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3 INTRobucTION: AIRCRAFT IciNG AND ANTI-/DE-ICING

< Aircrafticing, including aero-engine icing, is widely
recognized as a significant hazard to aircraft operations
in cold weather.

% While research progress has been made in recent years,
aircraft icing remains as an important unsolved problem
at the top of the National Transportation Safety Board’s

most wanted list of aviation safety improvements.
S

Air Florida Flight-90 Crash at Washington DC on
01/13/1982 due to the failure of Ice Protection System
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2 ISU lcineg Puysics AND ANTI-/De-1cINg (IPRAD) GENTER
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3 lcine ReSEARCH TUNNEL @ lown STATE UNiversiTY (ISU-IRT) ﬁ
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ISU Icing Research Tunnel (ISU-IRT), donated by Collins
Aerospace System, is a new refurbished, research-grade
multi-functional icing research tunnel.

The working parameters of the ISU-IRT include:

» Test section: 0.4m x 0.4mx2.0m

» Airflow velocity: V. _5~100 m/s;

« Temperature: T.=-25°C~20 C;

* Droplet size: D jropier = 10 ~ 100 um;

» Liquid Water Content: LWC=0.1"~10g/m?

The large LWC range allows ISU-IRT to be run over a wide
range of conditions (i.e., from dry rime to wet glaze icing).

We received ~54.0 M in funded research in the past 5 years
from NASA, NSF, FAA, NAVY, GE, P&W, UTAS, DuPont...




1 ImpacT IcING PHENOMENA: RiME ICING AND GLAZE ICING

» Aircrafticing is a complex, multiphase flow problem coupled with heat transfer & phase changing.

Temperature I | l I I ]
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Incoming airflow with airborne
supercooled water droplets
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Rime ice formation

* Latent heat release of water: 334 Joule /gram
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Glaze ice is the most dangerous type of ice.

It can form much more complicated ice Glaze ice f ormation
shapes, and will be much more difficult to
remove once built up.




3 lcing Puysics: UNSTEADY HEAT & MASS TRANSFER DURING ICING PROCESS %

* Icing is a very complex, multiphase flow problem

coupled with heat transfer & phase changing.

E.in _Eout -
Ez’n = Qadh +Qﬁ1’n

Eout Qcom + sub/evp + cond

[Qadh + Qh’n ] - |:Q-com' t qubfmp + Qcom’ ] = (Qxarem + Q-ss )

E, = (Qfatent +ng)
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Incoming Evaporation
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Airframe
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i Airfoil Substrate :

Copyright (c) Wal
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K Adiabatic heating: The heat introduced by air friction on the object is from a viscous \
adiabatic heat which occurs inside the boundary layer.

. - . U : r=~Pr
(Fortin et al.,, 2006) Q. =h., (I, —-T,) A4 T, =T +r- T 2Ch pr_ CPu ey
* Kinetic energy: associated with the droplets impacting onto the airfoil surface. -
1
(Myers’ 2001) Qlﬂn == imp irznp mzmp =LWC- I/;mp -4

to be estimated directly.
] * Being negligible terms
with small quantities.

Evaporation and Sublimation
\ (Dong etal., 2015)

s : N
.- Convective heat transfer Qon =", (L.-1.)'A . 1o pe evaluated based on the

cv

qub oy =10, ‘[”’L: +(1_77)'L

A-(T _ ) measurements of heat flux

- Conductive heat transfer 0O, = s Tl sensors and thermocouples
_ Rot.wﬂd )
~ — ~

« Latent heat of fusion Qhtere =

- Sensible heat Q, P?’f’iffe,' o1, -1,

(Henry et al., 2000) » To be estimated based on the DIP measurements of accreted ice

\_ mass and characteristics of runback surface water flow. J

* Liu & Hu (2018) “An Experimental Investigation on the Unsteady Heat Transfer Process over an Ice Accreting Airfoil Surface”, Intel. J. Heat&Mass Transfer, 122, pp707-718.
* Li & Hu (2019) “Effects of Thermal Conductivity of Airframe Substrate on the Dynamic Ice Accretion Process", Intl. J. of Heat & Mass Transfer, 131, pp1184-1195.



