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MOTIVATION

Helicopter icing
o Operating helicopters in icing conditions is particularly dangerous
o Blade icing

v Rotor blades are especially susceptible to ice growth due to their short JS V7
chord length Front left of Puma with ice accretion

v Quick accumulating ice on the rotor systems leads to increased
vibration, rapid loss of lift and a large power increase to sustain flight

Clean blades

v Shed ice from spinning rotor is common and creates dangerous
projectiles

o Fuselage icing : considering relatively unimportant parts

v Windshield icing will obstruct the pilot’s field of view, making landing
and hovering operations difficult

v Icing on the nacelle and engine intakes can result in engine failure

v Icing on the sensory equipment, antenna, and masts can cause Air intakes iced-up with clean blades
impaired data acquisition

v Fuselage icing increases parasite drag, mass, and fuel consumption

> Problems to numerical approaches
v Flowfield analysis from rotor is essential
v 3D effect is dominant contrast to blade with high aspect ratio
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Ice build-up on the mirrors of Puma
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MOTIVATION

Previous studies

o BELL 412 Helicopter(Szilder, K. 2007, 2010*)
v With rotor and without rotor
v Aerodynamic solver : Euler equation
v Impingement model : Lagrangian approach
v Thermodynamic model : not used, only rime ice condition

A Droplet trajectories and ice shapes on
the fuselage nose*

o ROBIN body(Fouladi, H. 2013**)
v With rotor and without rotor
v Aerodynamic solver : Dree’s inflow model in actuator disk model =S . e
{ v Impingement model : Eulerian approach —
v Thermodynamic model : water film model

FENSPA-ICE

T . A Ice accretion shape with FENSAP-ICE**
> Limitations of previous study P

v Low fidelity aerodynamic solver, impingement model, and thermodynamic model
v Systematic approach is required in various forward speed

SE OU L N ATI ON AL U N IVERSITY *Szilder, K., "Numerical Simulation of Ice Formation on a Helicopter Fuselage," SAE Technical Paper 2007-01-3308, 2007, :
doi:10.4271/2007-01-3308. l VDL

2013, Fouladi, H., Habashi, W. G., and Ozcer, I. A. Quasi-Steady Modeling of Ice Accretion on a Helicopter Fuselage in Forward
AEROSPACE VEHICLE DES|GN LABORATORY Flight, Journal of Aircraft, Vol.50, No.4, pp.1169-1178.**



e
DEVELOPMENT OF 3D ICE ACCRETION CODE

Numerical approaches to predict ice accretion shapes and its performance

o Expensive to operating and maintain costs of experiment

1st generation
codes

Period 1980~1990s -

(1) flow of high angle of
Panel method, attack, ice horn, cylinder
Euler equation (2) Prediction of aerodynamic force,
especially lack of

Aerodynamic solver

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

Lagrangian

Impingement model approach

Thermodynamic mode 2D Messinger Sectional approach, axial symmetry
model problems only

NASA(LEWICE),

Representative codes ONERA, DRA, -

CIRA

Goal of this study

2nd generation
codes

1990s~

Navier-Stokes
equation

Eulerian approach

Extended 2D
Messinger or 3D
water film mode

McGill
Univ.(FENSAP-ICE),
CIRA(ICECREMO)

o Validation and application of the developed code to 2D and generic 3D icing problems

o Comparison of helicopter fuselage icing with various forward flight speed
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NUMERICAL APPROACH

4 Models in the platform of open source code(OpenFOAM)
o Aerodynamic solver, Impingement model, Thermodynamic model, Ice growth model

o Quasi-steady assumption
v One or more iterative calculation of each model

v Each model assumed to steady state, and field parts(aerodynamic solver, impingement model) are used
local time stepping

v Fully converged solution conveyed to next model

o °® o rhOPImpleFOAM
— Open source platform v Navier-Stokes based solver
: v Unsteady, compressible and turbulent
: flow
| Aerodynamic Solver 2 |t v/ Roughness based S-A model
g I
o ] EE————— e O D E | r| n
% Implngement Model w [ ETTERTTRTPreS ee et 3 u e a approaCh
2L v drag, gravity, and buoyancy forces
= ]
;‘\;\ Thermodynamic Model , L R [T * o 3D water film approach
2 2 | v FVM method on the surface water film
aN™M
Ice Growth Model |

