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o Super-cooled liquid water droplets impact and freeze on the i |
aircraft surface osf Jooe
o and can encounter the inlow ° ..l oot
temperature and high humidity conditions 02 p {00z
(U= 40
o Accumulated ice changes surface roughness, and deforms the 02 oo
well designed aerodynamic bodies o 1
v Degradation of lift, drag and moment performance, negative to .0.8_8w_g~_'4‘w_zw‘5“~;~~;~~éwé~~ld‘“12‘“‘1;“‘15“‘18’!!;0.0.08
control ability, stall margin, and stall speed a
Types of ice shapes
o (1)Rime ice cosE NACA23012
v Rime ice occurs relatively low temperature(under -20°C) 0535%_
v The super cooled droplets immediately freeze at the collision point 003 839%
due to low temperature oo 0
v Prediction of droplet trajectories is sufficient R
o)
v The ice shapes are similar to the clean airfoil 152%
o (2)Glaze ice

v Rime ice occurs relatively high temperature(0 ~ -15°C) and high
humidity conditions

v 1)The droplets becomes on the surface, then 2)

along the surface, and 3) it at the high heat convection
region

v Thermodynamic model is required
v Ice horn shape is the feature of glace ice

(1)Rime i

vV, =7Tm/s, T ,=-253T,
LWC=0.55g/m?,
MVD=30um, t=10m, a=2°

V,=90m/s, T,=-6.2°C,
LWC=0.85¢/m’,
MVD=20pm, t=11.3m
a=5"
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INTRODUCTION

o Aircraft Owners and Pilots Association(AOPA) report from 1990 to 2000

v 3230 accidents are concerned with
v 388 accidents(12%) are related to aircraft

CFD approach to predict ice accretion shape and its performance
o Icing wind tunnel test
v Expensive in operating and maintain costs of experiment facilities (NASA U.S. and, CIRA Italy)
o Flight test for icing
v Specially designed aircraft is required for flight icing tests
v Constrained by the weather conditions and safety concerns

A Icing wind tunnel test A Flight icing test
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INTRODUCTION

Numerical approaches to predict ice accretion shapes and its performance

Period

1st generation
codes

1980~1990s

Panel method,

(1) flow of high angle of

attack, ice horn, cylinder

2nd generation
codes

1990s~

Navier-Stokes

Aerodynamic solver (2) Prediction of aerodynamic force,

especially lack of

Euler equation equation

No droplet particles in
(flow separation, after ice
horn)

Lagrangian

approach Eulerian approach

Impingement model

Extended 2D

2D Messinger Messinger or 3D

Thermodynamic mode Sectional approach, axial symmetry

model problems only water film mode
NASA(LEWICE), McGill
Representative codes ONERA, DRA, - Univ.(FENSAP-ICE),
CIRA CIRA(ICECREMO)
X2 SEOUL NATIONAL UNIVERSITY JA VDL
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INTRODUCTION

Scope of topics
- Development of 2" generation icing code using OpenFOAM
> Validation of the developed code for a 3D fixed wing aircraft

o Representative icing studies

v (1) Helicopter fuselage icing

- Check the validity of the isolated fuselage icing research
» Comparison of ice shapes on isolated rotor and rotor-fuselage interaction cases
- Analyze the aerodynamic effects on fuselage icing with respect to forward flight speed

Hovering, low and high speed forward flight

v (2) HALE(High-Altitude Long-endurance) aircraft icing

- Whether to operate HALE now ?

- Necessity for the criteria to make a decision based on the performance evaluation under icing conditions

- (Meteorological conditions)~> ice accretion shapes - @erodynamic performance)> decision making

« The quantitative correlation between the meteorological icing parameters and performance degradation

E7, SEOUL NATIONAL UNIVERSITY . JA /DL
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NUMERICAL METHOD
3D ICE ACCRETION CODE
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NUMERICAL METHOD

Quasi-steady assumption

n times iteration

/)]

3D icing solver
o 4 separate modules : aerodynamic module, droplet field module, thermodynamic module, ice

growth module

o Each module is sequentially progressed under quasi-steady assumption
v Each model is assumed to be steady state

Clean geometry
Icing and flight conditions

}

Aerodynamic module

|

}

Droplet field module

}

Thermodynamic module

}

Ice growth module

Total exposure time?

Final ice accretion shape

Fixed wing aircraft
v rhoPimpleFOAM(OpenFOAM-2.2.0)
- Navier-Stokes based solver
- Unsteady, compressible and turbulent flow

Helicopter

v Advanced actuator surface model coupled with
rhoPimpleFOAM(OpenFOAM-2.2.0)

3D Eulerian approach
v To calculate the droplet trajectories

3D water film approach
v To calculate the mass of freezing ice

3D surface re-meshing

E7, SEOUL NATIONAL UNIVERSITY
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AERODYNAMIC MODULE

Fixed wing aircraft solver
o Validation results of aerodynamic solver

[ Experiments[11]  Present Method | 0.1 _: 02 15 r 1 0.15 _: 0.2
g ] ] i 0, 1 ]
i L o ] a
008 101 r C o o 0B
] q0.1 05F \ c ] H0.1
0.06 1 ; : H0.09 1
FJ005 & of ¢ 0,08
004 1 & ? o2 H0.06 1
] C === ] ]
1 ’ 05 i ‘“mmﬂ?m . ] ’
1°92 1005 af c o o 199 J0s
59 -0l

+ Flow condition :M_,=2.0, Icing Condition : a=2°, V,=77.2m/s,
Re = 15.9 x 10°, a=4° T,,=-22.2°C, LWC=0.55g/m3, MVD=30um,
time=10min
Flow condition :M,=0.2,
Re = 15.9 x 108, a=4°

SEOUL NATIONAL UNIVERSITY JA /DL
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« Icing Condition : a=5°, V,,=90m/s,
Te,=-2.2°C, LWC=0.85g/m3, MVD=20um,
time=11.3min.