3 lcing Puysics: SURFACE-TENSION INDUCED MARANGONI FLOW INSIDE Ilnm@
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(Hu and Jin, Int. J. of Multiphase Flow, Vol. 36, No.8, pp672-681, 2010)




1 UNSTEADY HEAT TRANSFER & MASS TRANSFER INSIDE IMPINGED anleﬁ

Test plate, T=5.0 °C

a). The 1t phosphorescence image acquired
at 0.5ms after excitation laser pulse

« 2"d MTT raw.image

400

Test plate, T=5.0 °C

£
b). The 2" phosphorescence image acquirédw-

at 3.5ms after the same laser pulse

Water
droplet

Solid
surface

L / Laser excitation pulse

Phosphores cence intensity

* Measurements by using a novel Molecular Tagging Thermometry (MTT)

\

5, - 5,Ce®, (1-707) g/

Technique (USA Patent No: 2006/0146910)

16
14
12

— — Curve fit

u] Experimental data

7R*(1-cos6)*(2+ cosh)

ta 3

V =

70 80 9 100 110 120 130 140 150 160

Time (second)

sin
*  HuH & Huang D, "Simultaneous Measurements of Droplet Size and Transient Temperature within Surface Water Droplets"”, AIAA Journal,

Vol.47, No.4, pp813-820, 2009
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Q3 lcine Prvsics: DyNAmic PHASE GHANGING PROCESS OF ICING anleﬁ
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* Hu H, Jin Z, Koochesfahani MM, Lum C, Nocera D, “Experimental Investigations of Micro-Scale Flow and Heat Transfer Phenomena by using
Molecular Tagging Techniques”, Measurement Science and Technology, Vol.21, No.8. 085401, 2010.
_— R



O leiNg PHysics: IMPINGING DYNAMICS oF DROPLETS ONTO AIRFOIL Sumeﬁ
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Wall roughness i ! ” Adhesion / Vapor film

Wall temperature

* High-speed imaging of droplet impacting process

flow with ;
supercooled ‘ b)
water droplets
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Weber number = 500

* A novel Digital Image Projection (DIP) Technique for surface topology measurements (USA Patent Pending)

cC Mp”* d N Referenceimage
D - \DMD
\ ! l
\ '\_ | P H
- Project
Capture ™ Lo
hY : Measured Height (mm)
o A\ i direction
direction N ! 0.00 0.30 0.60 0.90 1.20 1.50 1.80 2.10 2.40 2.70 3.00
N5 —f | — S
Z(x.y)=BDa—CA=KCA4
"\ |
N D! Deformedimage duetothe
1 Ob]eCt existence of a semi-sphere onthe
zZ | test plate

A semi-sphere on the test plate

Reference plane
DIP measurement results

Digital Image Projection (DIP) Technique

* (Zhang, Tian & Hu, Exp. In Fluids, 56:173, 2015.)




O leiNg PHysics: IMPINGING DYNAMICS oF DROPLETS ONTO AIRFOIL Sumoﬁ
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* Reference image without droplet
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* Setup for DIP Measurements

* Diameter: D=2.4mm B ———————
* Impact velocity: V=1.60m/s o= . Relative error: 2.52%

* Reynolds number: Re =4000 = o < Standard deviation: 0.94%.
* Weber number: We = 90 0% [ votume massure oy o1 acon

(o] 10 20 30 40

t (ms)
* Zhang, Tian & Hu, 2015. An Experimental Investigation on the Surface Water Transport Process
over an Airfoil by using a Digital Image Projection Technique. Exp. Fluids, 56:173. * DIP Measurement result