3D surface re-meshing

brd
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S ‘Ruff, G. A., and Berkowitz, B. M., “Users Manual for the NASA Lewis Ice
“”ﬁ?f SEOUL NATIONAL UNIVERSITY Accretion Prediction Code(LEWICE),” NASA CR-185129, May 1990,
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NUMERICAL APPROACH

Validation results of aerodynamic solver
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[ Experiments[11]  Present Method
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+ 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/m?, MVD=30um,
time=10min

» Flow condition :Mj,=0.2,
Re = 15.9 X 108, a=4°

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 106, a=4°

SEOUL NA‘“ONAL UNlVERSlTY *Broeren, P. A., Bragg, M. B., Addy, H. E. Jr., Lee, S., Moens, F., and Guffond, D.,

“Effect of High Fidelity Ice- Accretion Simulations on Full-Scale Airfoil Performance
AEROSPACE VEHICLE DESIGN LABORATORY  35ural of Aircraft, 47(1): 240-254, 2010, doi: 10.2514 / 1.45203.
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NUMERICAL APPROACH

Ice changes surface roughness(k.)
- Accelerates flow transition, skin friction and heat convection characteristics
> NASA empirical correlation*, k.=f(T,V,LWC,MVD)

Modified Spalart-Allmars(SA) for surface roughness
= Original SA model(Present method)

AL 85— _ (3)2 12 " Ll
/St = (= )30 = [anfy = 2| G) +o (¢ + P50 )+ et
= Current Model : Surface roughness
v d=dya +0.03ks o.ozl 1600
N e Hang & Mills k/L=25x10" I %
Wall boundary e Hang & Mills k/L=10x10" [ Y Fneapice. o
v ¥ OpenFOAM k/L=2.5x10" i Present Method g
—= 0.015 OpenFOAM k/L=10x10* 1200
an dpew ’ i
> Heat convection
4 hc — w S 0.01 _C‘goo;
Ts—Too i s
. i
n" kt - He i B
PTI | |
0.005 |- T
n e n
07“‘|“‘|“‘|\\\|\\\ 07‘H|H‘|H‘|H‘|H‘|H‘
0 0.2 0.4 0.6 0.8 1 -0.6 -04 -0.2 0 0.2 0.4 0.6
X S
Skin friction coefficient of Heat convection coefficient(right)
roughened flat plate at roughened airfoil

*Ruff, G. A., and Berkowitz, B. M., “Users Manual for the NASA Lewis Ice
SEOUL NATIONAL UNIVERSITY Accretion Prediction Code(LEWICE),” NASA CR-185129, May 1990,
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NUMERICAL APPROACH

Eulerian Method

=]

(=]

Droplet field is governed by mass and momentum conservation
Eulerian approach is suitable for FVM, FEM method

v Shadow region is automatically calculated

Mass Conservation

o

v/ %+v-(p'dﬁd)=o

- Pa=apy

- pg . bulk density, « : volume fraction

o

a_ U, . =y
v ﬂ'f‘ F'-(pdudud)=

at

Momentum conservation

3 papuaCpRed ,— = . -( Pa)
: oavpr Ha —Ua) +pag (1 o)

drag gravity, and buoyancy

- Cp = 24/Rey(1 + 0.197Re, %63 + 2.6 X 10~*Re,3®)

o

Collection efficiency
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B -] Experiment
08 LEWICE
I Present Method

[Senam———

Collection efficiency of GLC305*

0.8

] Experiment
LEWICE
Present Method

S
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-slc

Collection efficiency of NACA64,014*

*Papadakis, M., Hung, K. E., Vu, G. T., Yeong, H. W., Bidwell, C. S., Breer, M. D., and

Bencic, T. J., Experimental Investigation of Water Droplet Impingement on Airfoils, }'

AEROSPACE VEHICLE DESIGN LABORATORY  Finite Wings, and an S-Duct Engine Inlet, NASA Technical Memorandum, 2002.