* Flow condition : M=0.2,

Re = 15.9 x 10°, a=4°
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AERODYNAMIC MODULE

Rotary wing aircraft solver

o Actuator surface model(ASM)

v CFD with BET based on improved actuator surface model is employed to solve the flow field and
performance of the rotor

v ASM treats the blade effects as a source term in the momentum equations

N

ASM can handle the generation of individual tip vortices and their behavior

v The improved ASM based on the has been developed such that new method
by the circulation, and estimates the spanwise variation of

the circulation.

opU
LoV (V) =7 - (ur) <(S)-Vp
dT
‘/:\ ~Reterence line-‘-': m Mo Wb i i
TR N i
Q{?"\ Wy Wiy, 1 ;
/-/"," h_ﬂ_‘_cht{d'lfuff ---- i e
I LJ!). i h ir“"
—-\ '-fﬂ-u?w:l:':;;:'ll’;‘mu“". i :.:.m : ']_j::'”""'m Iy
— T 7w i
dr, dr, dl dr; [1] P dr,
dary = i ALy g
Q criterion of wake for forward flight rotor Schematic representation of improved ASM method
<u% SEOUL NATIONAL UNIVERSITY ﬂ VDL
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NACA0012

AERODYNAMIC MODULE o

Cr = 0.0063
=221
r=086

Rotor solver AR =13

S Oy = —13°
Validation results of actuator surface model

v ASM shows higher accuracy than ADM due to handling the individual tip vortices and their behavior
AN

e
0.01 100
: © Fuselage only
| = ADM
80 ° ASM
4] 0005 [ E
B e R B
(0] - of 8 &
Q o~ oF [ ] ﬁ
2 i 5 s
o - O
. O] -0.005 - ° Experiment
Actuator disk model S : 0O ASM
« . N ADM
. . . . 1 . . . . 1 . . . . 1 . . . .
? 0015 0.5 1 15 2
x/ . . .
A Surface pressure distribution A Heat convection coefficient
0.08 0.075
i o Experiment :
B A VTM[Kenyon] |
0.06 - | Full CFD[Park] oosl 300°
b ]
Q ]
£ I i
g | 0025, bR
2 Zonf T
{1 T £ [ S
Ko} 3 oA
(1 r § [ ) Experiment
| - ADM A VTM[Kenyon]
I -0.025 |- O Full CFD[Park]
ASM : [ T - o
0047 0l 5 (l) ofs 1 0.05, 015 clu ofs 1
0° r'IR 180° r’R 90°
A longitudinal inflow distribution A Lateral inflow distribution

SEOUL NATIONAL UNIVERSITY €152 0.5 U sl oo Hessvenert et it s o oot o0 o 1/D)L
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AERODYNAMIC MODULE

Turbulence model

o Ice changes surface roughness(k,)
v Flow transition, skin friction and heat convection characteristics
v NASA empirical correlation*, k.=f(T,V,LWC,MVD)

Modified Spalart-Allmars(SA) for surface roughness
o QOriginal SA model(Present method)

ov ov Cbl ~ ov ov
4 T Y ox; = ¢p1 (1 = fi2)SV — Cwlfw ‘ lax (v + ) ) + Cp2 2%, 9x;

o Current rface rpughness 1600

B 3
v d =dyqu + 0.03ks o Hang & Mills k/L=25x10" | @  NASALEwicE ¥
® Hang & Mills k /L= 10x10* B ° FENSAP-ICE @
o OpenFOAM k/L=2.5x10" i Present Method &
Wa” boundary 0.015 OpenFOAM kS/L=10x10 1200 M
w v .
o dpew
> Heat convection 5 0oL 300 -
. <800 |-
—(k;+kt)OT/0n i
/ hc — ( l t /
Ts—Too
Hec “h i
v ok, ==—2L 0.005 |- 400 -
Pr¢ i
07\\\|\\\|\\‘|“‘|“‘ 07\\\I\\\I\\\I\\\I\\\I\\\
0 0.2 04 06 08 1 0.6 0.4 -0.2 0 0.2 0.4 0.6
X S
Skin friction coefficient of roughened flat plate Heat convection coefficient(right) at roughened
airfoil

SEOUL NATIONAL UNIVERSITY *Ruff, Gary A., and Brian M. Berkowitz. "Users manual for the NASA Lewis ice IA /DL

accretion prediction code (LEWICE)." (1990). Eroseace vemcie
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DROPLET [FIELD MODULE

Eulerian method

o Eulerian approach is suitable for FVM(Finite Volume Method)
v Same grid with aerodynamic solver
v Shadow region is automatically calculated

] Experiment
LEWICE
Present Method

[Sea—

0.6

o Droplet field is governed by mass and momentum oal
conservation i
v Mass conservation ol
ap — - i
SE+ V- (Patla) = 0
* Pa=apy fr B 0 00 01 05 07 02

-slc

Collection efficiency of GLC305*

* pg : bulk density, a : volume fraction

0.8

v Momentum conservation

0pqu RN 3 PpdlaCpReq ,— - — a
LA+ 7 - (Daligilq) = TPAAD 2 (1, — i) + pag (1—p—)
&

] Experiment
LEWICE
Present Method

at 4 p,MVD?2 06

gravity, and buoyancy ! e
- Cp =24/Rey(1+ 0.197Re; "% + 2.6 x 10™*Re;%?)

v Collection efficiency

- Nondimensional parameter how many droplet particles impinging
to the surface

- .le_)dﬁd.ﬁ Meom = B+ LWC - U - dA [kg]

wc-u’ m?s

%1 -0.05 0 0.05 0.1
-slc

*MVD : Mean Volumetric droplet Diameter *LWC : Liquid Water Contents Collection efficiency of NACA64A014*

Y SEOUL NATIONAL UNIVERSITY “Papadakis, M., Hung, K. E., Vu, G. T., Yeong, H. W, Bidwell, C. S., Breer, M. D., and /A yDL

Bencic, T. J., Experimental Investigation of Water Droplet Impingement on Airfoils, ..
Finite Wings, and an S-Duct Engine Inlet, NASA Technical Memorandum, 2002. oy ocooneonon
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THERMODYNAMIC MODULE

Water film model with phase change

o Mass conservation 2 Unknowns : hy, g,

v (D Water film, @ Run in and out(runback water), @ Impinging water,
@ Accumulating ice

v Pw [f%d‘/ +JV- (thf)dV] = Meom — Mice
@ @ © @

o Energy conservation 3 Unknowns : hy, 1itjce, Teq

v @ Water film, @ run in and out(runback water), @ Impinging water,
@ Accumulating ice, ® Heat convection

6h C wTe ~ — . ~ 1 . ~

v Pw [f ! apt, LdV + f V. (hfcp,wTeq Uf)dV] = Mcom [Cp,wTd,oo + > U(%] + Mice [qus - Cp,iTeq] + hc(Teq - Too)
© @ ©) @ ®

- Momentum conservation ~ U = f(hy)

= 1 ch hr
v U = f(hf):h—f JyF updh = ﬁrwa”