1 DIP MeASUREMENTS OF DYNAMIC DRoPLET IMPINGING PROCESS

i i [

h/D;: 0 005 01 015 02 025 03 035 04

* Diameter: 2.4mm, * Diameter: 2.4mm,  Diameter: 2.4mm,
» Impact velocity: 0.77m/s; « Impact velocity: 1.60m/s; « Impact velocity: 2.12m/s;
 Re: =1900; We: =25; * Re=4000; We =110; « Re=5300; We = 195;
» Energy budget during droplet impact process: - Eo Eaf Eay E o E
¢ @ao%n @oSpn (@o°yp e
Exo Ego Eso 25 3.16 2.69 2.30 85.2%
EkO +Ep0 +E50 = Ek + Ep + ES + W
\ | ‘ , 110 10.11 9.06 867 95.6%
i
Before Timpact During impact 195 16.71 14.67 14.22 96.9%
1 2 E =mgh
_1 2T s E =—nwv" "¢ _ ) _ ) ] 2
l EA’O‘E’"" P do F 2 W= 1(v., 1) Viscous dissipation function: ¢ oC IUUO

p— p— ;r 4 2
Exi Eg1 Es1 Eq4 E,=mgh= 2 ped, Eol 7 n « The energy dissipated during the spreading stage
> s =7 4 would increase as the increase of the Weber number;
E, =}/S=”do v

* (S. Chandra & C. T. Avedisian, Proc. R. Soc., 1991)



O lcing PuysicS: TRANSIENT BEHAVIOR OF WIND—DRIVEN WATER Illlmelﬁ
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* Setup for DIP Measurements : e T | rgﬁ
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= - [
i ~ = eeema ampevnnem T | i B Rl | I SR P —
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* H. Hu, B. Wang, K. Zhang, W. Lohry and S. Zhang, “Quantification of Transient Behavior of Wind-Driven Surface Droplet/Rivulet Flows by using a Digital
Fringe Projection Technique", Journal of Visualization, Vol. 18, No.4, pp705-718, 2015.




3 lciNg Puysics: TRANSIENT BEHAVIOR OF WIND—DRIVEN WATER nﬂﬂﬂlﬂﬁ
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» Setup for DIP Measurements V,=20m/s
Test Conditions: V .~20m/s
» Angle of attack: a = 0.0 deg. e EELEL A
* Temperature: T =20 °C.
* LWC Level : LWC = 3.0 g/m? - )
* Frame rate : f=30H:z '

V,=25m/s

* K. Zhang, W. Tian and H. Hu, , Experiments in Fluids, 56:173 (16 pages), 2015




O lciNg Puysics: TRANSIENT BEHAVIOR OF WIND—DRIVEN WATER nﬂﬂﬂlﬂﬁ

Water Runback Scaling Law #1:

Feo (2001) & Rothmayer (2003) predicted
theoretically that wind- driven water film
thickness would follow a x*/*law :

h~x 1/4
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Cross section along :he\

centerline of the water nvulel\

Oncoming airflow
V.=15m/s

N N

Water runback scaling law #2:

Film thickness (mm)

e Based on the assumption of airflow being

laminar, Feo (2001) & Rothmayer (2003)

also suggested that:

h~U_3/4

With airflow being
turbulent:

x=0.16¢ x=0.22c

~0.074

= =7 9/5
! Re;/5 TNUoo/

h~U_,

~9/10
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Measured water film thickness was found to be proportional to x*

only when the distance S/*>1.9 (i.e., > 13%c).
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* Measured water film thickness vs. incoming airflow velocity
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* K. Zhang, W. Tian and H. Hu, “An Experimental Investigation on the Surface Water Transport Process over an Airfoil by using a Digital Image

Projection Technique", Experiments in Fluids, 56:173 (16 pages), 2015
SR, O



Q lcine Prysics: DyNAmic WATER RUNBACK & GLAZE ICE ACCRETION Pﬂlﬁ
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Y - (=]
== By = 1.0
§ 20 g ’ | > §
e Ice/water coverage vs. icing time. *  water/ice thickness vs. airflow velocity
o] T T o]
ol 20 40 60 .
Time., # [s] *  (Gao et al., International Journal of Heat and Mass Transfer, 2020 )




O AirroiL AeropYNAMIC PERFORMANCE DEGRADATION DUE T0 ICE Aeenmoﬁ
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* Gao et al., Renewable Energy, 133(4), 663-675, 2019.