NUMERICAL APPROACH

Governing equations

[ . R
- Mass conservation <
v @ run in and out(runback water), @ Impinging water, @ accumulating ice *--¢ 2 Unknowns : hg, ;..
ah - . .
v Pw [J-a_tfdv +/7- (thf)dV] = Meom = Mice
@ @ ® + 3 Unknowns : hg, 7ite,, T
= Energy conservation e
v @ run in and out(runback water), @ impinging water(kinetic energy), @ accumulating ice(latent heat),
@ heat convection
dhreywT = i ~ 1 . -
v o [J LB + [T (tyCpunFeq TV | = titcom [cpuTacn + 3 UE] + titicelLyus = p.iTeq) + he(Teq = Tin)
\ O] @ ® @ y
- Momentum conservation : e U= f(hy
7o _51_ h _ h‘r -
v U= f(hr)—,,f Jo " updh = e Twa
pwAhe = ppV, he = ppV/p, A @ heat convection
Sa— N A
T . Impinging water
Compatibility relations 5
> Unknowns : hy, Ty, Mice
» 2 Equations : Mass and energy conservation ®run in @ run out

v Not enough to determine the unknowns
Additional compatibility relations are required

@ accumulating ice

#E% SEOUL NATIONAL UNIVERSITY
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NUMERICAL APPROACH

3 compatibility relations
- Compatibility relations are based on physical observations
> From the surface condition, 1 unknown determined - the other 2 unknows explicitly calculated

= Apply each surface condition at each surface cell and check the compatibility relations

t Tog = 0°C, itice, = 0,hp = 0
v Water & Ice :[Toq = 0°C1itce = 0,hr > 0 Time step : n+1
v Ice only Toq < 0°C,Mtie, 2 D, hy = 0

> From the surface temperature of previous time step(Teq"), application order is determined
v IfT., " <oc
(3) Ice only = (2) Water & Ice = (1) Water only

v Elseif T,, = 0°C
(1) Water only > (2) Water & Ice > (3) Iceonly -~

Tce only

Time step : n+1 " >0

SEOUL NATIONAL UNIVERSITY
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NUMERICAL APPROACH

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

Surface normal vector New surface

Surface normal vectors at face center
/ Linear interpolation to nodes

SEOUL NATIONAL UNIVERSITY
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DLRIF4 WING + FUSELAGE

Aerodynamic solver Impingement model
- Surface pressure and pressure contour o Collection efficiency and droplet trajectory
° ©.559e+04
E . e+
92000
éBBODO

=84000

8.060e+04

Collection effief:iency

0.2 04 i 06
W'lllllll'l“l*l H,lll;lllllllll“
0 0.7766

> Maximum location of collection efficiency
L v Nose of fuselage and leading edge of wing root
“ - 0<f<0.78

v The rage of collection efficiency in general
airfoils

> Along the leading edge, high value of
collection efficiency
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RESULTS AND DISCUSSION

Ice accumulated aircraft

FENSAP-ICE
Present method
. 10% Span
e _-_—

30% Span

Fuselage : 1.1902m
Span: 1.171m
Icing Time : 180s
Total ice mass : 87.2g . 50% Span

70% Span

98% Span
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ROBIN FUSELAGE ICING

Helicopter fuselage icing*

o Aerodynamic solver
v The most time consumption step
v Helicopter calculation requires calculation costs
- Fixed(Fuselage) and rotating(rotor) parts

Elliot 1 = 0.15,U,, = 27.035?, LWC = 0.7%, T, = —5°C

v Icing code needs many iterations

o Actuator disk and actuator surface method
v Calculation time efficiency and reliability

> Aerodynamic Solver W“ [ S ——— .;
|
....................... .