(® Heat convection

® Impinging water (Aerodynamic solver)

. ‘
(Impingement model) \ X
v

Compatibility relations
o Unknowns : h¢, T,

qr mice
o 2 Equations : Mass and energy conservation @ Run in

v Not enough to determine the unknowns

@ Run out

are required @ Water film

@ Accumulating ice

», SEOUL NATIONAL UNIVERSITY JA /DL
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THERMODYNAMIC MODULE

3 compatibility relations
o Compatibility relations are based on physical observations : water freezes at 0°C

v Wateronly : e, =0, Toq = 0°C, hf >0

P Myce, 2 0, Toq = 0°C, Ay 20 Time step : n+1
D Mice, = 0, Toq < 0°C, hp =0

> 1 unknown determined - the other 2 unknowns explicitly calculated
o Apply each surface condition at each surface cell and check the compatibility relations

> From the surface temperature of previous time step(T‘eqn), application order is determined

v If T, <o0C
- (3) Ice only - (2) Water & Ice - (1) Water only
v Else if Teqn > 0°C

- (1) Water only - (2) Water & Ice - (3) Ice only - no
Teq 2 0°C
Water only 1 C 1
- . — Toq = 0°C EE— - .
Time step : n+1 Teq 2 0°C no g, > 0 no Teq < 0°C
hf 20 — B> 0 —e Tiice, = 0
yes 1 yes l yes 1
stop

7%y SEOUL NATIONAL UNIVERSITY

JA /DL
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ICE GROWTH MODULE

3D grid generation

o Linear interpolation from face to point
v Face values : ice thickness, surface normal vector
o Update surface geometry and re-meshing

New surface

/ Linear interpolation to nodes

New surface

=
PiceAsur

pnew(xr Y, Z) = p(x) Y, Z) + htﬁ

E VEHICLE
DESIGN LABORATORY
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VALIDATION
3D AIRCRAFT : WING + FUSELAGE
 SEOUL NATIONAL UNIVERSITY JA/DL
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VALIDATION - [FIXED WING AIRCRAFT

DLR-F6 Wing + Fuselage

o Aerodynamic solver o Impingement model
v Surface pressure and pressure contour v Collection efficiency and droplet trajectory

e
E9.55Qe+04

Z92000

=84000

E8.0609+04

Collection efficiency

0.2 0.4 0.6
(KIIIlIlI\Il.I,I’IlIlIlIlllll“
0 0.7766

s Glaze ice conditions with approaching speed
Y a=6M,=0235LWC =10-5,T, = 261.5K,180s

, ¢ Maximum location of collection efficiency
; » v Nose of fuselage and leading edge of wing root

v Along the leading edge, high value of collection efficiency

o 0 < B < 0.78 : The rage of collection efficiency in general airfoils

7%y SEOUL NATIONAL UNIVERSITY JA /DL
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VALIDATION - [FIXED WING AIRCRAFT

DLRF6 : Wing + Fuselage

o Assume the approaching stage to the runway ) FENSAP-ICE W

v a=6° M, =0.235 LWC = 1.0%, Te = 261.5K, 180s g Present method < >
m 1.1902m
10% Span Side

O 51215,
i egf-:@..ﬁ.ﬁh!‘_.ﬁ““
h Q%M

e
je sy
)
=g, TR — i =
AT — B ——

1.171m

30% Span

R o R Era— )
S s O

]
Wﬁ%mﬁ]{&mgma- PR it

50% Span

R B R

e

%ﬁﬁ' et e !
Ty o e G R TP

T e

70% Span

— ‘ i B TR B 1
e e
fin AT TR R,

. — L
Py e LT T o R
T o o G D D

Fuselage : 1.1902m § - 98% Span
Span : 1.171m
Icing Time : 180s S _

Total ice mass : 87.29 R e

bottom

JA/DL
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REPRESENTATIVE APPLH@ATH@NS

1. HELICOPTER FUSELAGE ICING
2. HALE(HIGH-ALTITUDE LONG-ENDURANCE) ICING

SEOUL NATIONAL UNIVERSITY JAV/DL
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ﬂn HELHC@PTER FUSELA@E I@HN@ [Fuselage only]

Motivation
> Numerical and experimental studies have been conducted
for the fuselage icing
v Numerical studies : Both reliable rotor and icing solvers are required

v Experiment : including rotor for the icing analysis is technically difficult

o Previous studies maily focus on the high forward flight speed (u>0.15)

v Hover and low forward flight speed condition require efficient flow solver

Ahn, G. B. (2015)

Goals of this study

o Check the validity of the isolated fuselage icing research _ _
[High forward flight speed]

v Comparison of ice shapes on isolated rotor and rotor-fuselage interaction cases

o Analyze various forward flight speed effects on fuselage icing —

v Hovering, low and high speed forward flight ' = » (\ ,

Fouladi, H.(2013)

Szilder, K., "Numerical Simulation of Ice Formation on a Helicopter Fuselage," SAE Technical Paper 2007-01-3308, 2007, doi:10.4271/2007-01-3308.
Ahn, G. B., et al. "Numerical and Experimental Investigation of Ice Accretion on Rotorcraft Engine Air Intake." Journal of Aircraft 52.3 (2015): 903-909.
Fouladi, H., Habashi, W. G., and Ozcer, I. A., “Quasi-Steady Modeling of Ice Accretion on a Helicopter Fuselage in Forward Flight,” Journal of Aircraft, vol. 50, Jun. 2013, pp. 1169-1178.

32 SEOUL NATIONAL UNIVERSITY JA /DL

E VEHICLE
DESIGN LABORATORY




5TH OPENFOAM KOREA USeErRsS’ COMMUNITY CONFERENCE, BusaN, 29-30™H, SEPTEMBER, 2016

1. HELICOPTER FUSELAGE ICING

Helicopter fuselage icing

o u=0.15U, =27m/s,LWC = 0.6g/m3,MVD = 20um, T,, = —10°C, 30min, ROBIN(2m)
o Comparison of collection efficiency and ice accretion shapes with and without rotor
v Total mass of ice and ice distribution are different between < Fuselage only and Rotor+fuselage > case

Fuselage only Rotor+fuselage
e g _
8.8% . Isolated fuselage
Y —— Rotor+fuselage
CollectionEfficinecy 135% i X[m]
0,06 6|+ ¢ _
ki | . £ /
:0.02 H
| | 100
g I
AN S 8o
e | g | 9
Collection efficiency g 6o 16.5%;
46% g
B 2 40F
.o S L
2 H o R ,S 20f
o. ‘L I
. ot
LI Isolated fuselage Rotor+fuselage
0 I I

a4 RN =SS U =W
0 02 04 06 038 X[%n] 12 14 16 18 2

Ice shape

Mass distribution

Ice mass : 68.0 g

Collection efficiency

Ice shape

Ice mass : 56.8 g (16.5% | )

#%, SEOUL NATIONAL UNIVERSITY

JA /DL
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1, HELICOPTER [FUSELAGE ICING  Fuselage only

Droplet behavior

o Why is the isolated fuselage case heavier than
rotor+fuselage case?