O GompLEx 3D SHAPES OF ICE STRUCTURES ACCRETED ON AIRFOIL Sunmﬁ

AoA_iced =0 deg : AoA_iced =5 deg . . r&g“:‘gbg“‘“ ?::‘:;.;’;;? 0.6 . : r Y i

oo o o fe o lodede o)

g!aa?, ’-*:;1,1; .......... !

s %! -0
ey TN .o - =
S \ 2.25%
B ‘ ‘ q ”M Convex: B RealData @ Measured Data
' Concave: B RealData © Measured Data
0.2 n 1 i 1 n
‘ ‘ ‘ , ’ ’,‘ -06 -04 -02 0.0 0.2 0.4 0.6

X/D
* DIP-based 3D shape scanning technique Measurement uncertainty:

8.0mm spheres: ~ 140um
(i.e., < 2.0%)

Reference plane

0.2 [ Clean T T T T T
== - t=t,+50s
0.1 ff---- t=t+100s E
- - - t=t,+300s, Aerod . ]
- - - t=t +600s erodynamic IA |
% 0.0 | - Center :’
011+ o 4
0.2+ 4
1 1 1 1 1 1
0.2 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
’ e Cle@n | ! : |
------ s1 s2
0.1 H-s3sa .
------ S5 i
0.0 [—mccs Aerodynamic |

Center

(c) t=t,+300s (d) t=t,+600s

DIP canning technique for 3D ice shape measurements

Gao, Veerakumar, Liu, Hu. "Quantification of the 3D Shapes of the Ice Structures Accreted on
a Wind Turbine Airfoil Model”, Journal of Visualization, Vol.22, No. 4, pp 661-667, 2019.




3 ANTI-/De-IciNG STRATEGIES: ACTIVE METHODS & PASSIVE METHODS ﬁ

X/

s Active Methods: rely on external
energy input for anti-/de-icing
operation:

» Pneumatic inflating systems:

Deform to cause ice crack-off.

» Hot air bleeding systems: Provide

heat air to melt out ice.

» Electro-thermal systems: Provide

heat flux by using electrical heater

» DBD Plasma Based Anti-/De-icing

Systems.

X/

** Passive methods: take advantage of
the physical properties of airframe
surface to prevent ice formation.

» Hydro- and Ice-phobic materials:

Water repellent; Smaller ice
adhesion forces

INFLATING THE INNER
PART OF THE BOOTS

* Electro-thermal systems
Heater mat

727

Anti-/Deicing
Coating Zone




2 SurrAce WEeTTABILITY: HYyDROPHILIC, HYDROPHOBIC, & SIIPEIIHYIIIIIIPHIM

k\m@

Superhydrophobic
-1 6 = 150" - 180°

Y6 00O, =Vss = Vs
» A water droplet over a smooth surface

vV v VP

Cassie—Baxter State Wenzel state

* Using materials with low wettabili

C0SH., =@cosé, +p—1 Ccosf, =ncosé,

Nanostructure Microstructure Hlerarchncal structure « A water CWODVG’!‘ over a mugh surface

* Making structured surface
(creating micro-/nano- structures over the surface)




O Bird-Feather-Inspired Technology

WO: 401 men
Det: nBeam
Date(midy): 070313 Cornell - NSF DMR-1120296
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O Lotus-Leaf-inspired Technology

Barthlott & Neinhuis (1997)

» Hydrobead® coating.
* Spray onto aluminum test plates.
* Both Hydrobead® standard &
enhancer were applied.

