i
e f”:f“'w ‘Bulk Failure

. . . . Adhe_ﬂ\rej - Termiration
* |ce shedding is an interaction of all the above iniiation  EA2NSIOn

phenomena.

30 PhD thesis, Bennani, 2014



Electro-thermal ice protection system (ETIPS). Scenario.

31 PhD thesis, Bennani, 2014





Electro-thermal ice protection system (ETIPS). lllustrative test

cases.

Stefan problem

= DoF =2
g DOF = 4
i ! ¢ DoF =6
I : @ DOF =8
A 0: 250 K I ¢=0 —— Analytical
Wy———9 3 1 =
Time (s)
' 300
SO I I d Temperature at ¢ = 5.0s
290! e PO =2
—e=— DoF =4
280! —=— [DoF =6
371_‘ X == DoF =8
— 970! --+=-  Analytical

T0,t) =T, =
(0,t) =Ty =300 K -

23900 0,002 0.004 0.006 0.008 0.010
" z (m)

Chauvin et al., FINEL 2018 (b) Temperature pr{}ﬁ]e at t = 5s



Electro-thermal ice protection system (ETIPS). lllustrative test
cases.

1.905cm |

Layer Material Thickness [mm]
1 Erosion Shield 0.20
2 Elastomer 0.2865
3 Elastomer 0.2865
4 Fiberglass /Epoxy Composite 0.89
5 Silicone Foam Insulation 3.43
Material p (kg.m™3) cp Jkg 1K™ AWm— 1K1
Erosion Shield 8025.25 502.41 16.30
Elastomer 1384.00 1256.04 0.256
Fiberglass/Epoxy Composite 1794.06 1570.05 0.294
Silicone Foam Insulation 648.75 1130.43 0.121

33
Bennani et al., Aerospace 2023



Electro-thermal ice protection system (ETIPS). lllustrative test

cases.

Anti-icing mode

AoA [°] M P [Pal T [K] LWC [g-m_S] MVD [pm]
0 0.137 101,325 262.7 2 20
Heater nb 1 2 3 4 5 6 7

Power density [W.m 2] 3410 3875 5425 7130 4030 3875 3100

290 .
m  Experiment m  Experiment
—— Simulation - SIM2D 2901 ___ gimulation - SIM2D

§.285 """ Simulation - CLICET Z || Simulation - CLICET
< o 285{ ——- Simulation - BLIM2D
bt | -
S =
= ©
aj aj 280
o o
qEJ -
e 2 2751

270

270
~0.10 -0.05 0.00 0.05 0.10 —-0.02 0.00 0.02
1 s [m] s [m]

Bennani et al., Aerospace 2023



Electro-thermal ice protection system (ETIPS). lllustrative test

cases.

De-icing mode

AoA [°] M P [Pal Te [K] LWC[gm~—3] MVD [um]
0 0.137 101,325 265.5 0.78 20
Heater nb 1 2 3 4 5 6 7

Power density [W.m~2] 12,400 12,400 15,500 7750 15,500 12,400 12,400

300

295

290 '
= fi —— Heater 4 - Simulation
'3 285 -+ Heater 4 - Experiment
5 580 —— Heater 5 - Simulation
4 .
© | (A o m m T Heater 5 - Experiment
8_275 —— Heater 6 - Simulation

------- Heater 6 - Experiment

£ 270 )
|_

265

260

255

0 100 200 300 400 500 600

Bennani et al., Aerospace 2023 time [s]



Electro-thermal ice protection system (ETIPS). lllustrative test

cases.

De-icing mode

36
Bennani et al.,

Aerospace 2023
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Morphology of liquid water with ice protection systems :

Partially wetting films and rivulets modeling

» Rivulets formation

Fig. « Rivulets » Fig. « Runback ice »

» lIsolated droplets

» Challenge: transition between continuous film/rivulets/isolated drolets

38
PhD works of J. Lallement (2019)



» Film at equilibrium on an horizontal flat plate

Efﬂm(hnﬁ = ﬁh) =

»  egisj(h) stands for partial wetting

Far from the contact line (h > R)
edisj(h > R) = ()

o h? =
+ yigv 1 +HIp|?+ vsi + eqisj(h)

Disjoining energy near the contact line

For the dry area (h = 0)
efilm(h =0) = Vsg

egisj(h =0) = V59 —Ya — Vig

L

e

§S= Yig [cos(6,) — 1]

h
eaisj (h) = ¥1g[cos (85) — 1] exp (- 1)
\ J
W
S

=» Need to calibrate h.

Pas d’interactions Zone d’interactions Zone
moléculaires moléculaires séche
)
liquide
q R
W
Vh

h > R
93/

4 Cuisith)

PhD works of J. Lallement (2019)




Transition to rivulets. Experiments from Johnson

» Numerical simulations

; Jf — — hauteur (mj v ' o

’ y 00014

" 0.z 0.0013

: -

' 0.001

+ 0.oomg

FYovry y yy s
s

00008
f’f'..- —_ r . E
hﬁh

hauteur {m)
D.0012
00011

0.oo1

0.0003
00008
0.0007

0.0006
00005
0.non4
0.om3
0.0002
D.000 1
1]

= .00y

I =
& 0.0004
0.0003
0.ooma
n.ooo1
o

b LT o T ik
iy TS t=0.7 x10s Yim O t=0.7 x20s
Re =052 et =90° Re =0,13 etp = 27,9°
/> Experiments from Johnson h
- - - ® Falling film on an inclined flat
» Comparison with the experiments e
® Water/glycerin mix, 8, = 38°
Re ﬂ (Q) A'EI]U (mm) j'.ﬁri‘.rnu. (mm) 3 ® Change in injected mass rate (Re)
_ _ and plane slope (f) )
90 21,5 + 4 19,1 v
0,13 — The gap between the
27,9 291 +4 28,5 ¢ ! rivulets is well found
0,26 90 22 F4 21,1 V| [ despite a poorly
. 90 23,8 ¥4 23.5 v/ described bulk
0,52 =
27,9 31,5 +4 35 v |
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Some examples of the effects near the contact line

h (m)

00044
0004z
n.oog

o.ooza
00036
0onz4
o.oozz
o.ooz

000z
0.0026
o.ooz24
noozz
0.002

0.ooia
0.0016
noot4
00012
oo

000
n.0oog
o.ooo4
n.onog

[ EEEEEEEEEREEEEEEE S |

-0.04

004

004

ho2

0
Yim}

.02

.04 004 hoz2 0
Y (m)

oz 04

.04

41

1=035s

| 0.0015

h (m)

0.0026
0.0025
00024
0.0023
0.0022
0.0021
0.002

o.oome
00018
p.oai7
00016

= 0.0014
p.ooia
o.0m12
0.o011
0.001

00002
D.o0cE
0.0007
D.000E
0.0005
D.00¢a
00063
0.ooez
D.oogn

e Pinching of a
liquid film.

e Water/glycerin
mix.

« 0, €]69°82°]

* Liquid film falling on a vertical flat
plate

e Water/glycerin mix at 20°C

* Under-estimated bulk thickness

* =>» The speed at which rivulets
appear is slower than in the
experiment
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