VoMV D? . .
= Pwre ™7 - Droplet inertia parameter
18uc Rotor-+fuselage

v Kl :Vy L, MVD], c?

- Low velocity region is generated by the rotor between the
rotor and fuselage I

«  Rotor + fuselage : 12~17m/s '\
* Fuselage only : 22m/s I

- Low-inertia particles avoid the fuselage like streamline of
air

L 8.8% . Isolated fuselage

o The amount of ice accumulated on the overall fuselage 13506 Rf"°r+f“3e'age
with the rotor-fuselage interaction is less than that on 65- -T 6’ x[m]
isolated fuselage | , . /'

Mice[9]

o In full scale helicopter(c 71), the difference between
isolated fuselage and rotor+fuselage cases because of | 46%

16.5%)

[=2]
o
T

N
o
T

Total ice mass [g]

low droplet inertia parameter (K | ) N .
2 i
.7 Ioltdf | Rirf |
o Rotor wake effects should be considered in low-speed VAN ’ ’
forward flight, a small droplet size, and full scale R Y RTRTR ‘{i‘ﬁz“‘ih T,
Xim

helicopter
Mass distribution

<33 SEOUL NATIONAL UNIVERSITY JAVDL
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1. HELICOPTER FUSELAGE ICING

) i 36.1%
Effects of forward flight speed wf
| overing ,
o LWC = 0.6g/m3,MVD = 20um, T,, = —10°C, 30min, ROBIN(2m) I \ 15206  91%
60| ~_ N i ——
betta E I T~ i/i Linear line
- p.040se3 8
‘0,03 H 1 = |
E overing sk
l’OD] -
0 -
20
0 7 nu=0 - - -
95’5331 (Hovering) 1=0.075 pn=0.15 p=0.20
1 ~0.04
Q o u=0.075 Total mass of ice
E iU.D]
!_1‘) 0
o 12
- i
cl ! 2 _x[m
= 101— [m]
(%2 betta f £ . Hovering
K P30 sl . 1=0.075
0. L -
g oe  p=0.15 ¥ . n=0.15
'0.02
0 =
E,E
?c?ﬁ%;gz
o p=0.2 !
v ‘-0.025 i
@ oL L ] ]
0 05 1 15 2
x[m]
Collection efficiency Ice accretion shapes Mass distribution
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1. HELICOPTER FUSELAGE ICING

Hovering

> The 2 |argest ice accumulation in hover

v Wide range and high speed of impingement
- Area: Aypper ® 4Asront

. ) Droplet field velocity
- Impinging speed of droplet ~ forward flight speed at p=0.075

o Maximum ice at tip vortex and fuselage interaction point

12
3 x[m] e Fuselage :
10 | . Hovering | T|p vortex and
. 1=0.075 fuselage
o 1=0.15 interaction

1=0.20

T 1= @O [ T T
® 5
8

T T
2
2

1 =

/

/

/

mice[g:I

0

Wide range, high speed of
L L L I L L L I

impingement
L L L I L

_20

0.5 x[%n] 1.5 2 Q = 1000 for hovering

Mass distribution
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1. HELICOPTER FUSELAGE ICING
Low speed forward flight(u=0.075)

o Most ice is accumulated on the tail boom icing
because wake moves backward

> Due to the tip vortex and fuselage interaction,
asymmetric icing occurs in front of engine intake

Fuselage and tip vortex interaction

Impinging limit X e 12
o5 G | tos x[m] . Fuselage
, _’ R , 10 } b . Hovering
g | Droplet trajectories —{—{{ o< I ° u=0.075
L I |, il n=0.15
P 1=0.20
- 1 0 1 3 4 s 6 7 8 9
i _ 6 | - _36.1%
20) 5 A \ — 152% 91%’//I v
E 4 W Tail boom icing

at p=0.&75

0
B +—>
- | | Wakelmoves backard
20 0.5 1 15 2
Droplet trajectories under rotor wake effects X[m]
i SEOUL NATIONAL UNIVERSITY LWC = 0.6g/m3,MVD = 20um, To, = —10°C, 30min, ROBIN(2m) /m‘;,.ﬁ?g;
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1. HELICOPTER FUSELAGE ICING
High speed forward flight(n=0.15, p=0.20)

o In high speed forward flight, fuselage and wake contraction is negligible
v The wake moves backward - Negligible ice accumulation on the tail boom
v Particle path lines are parallel to the fuselage after the rotor hub

o Most of the particles impact on the front of fuselage

v (1) Fuselage nose, (2) Wind shield, (3) Engine intake i
12 p=0.15 Iso-surface at Q=1000
j _ . Fuselage os | LI P T 1 7 gl
10 o Hovering ME=.-- = ] Droplet trajectories | |
I - . 1=0.075 o =i = ISR
sk 4 p=0.15 — p=0.15 e e e e e -
d — u=0.20 : s

rnice[g:I

p=0.20 Iso-surfacegata;rla()—Oﬁ
0 - ; -l _ 0 1 2 3 4 s 6 7 8 9
| ANt Rl — == ST
_ | I ] I I I ] I I | ] I I I I _“_::: ——— :—ﬁ"ﬁ?’%>v~ — - — P
0 0.5 1 15 2 T r———— 3
(1)Fuselage nose 2) Wind shieIdX m] 2 0 ' 2 3 o 6 7 s 9
LR SEOUL NATIONAL UNIVERSITY LWC = 0.6g/m3,MVD = 20um, To, = —10°C, 30min, ROBIN(2m) la‘imm/mp 7
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SUMMARY OF HELICOPTER FUSELAGE ICING

Check the validity of the isolated fuselage icing research

o Comparison of helicopter fuselage icing with and without rotor
v Total ice mass and ice distribution vary with respect to the existence of rotor-body interation

v The rotor produced high pressure and low velocity region where the drag force on droplets declined.
Consequently, droplets avoided the fuselage which reduced the mass of freezing ice in the rotor-
fuselage interaction case