& Hydrobeod|

Lotus Effect: “Air-cushion”

*  Ra=562nm

AFM image Rq=775nm : http://www.hydrobead.com
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 Pitcher-Plant-Inspired Technology

Thin Liquid V./}
Film
\l

SLIPS: Slippery Liquid-Infused Porous Surfaces Porous structures KRYTOX™ GPL103 oil
Functionalized )
Porous/Textured Solid » Lubricating Film Liquid

(Tilt » Teflon nanofibrous membranes:
Wong, Aizenberg et al., Nature, 477: 443 — 447 (2011) * Having an average pore size of 2200 nm
TS * Its polypropylene film was sticked to an aluminum
substrate.
* KRYTOX™ GPL103 oil:
* Clear, colorless, fluorinated synthetic oils that are
nonreactive, nonflammable,
* Safe in chemical and oxygen service, and are long-

STERLITEGH  fasting

& Aluminum test plate \\§



O AnTi-FROSTING ¥S. IMPACT ICING MITIGATION

* Most previous studies were performed based on static tests for anti-frosting applications.
* Very little can be found in literature to evaluate the ice-phobic coatings for “impact icing” mitigation pertinent to
aircraft icing phenomena, in either dry rime or/and wet glaze icing conditions.
Anti-Frosting: Impact Icing:
* Icing process is almost static, and ice accretion rate is very slow. * Duration of icing is vey ShO"t high-speed droplet impacting (>100 m/s).

3500 T T r T
* Parameters to characterize impact icing: o ydropiie = ra
3000 b 0ose feather
. oo : {$ sLIPS R
* Weber number ~ We= pDme l¢ p: Water density Conditioner ~__ oy LA Superycrophoti 5
- Water viscosi Droplet generator I A"
* Reynolds number ~ Re=pDV.  /u ! . .ty ) _ o)
impact o: Surface tension Contraction e s 06" D =308mm
* Ohnesorge number g - V/; We/ke  D: Dropletdiameter N 500k o I mean
U Impactveloci e seston e
- Y 1ooo|@/’d9
Typical parameters pertinent to aircraft icing: 5 Bl E 9
D droplet - 20.“’"
* Vimvacting = 100 m/s NN _ Dyopier = 3-0mm
impacting DCpowersuppIy K Y, - 10 M/S
* We & 2,250 - i . , impating
* Re ~ 500 ey o 0 = IR
* We = 4,000
* Oh A~ 0.071 ’




- DyNAMIC DRoOPLET IMPINGEMENT ONTO DIFFERENT SURFACES

_Frame rate @10K FPS RO d0ld We 22, 000

Hydrophilic
(Comparison baseline, CA=65 deg..)

B ——

Feather
(Goose feather, CA=130 deg.)

c-ﬁ. r"”f“.
e e

SLIPS
(Pitcher-plant-inspired. CA=105 deg.)

Super-hydrophobic
(Lotus-leaf-inspired, CA=160 deg.)

* LQ Ma, HX Li, and H. Hu. An Experimental Study on the Dynamics
of Water Droplet Impingement onto Bio-inspired Surfaces with
Different Wettability. AIAA-2017-0442, SciTech2017.
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] TRANSIENT BEHAVIOR OF WIND—DRIVEN FiLM/RIVULET FLOWS

philic Surface (Velocity Field)

Hydrophlllc -
(Comparison baseline,
CA=65 deg.)

Super-hydrophobic surface

(Lotus-leaf-inspired,
CA=160 deg.)

SLIPS
(Pitcher-plant-inspired,
CA=110deg.)