Forward flight speed effects on fuselage icing shapes

o Total ice mass and ice distribution are different with respect to the forward flight speed
v Hovering, low-speed forward flight
- Massive ice accumulated on the tail boom due to inflow
v High speed forward flight
- Fuselage nose, engine intake and wind shield icing due to forward flight speed
v The 2nd largest ice accumulation in the hovering

- To estimate the required power for anti/de-icing devices, hovering condition should be considered

/38 SEOUL NATIONAL UNIVERSITY JA /DL
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REPRESENTATIVE APPLICATIONS

1. HELICOPTER FUSELAGE ICING

2. HALE(HIGH-ALTITUDE LONG-ENDURANCE) ICING

%33 SEOUL NATIONAL UNIVERSITY JA)/DL
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INTRODUCTION OF HALE ICING

HALE(High-Altitude Long Endurance) aircraft

o Definition of HALE
v ‘High-Altitude” means that a UAV can climb above 10km
v ‘Long Endurance’ can be airborne for 24 hours or longer
o Main merits of HALE
v High mission capabilities
Broadcasting service

Real-time disaster observation

Intelligence collection
- Communications links (cell phone/internet/broadcasting)
v Lower acquisition and operating cost than satellites
- Research agencies, and aircraft manufacturers + IT companies
» Research agencies : NASA(Helios), QinetiQ(Zephyr)
* Manufacturer : Boeing(phantom eye), Northrop Grumman(Global Hawk)

Application example of HALE
at oil leakage accident

IT company : Facebook, Google

o The renewed interest in the development and operation of HALES

NORTHROP GRUMMAN

Research agencies Aircraft manufacturers IT company

TR-02-13. ENGINEER RESEARCH AND DEVELOPMENT CENTER HANOVER NH COLD REGIONS

RESEARCH AND ENGINEERING LAB, 2002. Ay DESIGN LABORATORY

N L SEOUL NATIONAL UNIVERSI I Y *Peck, Lindamae, Charles C. Ryerson, and Courtland James Martel. Army aircraft icing. No. ERDC/CRREL- /A |w¢
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INTRODUCTION OF HALE ICING

Aircraft Icing — the major constraint of all-weather capability

o Icing phenomenon during HALE mission
v Typical mission profile of HALE
- Take off > climbing = mission (over 10km) = descending = landing
Stratosphere : No weather phenomena (no water droplets) and low level of turbulence
Troposphere : HALE can encounter icing conditions in climbing and descending stage
o Technical Issues related with HALE icing
v Long exposure time in icing conditions without anti/de-icing devices
- Low rate of climb and ultra-light design
v Once accretes — Endurance |, stability | , propulsion efficiency | , mass 1, improper radio communications

o The major issue of the HALE operator, ‘Whether to operate now or wait?’

\‘%{“‘D Mission 10km ~
(M<0.1)

no super cooled water droplets

climbing(45 min to 2hours)
- 6.7km(22,000ft)

Stratosphere I

Troposphere 1

Weather phenomena

2.0km(6,500ft)

Stratiform clo

e

Cumuliform cloud

s

1.21km(4,000ft)

31
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2. HALE(HIGH=ALTITUDE LONG=ENDURANCE) ICING

Motivation

> Necessity for the based on the performance evaluation under
icing conditions;
v Meteorological conditions - ice accretion shapes > aerodynamic
performance - decision making

- Gathered information is meteorological parameters such as humidity,
temperature, and so on

- Previous HALE icing studies focused on the prediction of ice accretion shapes

- The quantitative correlation between the meteorological icing parameters
and performance degradation

Goals
o Suggestion of methodology to identify the icing conditions which the
HALE mission is successfully performed

v STEP1 : Set up the icing conditions based on the typical mission profile of
HALE

v STEP2 : Predict the 3D ice accretion shapes on the HALE and its performance

v STEP3 : Construct the regression analysis model (meteorological conditions
<-> aerodynamic performance)

v STEP4 : Evaluate the aerodynamic performance and the success or failure of
the mission

[Investigation of meteorological conditions]

<

[ A -

Vogel, G. N.(1988)

[prediction of ice accretion shapes]

Iya, S. K., and Cook D.E.
(1991)

-.70m/s 110m/s -
BOTTYAN, Z. (2013)

Z. BOTTYAN, In-Flight Icing Characteristics of Unmanned Aerial Vehicles during Special Atmospheric Condition over the Carpathian-Basin, Landscape & Envil

SK. Lya, and D.E. Cook, Icing Characteristics of a High-Altitude Long-Endurance Aircraft Wing Airfoil, AIAA 91-0562, 29th Aerospace Science Meeting, Jan. 7-10, 1911/Reno, Nevada

Hall, D. W., Fortenbach, C.D., Dimiceli, E.V., and Parks, R.W., “A Preliminary Study of Solar Powered Aircraft and Associated Power Trains,” NASA CR-3699, December 1983.

S SE OU L N ATIONAL U N IVE RSI I Y Vogel, Gerard N. Icing Considerations for HALE (High Altitude, Long Endurance) Aircraft. No. NEPRF-TR-88-11. NAVAL ENVIRONMENTAL PREDICTION RESEARCH FACILITY MONTEREY CA, /A w L
3 1988. AEROSPAC
s
>
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2. HALE ICING

STEP1 : Set up the calculation conditions

o Target HALE : EVA-2H+
v Developed by KARI(Korean Aerospace Research Institute)
v On September 5t , 2014

- EVA-2H+ reached at operating altitude (10km) for 3 hours, and stayed 4 hours

v Specification

MTOW 20kg
Empty weight 13kg
Main wing Airfoil : SG6043, span : 11m, chord : 0.5m
Horizontal tail NACA0010, Area : 0.4m?2
Vertical tail NACA0012, Area : 0.386m?2
ROC 1m/s
Battery capacity 3kWh
C. 1.0
G 0.033
Ve 7.6m/s at ground, 13.13m/s at 10km

> Validation
v Re=2.78 X 10°,V, = 6.7m/s
v Comparison with other numerical results

- No wind tunnel data (22m span)
- KARI (FLUENT) results and OpenFOAM(rhoPimpleFoam)

Klll\RI g=yesTaTe
Korea Aerospace ReseaRH INsTITUTE

2 0.3

[ KARI(C)) ]

- - -=-- KARI(C,)

16k L ] Present(C,)
3 O Present(C,)

~0.25

4%

015 5

T

0.4

-5 0 5 10 150

Validation results of C_ and C,

E7, SEOUL NATIONAL UNIVERSITY
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2. HALE ICING

STEP1 : Set up the calculation conditions

o FAR PART 25, Appendix C conditions
v Appendix C provides the observed icing conditions for the airworthiness certification
v 9 cases for the parametric study and construction of RSM using the boundary values of Appendix C
- Cf.) The temperature range -30 °C < T < -1.3 °C
No ice at T=0 °C, total temperature is followed by NASA Icing wind tunnel tests
o Other inputs are obtained based on the mission profile of HALE
v Exposure time = 1.86 hours, rate of climb = 1m/s, water droplet exist 6.7km

$a
0.77g/m3 Case No. LWC[g/m?3] T[°C] MVD[pm]
Temperature 0.77 1.4 15
humidity 2 0.456 -14.25 15
\«E 3 0.2 -30 15
2 4 0.41 1.4 27.5
g 5 0.21 -14.25 27.5
- 6 0.083 30 27.5
7 0.144 1.4 40
i 8 0.08 -14.25 40
0.04g/m3 -
e — 9 0.04 -30 40
N R
MVD [um] @ 40um kg/m3 0.878436 at 3.35km
H ameter| " pT[' ~ h ] 1.86 until 6.7k
FAR PART 25, Appendix C ime[h] .86 until 6.7km

."*‘._ DESIGN LABORATORY

2 SEOUL NATIONAL UNIVERSITY JA/DL
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2. HALE ICING

STEP1 : Set up the calculation conditions

o Altitude changes during climbing stage

v With the growth of altitude, density decreases and forward flight speed increases to keep the constant lift
> One shot method

v Unsteady 3D icing analysis is almost impossible considering the available computational resources

v The feasibility of one shot method on HALE airfoil
@ 5 step quasi-steady calculation

@ 3.35km : Average condition between ground and the maximum icing altitude(6.7km)
® 6.70km : The maximum icing altitude

15 116 12
i P ] i Altitude of HALE
i v A15 i L J Quasi-steady calcualtion
| - 7T o« Mission altitude /] 0 © One shot method
12 10km 7 14 i
i )7 ] 13 gl Maximum icing altitude
_ o T \
“ i e 109 < F-o-o oo\ e - __
£ oo .7 ' 17 E © 2) 6.7km
[=2] = | . | ] — - 6F |
é | ’ | . 11 >8 3 B Atone shot -
Q I /I | E g i !
0.6 | 110 41+ 1
1 | | 1 i @ (1) 3.35km
| I 19 i 1
- I | ] 2 At !
03k © Maximum icing altitude | | 48 I :
L 6.7km | E 5 ! Maximum exposure time
IR NI NI MY I NS R——— ol
0 2 4 6 8 10 12 0 0.5 1 1.5 2 25 3 35
Altitude [km] Time[hr]
Density and velocity according to altitude The feasibility study of one shot method
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Zg HALE I@HN@ X Cis_e% : L’WC = 0.77g/m3,

STEP1 : Set up the calculation conditions

> The feasibility of one shot method on HALE airfoil (2D)
Stimes iteration 3 35km  6.7km

0.02

‘ 3% g % 40
’ : : MVD [um] - — / 3
Quasi- steady 5 times | Quasi-steady : 5 times Case9 . LWC - 0 . 049 m I
’ ot method(3.35 [ Oneshot method(3.35km) _ o _
003r R e D GaES) Onesh t method(6.7) ) 00187 M Oneshot method(6.7km) - T=-20°C , MVD _40“ m

LWC [g/m’]

1.3%

- 1/

Casel

- Sthiteration o T = “%A/ o .
) T | / Ice accretion shapes
T 3.35km condition is more similar

it : : to the 5 times iteration results

o Maximum thickness form the
- O Quasi-steady : 5 times. I O Quasi-steady : 5 times
- [ B e leading edge under 26%
,
0.02 (6.271k/r?1) 9.7%
ir 0.02

LN
m 0.01 I - L] -
o< e | @ oo | o f Lift and drag coefficient
- U"ES""F‘G.??'(“T o.s; 0015; .
O b i [ ; > 3.35km condition shows under
" e [l d td o b 2.5% of lift coefficient, and
0035 0.6 0.01 -
under 3.5% of drag coefficient
D ERES| LD B . compared to the 5 step quasi-
o b I ] steady calculation
G) L0 / i N ¢ o a0 somf P — . .
(7)) > - Ssthiteration © pitg [SH o[2
8 °t CI:;%;F;";) WL i Den5|ty and Ve|0C|ty
omf > The averaged altitude(3.35km)
I ; gy sl LA O P4 O B condition is used for one shot

xlc

Ice shapes C. Co method
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ZD HALE I@HN@ . Case5: LW(C = 0.21g/m3,

T=-14.25°C, MVD=27.5um

LWC [g/m’]

SETP2 : Ice accretion shapes (3D HALE)

o Massive ice accretion case (Case5)
v Negligible drop in solar cell efficiency
v The averaged altitude(3.35km) for 3D HALE also follows the 5th iteration of 2D case

Ice accretion occurs
» Fuselage nose

» Leading edge of wings (main, vertical and horizontal wings) l
Accumulated ice E
! Icing limit 003
* 1.5% of chord s
—> i
Solar cell i
— + 10% margin from I' = 5th iteration
L.E. and T.E. i 1/ one shot(3.35km)
L2 o I, - — — = oneshot(6.7km)
> 1, 3D HALE(3.35km)
| 4] | \
, a B A
Bottom Top o
_ 00363~ cl) ‘ o|03 ‘ ~0.06
. SEOUL NATIONAL UNIVERSITY x/C
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2. HALE ICING