Hydrophilic Surface (PIV Raw Images)

i

&\\ Hydrophilic urface \\\Q

SHS (PIV Raw Images)

12

SHS (Velocity Field

Superhydrophobic Surface &

U [mis]
150

0.0

SLIPS (PIV Raw Images)

4.0
== = 3.0
= 2.0
SSES==
SSa==
SIESES = 10
0.0
12 20
SLIPS (Velocity Field) u |rnfs]5 o
=
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é 3.0
= 2.0
=== 1.0
0.0
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MEASUREMENTS OF ICE ADHESION STRENGTH OVER DIFFERENT SURFACES ﬁ:[:

Environment
chamber

y
Probe applies J—‘ X

displacement

Drylce/
CO, source

\\‘ 5

* Ice adhesion strength over different surfaces:

= ) 3 A v
[ g,
N | N e
Digitally controlled
: 3 Peltier cooler

# (Nimr®)

Applied force | sample areg,

Ice adhesion strength
atT,,=-10°C [KPa v
T~ AL2206Grit 450 70
Al mirrorfinish 130 60
1400 130
420 60
= = ~Hydro-bead SHS 120 30
. sues 60 10
e PAplastic 570 60
550 130
420 40




T.=-8°C; V._.=50m/s
MVD=20pm; LWC = 2.5 g/m? 1

Copyright (c) Waldman and Hu 2015
lowa State University
Email: huhui@iastate.edu

With Super-hydrophobic Without Super-hydrophobic
Surface coating Surface coating

With'superhydrophobic Withoutisuperhydrophobic
surface coating surface coating

1 T.=-4°C; V_=40m/s

MVD=40um; LWC = 2.5 g/m?3 l

Hydrobead
Superhydrophobic)

Enamel
(hydrophilic)

SLIPS
(Wong et al., 2011)

4
B S EEr Eaas e e



O HysRib ANT-/De-IciNG STRATEGY: MiINIMIZED HEATING + ICEPHOBIC GIMM

c o

Anti-/Deicing
Coating Zone

Heating Zone

Glaze Icing Condition;
- LWC=2.0g/m?
- T.=-5%C

- V_.=40m/s

\

Coverlay

Electrodes
+ Photo of the DuPont™ Kapton® RS + Crosssection view

Copyright (c) Gao & Hu
2018 lowa State University
Email: huhui@iastate edu

of the

219

.« H yaropnilicsuyocesvithout'surjace f’].’-ﬁ!ﬁf‘,. ng
. ; | |
1 1
| 80% 2

= 2
! P.D. =3.5 kW/m?' 20, <3

Lopgright (c) Gaa & Hu
2018 Jown State Univers 1y
Ernil. hubii-*istate edu
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O Rero-ENGINE IciNG PHysics aND ANTI-/De-Icing ﬁj

Aero-engine Icing Phenomena
]

Supercooled water droplet icing
¥ Similar to the airframe icing.

¥ Cold airflow with supercooled water droplets,
freezing drizzle and freezing rain,

¥ Mostly happen at inlet, spinner and fan blades.

¥ Additional effects of rotation motion, (Ice crystal icing test rig is ready in 2019 fall)

* Aero-engine icing due to supercooled water qJdd[448 ¢ Aero-engine icing due to ice crystals in the cloud




O EXPERIMENTAL SETUP FoR AERo-ENGINE FAN BLADE IciNg STuDY ﬁ

Liquid Water Content

1.0 g/m? 1.5 g/m? 2.0 g/m3
-5°C
e
2
2
v
5D Lights s - °
LE § 10°C
Oncoming air flow
-15°C
e Parameters CFM 56-2/3 Turbofan Aero-engine Model
T s e oo T Diameter of (m) 1.52 0.2
' Ee e R | Max Rotation Speed (rpm) 5175 4000
- Cruising Speed (m/s) 222 (0.74 Ma) 15
Cruising Rotation Speed (rpm) 4900 2500
Temperature Range ("C) -40 ~ 20 -15~-5
Liquid Water Content (g/m?) 0.1~20 06~24
Intermittent maximum atmosph;ri‘c 1c1ng ' Advanced Ratio’ J 180 180

conditions from 14 CFR Part 25 Appendix C




3 DYNAMIC IcE AcCRETING PROCESS OVER ROTATING FAN BLADES

Glaze icing condition:

Rotation

15 mi/s;

-5 C,

2.0 g/m?
2,500 rpm

Copyright(c) Li & Hu 2017
lowa State University
" Email:huhui@iastate.edu

Rime icing condition:

Rotation

15 m/s;
-15 C,
0.5 g/m3
2,500 rpm
Copyright(c) Li & Hu 2017

lowa State University
Email:huhui@iastate.edu




1 Dynamic IcE AcCRETING PROCESS OVER ROTATING FAN BLADES

Icing condition: Liquid Water Content
V.= 15 m/s;
« 2=2,500 rpm

-10°C

Temperature

-15°C |!




3 Hvoro-/lce-PHoBic GoATINGS For AERO-ENGINE IciNg MiTIGATION ﬁ

V._.=20 m/s; ”
T =-10%C;
*LWC =2.0g/m>
* n=2,500rpm

Hydrophilic
(Baseline, CA=65 deg.)

* Hydrophi

Copyright{c) Li & Hu 2018
lowa Slate Universily
Email:huhui@iastate.edu

Super-hydrophobic
(CA=160deg.)

* SHS

R amam T C o pyright(c) Li & Hu 2018

Bl lowa Slale Universily
l Email:huhui@iastate.edu
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3 Durasie MeTaL-BASED IcEPHOBIC COATING FOR AERO-ENGINE ICING I'mmﬂﬁ

- |
. * The Durable Metal-based Icephobic Coating is developed
Project currently funded by NAVY STTR 1&2 by Dr. Tuteja group @ Univ. of Michigan (Golovin et al.,
e T4 | Science 364, 371-375 (2019).

Copyright(c) Li & Hu 2017
lowa State University
Email:huhui@iastate.edu

* DIP scanning system for 3D ice shape
measurements




2 ICING MITIGATION OVER FAN BLADES WiTH DURABLE ICEPHOBIC Gllllllﬁsﬁ

Test conditions:
* V_=50m/s;
e T.=-18°C;
* LWC=0.3 g/m3

* DIP based 3D
scanning results

Axfc

0.

o

0.05

== -@- - - Uncoated Surface
----- ‘Coated SurfawT

-~40% reduction-in the
leading edge Ice layer

thickness due to the .-~

- icephobic cqating .

- -

-am”
=

600
Time (s)

800

1000

1200

Ice Mass Accumulation (g)

15.00

10.00

35.00

30.00

25.00

20.00

15.00

10.00

5.00

0.00 @~

Ice Mass Accumulation

® [ce Mass Accumulation-Coated Surface .

® [ce Mass Accumulation-Uncoated Surface

* ~ 35% less in total e
accreted ice mass e
due to the icephobice .-~
coating ?

0 200 100 600 800

Time (s)

1000 1200 1400



0 Hor-Aun-Basen Aut-/De-lcing SYSTEM Fon ENGINE INLET-Guita-VaNs yJs [

* Project currently funded by P&W

Hot air
n

cold air
out

\ r
ACA ooy’

3D Print Plastic Parts
(4.9 inch *2)

Aluminum NACA
0012 airfoil section

(linch *4 pieces) Hot air in

g Hot-air-based IGV anti-/de-icing system
-

)

Hot-air On

out

I
Anti-icing mlw'l

* Anti-icing moﬁp
flowrate =4.0 g/.

* flowrate =2.0 :
¥ Thot—air= 30 OCJ

20

15— °

T
\ 7
\

8 A ae et

S Sessss T T EEReerF |
2 5 P L o]
§ e NS oy
E . | oo Peeggboe?”]