Case2
Maximum thickness

Lowe§t performance Cases
i . - Maximum ice
SETP2 : Ice accretion shapes <
I Case5 Case8
| LWC l L T l '§' 3 r Case2 Case7
001 001 001 §§ E —
o Casel o Case_2 Case2 o Case3 = 2r Cased
i FMaximurythickness i E cocen | | cases Ceseq
oo *r| owest performance oot tr
0.02F -0.02F -0.02F r
s | g st °
0.03F -0.03F -0.03fF
ook ook ook Mass of ice
005 - 0.02181 005 - -0.05 - 20
00% ;4 70.02 (‘) 0:32 0;)4 0:)6 0.08 0 OE 5)4 03):2'-886 0:)2 0:)4 0.06 0.08 008 ;4 0‘02 0 OEJZ 0‘04 0.06 0.08 : T Case 7,8,9
1 e o e o M ' b Gasee Massive icg at MVD 1
Case5 : Maximum mass of ice = | . Insensitivg performance
0.01 0.01 0.01 = [ caser se ase
Case4 f Caseb Caseb s F B | T easer
ofF oF o : Case8
001 0.01 - 0.01 - sk
Z 0.02F 0.02F 0.02F N Case9
<|¢ | = & L
O oo 0.03f 0.03f 0
—> -0.04 ; 0.04F —0.04; ) )
g g g Degradation of lift
®F  0.039%81 "I 0.01339 i
00%;}4 -0.‘02 (I) 0.:)2 0.‘04 0.;)6 0.08 009);)4 -0.‘02 6 0.;)2 0.:)4 0. IOG 0.08 008;)4 -0‘02 lI) 0. I02 0 :}4 0.:)6 0.08
xlc xlc xlc 60 -
Case 7,8,9 : Massive ice due to the ice covered area but sustaining the clean wing shapes | ||
0.01 0.01 0.01 >0 F =3
v , é . Case7 ﬂi CaQ\ 0;_ Case9 40 :_ Case5
-0.01 ; 0.01 i -0.01 %— gﬁ 30 E—
r F (&) = Case3
r F < I
U»o.oz - J 0.02 - 0-0.02 - 20 E
304 S
s 0 F b 10 Case9
0.04F 0.04F -0.04F .
o 05007 S 0,00625 o
0,06 N L L L 006 By L L L L o0sk L L L L L Growth of drag
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2. HALE ICING

SETP2 : Aerodynamic performance

15 cased 0.012

case8 case2
d

o5l

LWC [gim]
s e g

LWC = 0.456g/m3, T=-14.25°C, MVD=15pm

Case8 : LWC = 0.08g/m3, T=-14.25°C, MVD=40pm

Maximum thickness

o Maximum thickness determines
the aerodynamic performance

o No strong correlaton between
the total mass of ice and the
aerodynamic performance

> High maximum thickness occurs
LWC1,TJ],MVD|

Flow separation

0.012

0.008

> As the ice thickness grows, the

angle increases between the
clean airfoil and ice shapes

o Leading edge ice induces leading

edge separation and
reattachment

> Due to separation, boundary
layer( 1), and total pressure( | )
overall surface

. SEOUL NATIONAL UNIVERSITY

AEROSPACE VEHICLE DESIGN LABORATORY

JA/DL

.\ DESIGN LABORATORY



40

5TH OPENFOAM KOREA USeErRS” COMMUNITY CONFERENCE,

2. HALE ICING

STEP3 : RSM(Response Surface Methodology)

Busan, 29-30™, SEPTEMBER, 2016

o To quantitatively analyze the correlation between meteorological parameters and aerodynamic

performance

o The 2nd order polynomial is used as a RS model

Y

= Bo + B1X1 + Baxs + Pr1x1% + Brax1xy + Baaxy?

o MVD = f(LWC,T), LWC and T have easy accessibility to the operators

0.86 . AM =

081 .
-

_Mice (o
MTOW ( / )

ACL — (CL clean—Cl, lce)(o/ )

CL clean

AC — (CD clean—Cp we) (0/)

LWC[g/m?]

TLk]

LWC [g/m°]

CD clean
|, CLicel C Cp,ice|
clean — Y“Liice D,clean — “D,ice
= wrow (%) Al = (%) | | ACp="—= (%)
CL clean D,clean
10 40 80

| b [ [ ac, Ac, M,

| 0F 60| b
_.5 i 20 — 3o 40 - o
o r o ° ot [ ° X
(TR - ™ - » °
EN Sk O.20F [ ee® *® o’

s | ° gt gt o | C _1®7 o
< o 74 < oF () < ok [eXe) .
I i i % o ®

36 10f 20
g 5 é 10 '2913 -10 5 1'0 zlo 40 '4% -z'o (IJ 2'0 4'0 s'o 80
AM,, [RSM] AC, [RSM] AC, [RSM]

Within 30, 0 = standard deviation

», SEOUL NATIONAL UNIVERSITY
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2. HALE ICING

STEP3 : RSM(Response Surface Methodology)

AC, = |CL,clean B CL,icel (°/o) ACp = CD,clean B CD,icel (0/0)

CL,clean

CD,clean

FAR 25 Appendix C <

08

d L Projection on the FAR 25 Appendix C <_- Projection on the

06

LWC [g/m’)

......
ey
e,

o
_______
,,,,,
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2. HALE ICING

STEP4 : Performance of HALE

o Required power

v If the HALE can climb up to the target altitude with given battery capacity, the HALE can successfully
perform the mission
- HALE recovers the performance at the mission altitude by the sublimation of ice
- The decrease of solar cell efficiency is negligible because of negligible upper surface ice accretion

v Assumptions
- Fixed ROC(Rate of Climb) as 1m/s
- Velocity is increased to compensate the reduced lift and increased weight(secure the stall speed and stall
margin)
- Mass, drag, and lift are linearly changed form clean to iced conditions
- Efficiencies of battery, propeller, motor, and motor controller are set to clean condition

Nvattery = 90%, Npropetier = 60%, Nmotor = 88%, Neontror = 95% 0.8 6.7km 26
L Take off C :
LCOS(V) - — - MD 1
© Clean ass 1,
y Path ||ne Letean — Lice Deos(y) 0.6 - — CL 1
T'>< sm(y) i Iced HALE C, |
- —22
" Dsi © 04l ]
l W= Wclean + Wice(t) Sln(]/) O Iced HALE MaSS
D = D¢ieqn + Dice (V) i 7120
Lcos(y) = W + Dsin(y) 02k ]
_ : - 418
T = Dcos(y) + Lsin(y) : Iced HALE G, |
P = TV/(nbattery * Npropelier * Mmotor * 77control) - / L 1
0 0 10000 200&8

t[s]
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2. HALE ICING

STEP4: Performance evaluation

o Ice accretion requires more power than clean
HALE to reach he mission altitude
v Battery margin
- Clean HALE : 40%
- Maximum of iced HALE : 20%

o Mission failure area where the HALE can not
reach the mission altitude
v Under 10% battery margin region
- LWC:0.3~0.6 g/m3
- T:-10~-20°C
- MVD < 17.5pm
o The icing risk region of HALE is different from
the convectional aircraft
v Convectional aircraft : T>-15°C
- Wider than HALE icing risk region