A * Measured temperature
° -
De-icing mode over the IGV surface

* flowrate =4.0 g/s | Huring|de-icing opetation
" Thot-air=40 C o) IS ER———— ! | i
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Time (s)

I |
600




2 RR, PW, GE ENGINES — DIFFERENT SHAPES OF ENGINE SPINNERS

2 Pratt & Whitney

A United Technologies Company

Rolls-Royce

* Elliptical spinner

L g’
| \X
L \

* Conical spinner

Ice accretion on the
. rotating spinner

GE Aviation

Icing Wind Tunnel

Camera

<" Supercooled
water droplets

1
O !
ol Speed
C 1n

4
Host c

Digital Delay
G

Coniptical spinner

"I INTERMITTENT MAXIMUM (CUMULIFORM CLOUDS) . |
=5 ATMOSPHERIC ICING CONDITIONS =
LIQUID WATER CONTENT VS MEAN EFFECTIVE DROP DIAMETER

Parameters

CFM 56-2/3 Turbofan Aero-engine Model

IR \l\\\\

1 ;\?\
£Y

£] MEAN EFFECTIVE DROP DIAMETER - MICRONS Li= =

Intermittent maximum atmospheric icing

Diameter of (m) 1.52 0.2
Max Rotation Speed (rpm) 5175 4000
Cruising Speed (m/s) 222 (0.74 Ma) 15
Cruising Rotation Speed (rpm) 4900
Temperature Range ('C) 40 ~ 20
Liquid Water Content (g/m®) 0.1~20
Advanced Ratio, J 1.80

conditions from 14 CFR Part 25 Appendix C!




O DyNAMIC IcE ACCRETION OVER THE SURFACES OF ROTATING SPINNERS

Normalized Centrifugal Force, Cp,

T (C): -5.0-48-46-44-42-40-38-3.6-34-32-30
06
8 U IR thermal imagin Water
04| =i L Droplets
R
0.2:— o g _____
B of 0o """
02|
Water
B3 t-0~20s (1X) Conical Droplets
111 i 0.‘8 0:6 0.‘4 0:2 (I) O -
XDs (0] 0
O_._
T(C): -50 48 46 4442 -40-38-36-34-32-30 O o —
06|
IR thermal imaging
04 N
Water
r 1 Impingement | L:)mplets
g [ ! limit _--" {/ e
= of Z Ly 00" | Elliptical
— 4 Impinging mainly over . O_.-
0.2 :— o O-=--"
[ Impingement . = 2
04f e ¢
¥ t=0~20s (1X) Conip Limit C. = or Ma™r _ r
L 1 1 L 1 1 1 Fc F m Zr r
12 1 0.8 X]n).ss 0.4 02 0 ¢, r=max a T T
12 _
. —e—Conical
T(C): -50-48-46-44-42-40-38-3.6-34-32-30 .
06 10 —=—Coniptical
r ——Elliptical
0.4 :— 08
02 L
I 0.6
8 of n
[ 0.4 o
ozf _E€entrifugal
[ T . o - Impingement 0.2 3 .
C i 7 forces profiles
al t=0~20s (2X) Elliptical 00
P T T T R I 1 L 1 1 L 1 1 J - =
12 ! 08 08 04 02 0 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 I.1 1 09080706050403020.1 0
ZDs X/Ds X/Ds

LKL Y. Liu, H. Hu. "An Experimental Study on Dynamic Ice Accretion Process over the Surfaces of Rotating
Aero-Engine spinners". Experimental Thermal and Fluid Science, Vol.109, 109879 (13 pages), 2019.
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http://www.iawind.org/

THANK You VerY Much For Your TimE!
QUESTIONS?

Contact: Dr. Hui HU
Martin C. Jischke Professor and Director
Email: huhui@iastate.edu
http://www.aere.iastate.edu/icing/

IOWA STATE UNIVERSITY

Aircraft Icing Physics & Anti-/
De-icing Technology Laboratory
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