- due to high heat convection and high
rate of impinging water

v HALE

- , but sustaining the clean wing
shapes

Icing Risk

Cumulus Clouds Stratiform Clouds Rain and Drizzle

= 0°to-20°C 0°to-15°C - 0°Cand below
- ) 32°to -4°F 32705 = 32°Fand below
& . -20° to -40°C *=" -15°t0 -30°C

-4°to -40°F 5°t0-22°F =

< than -30°C
<than -22°F

< than -40°C
<than -40°F

Low
v

Low

Aircraft Owners and Pilots Association(AOPA) Report

0.8 gx
R, Wrequired/Wbattery (%)
=, AOPA high risk region 90
88
0.6 86
84
S F 82
é 80
20 4
J
0.2 =0 e

25 30 35 40
MVD [um]

Required power for the climbing stage
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2. SUMMARY OF HALE ICING

The methodology is suggested to identify the mission failure icing conditions for HALE

o Using the quantitative correlation between meteorological parameters and the required power to

0.8 g
N W, (%)

Wrequlred battery

* AOPA high risk region é %0

reach the mission altitude

v Applying the quantitative correlation to FAR Part 25 Appendix C
v The mission failure icing conditions : under 10% battery margin

g
o

LV,
- LWC: 0.3~0.6 g/m3 gm ’ \
- T:-108-20C S e
- MVD < 17.5um 02 0:C

35 40

015””20‘ 25 30
MVD [um]

One shot method
o For the density and velocity, the averaged altitude(3.35km) yields better accuracy than the
maximum droplet altitude(6.7km)
v Lift coefficient under 2.5% and drag coefficient under 3.5% compared with the 5 times iteration results

Maximum thickness
o Maximum thickness is the that determines the degradation of
aerodynamic performance

> As growing the thickness of ice, flow separation and reattachment occurs at the leading edge
o between the and the
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CONCLUSIONS

Development of 3D ice accretion code based on Eulerian approach and water film
model

o Generic 3D problems : DLR-F6(wing and fuselage) cases
v Ice heading direction, and maximum thickness are well predicted

v Predict not only the ice accretion shapes, but also its the aerodynamic performance because of N-S
solver

Using the developed 3D icing code, various icing problems could be treated

o 1. Helicopter fuselage icing
v Rotor wake effects on the fuselage icing
- Rotor wake effects should be considers to obtain the ice accretion shapes on helicopter fuselage
v Forward flight speed effects on ice distribution

- Designing the anti/de-icing devices, the flight conditions (hover, low and high forward flight)
should be considered

o 2. HALE icing
v Icing risk region

- The methodology is suggested to identify the mission failure icing conditions for HALE based on
the quantitative correlation between icing parameters and aerodynamic performance

v One-shot method

- For the density and velocity, the averaged altitude(3.35km) yields better accuracy than the
maximum droplet altitude(6.7km)
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RESULTS AND DISCUSSION
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0.8

HALE

Effects of velocity
> Collection efficiency : non-dimensional parameter (commonly 0.0 — 1.0) |

- HALE : g~0.4 |
+  V=6.7m/s, LWC=0.45g/m3, MVD=27.5um

NACAO0012

—

v How many water droplets impinge against the local surface ol /\ \
_ Palgn . _ I
v ﬁ_LWC-U’ Meom =L - LWC - U - dA i jy\\\
00 ‘S(}C‘ B

90.1 0.05

- NACAO0012 : p=0.6-0.8

«  V=129.46m/s, LWC=0.5g/m3, MVD=20um Collection efficiency
o Heat convection coefficient
aoT
/ hc — _k(%)wall
Twall_Too

- HALE: h.=54W/m? K
«  V=6.7m/s, LWC=0.45g/m3, MVD=27.5um, T=-11°C
- Airfoil : h, = 1500W /m? - K
+  V=129.46m/s, LWC=0.5g/m3, MVD=20um, T=-12.6°C

o Less impinging water and low convective cooling make rime ice shapes

Collection Fff.

[() 656

=0.49217

130.
~99.694

-0.32812 69.657

—0.16406 e =-39.621

0.000 9.58

Collection efficiency Heat convection coefficient
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Grid and Boundary condition

| KARI(C))
—————— KARI(C,)
] Present(C,)
Present(C,)

i 0.25
16 b

|\\\\

g , :0.150‘3
0.8 /,/ i
s —: 0.1
outletInlet >N | 04T Joos
symmetrylane F - - - - E
inletOutlet 0_; L (|) L éo L 1|0 L ;50
o Number of cells = 6,000,000
o y+ < 15 and 15 prism layers with growth ratio of 1.2 - Re=2.78 x 10°, Ma = 0.022
o ddtSchemes > No wind tunnel data (22m span)
v Coktuler; > Comparison with other numerical
o divSchemes results
v Div(phi,U) Gauss linearUpwindV grad(U); v KARI (FLUENT) results and

7/ Div(phi,*) Gauss upwind; OpenFOAM(rhoPimpleFoma)

v Div(second order) Gauss linear;
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RESULTS AND DISCUSSION

Effects of velocity

o AOPA(Aircraft Owners and Pilots Association) Report and NASA IRT tests results
v The icing risk is categorized by temperature and cloud types
v AOPA report is well correspond with IRT test results (glace ice horn)

0.04

. [ ] y - -
Cumulus Clouds Stratiform Clouds Rain and Drizzle <4l
] 0°to-20°C 0°to-15°C - 0°Cand below -

\5\ @ 32°to -4°F 32°to5°F = 32°Fand below

S & -20° to -40°C -15°t0-30°C ~ 0.02| Clean airfol
-4°to -40°F 5°to-22°F = Ice shape

AOPA Report <than-40°C , < than-30°C _ N

<than -40°F 5 <than-22°F = 00002 " 002 004 006

HALE results
T LWC[g/ m] MVD[pm] TIK] V[m/s]
difference% dlfference% difference% difference% dlfference%
0 0.55 262.0 102.8
g (22%) (27.3%) (0.042%) (1253%) (94.2%)
ook 0.47 30 261.54 102.8 492
' (9.1%) (9.1%) (0.23%) (1253%) (93.2%)
- 0.55 25 262.04 102.8 420
0T (22%) (9.1%) (0.042%) (1253%) (94.2%)
0.44 30 262.04 102.8 525
00l b L ‘/‘ e A (2.2%) (9.1%) (0.042%) (1253%) (92.7%)
X/Cc
IRT results
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