Impingement Model

! U Magnitude

20\\\\ \30\\l\ll

Thermodynamic Model 15“ ol ! %

! A Actuator surface model(ASM)
Ice Growth Model S— > Same procedures with fixed wing aircraft
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ROBIN FUSELAGE ICING

ADM vs ASM Elliot case i = 0.15

100
i o Fuselage only
. ADM
80| a ASM
001 | o)
% o 8 o¥ ;;
0.005 = 60 k= o
(O] ,’ﬁ W £ % EN
® [ of 8 8
b o* OF ® ﬁ
3 - L] e
[ . [ ° Experiment
5 0.005 - o ASM
- i N ADM
0 0015 0?5 i 1%5 2
@ X/l b
£ A 0 0.5 1 15 2
Q X
) A Surface pressure distribution A Heat convection coefficient
o |
o I 008 0.075 7
r;\ @ B [ ] Experiment |
= i A VTM[Kenyon] B
g U 0.06 - O Full CFD[Park] 0osk 300°
ASM p=
i -g i 0025, "n"%!""- =%
7N S Z L 3
] | & Ef g |
\__/ i 0 ILA
[~ 2 [ ] Experiment
- - A VTM[Kenyon]
i -0.025 |~ O Full CFD[Park]
B I ASM
: - 'ADM ——— su
Il 0.04 7 -01.5 (l) ofs 1 0057 -01.5 (l) ofs 1
0° r/IR 180° r’IR 90°
A |ongitudinal inflow distribution A Lateral inflow distribution

QAP Elliot, J., Althoff, S. L., Sailey, R., “Inflow M t Made with a Laser Velocimet
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ROBIN FUSELAGE ICING

Collection efficiency and ice accretion shapes
o u=10.0,0.0750.15
o LWC = 0.7??%,1:,3 = —5°C

ADM ASM ADM ASM
T
1
Foozfa'sum I S5a57
I 0.03
o EEU'UZ :: |002
Il E”'m I oot
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A 1066929 3
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o £0.02 g
I I a
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Collection efficiency, p = 244"

Lwc-u




ROBIN FUSELAGE ICING

Hovering :

Result
E 028579 5?3247
002 002
lOD'I IODI
| C

Q>1000 Q>1000
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ROBIN FUSELAGE ICING

i = 0.075 o

gu 02

a

ADM

Q>1000
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ROBIN FUSELAGE IC%N@ ¢

8 B
i.35|‘777 045025
u - . ‘004 poe
3 7003
002 9.
0.01
o 0

ADM

/ Droplets trajectories




ROBIN FUSELAGE ICING

u=0.15

fose
0.04

8 B
061402 F.Uoﬁl
0.06
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Tip of fuselage
Tip of fuselage
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ROBIN FUSELAGE ICING

u = 0-15 ?.coxam e.ﬂog&}

0.04

0.02

Cm—
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SUMMARY

Forward flight speed
> Hovering, low speed, and high speed forward flight conditions are simulated

o As increasing the forward flight speed, the pattern of ice shapes are different.
v Hovering : tail boom and wind shield

v Low speed forward flight : fuselage nose and tail boom

v High speed forward flight : fuselage nose and wind shield
- The effect of the forward flight speed is more dominant than that of rotor wake

Rotor modeling

o Actuator disk model(ADM) and actuator surface models(ASM) are compared
v Ice shapes and distribution of collection efficiency are not significantly different qualitatively
v Wake body interaction make high collection efficiency

- Itis essential to predict the behavior of tip vortex rollup and vortex sheet for accurate wake body
interaction

- We consider that the results of ASM are more accurate than those of ADM
« ASM is modeling the behavior of tip vortex and vortex sheets

SEOUL NATIONAL UNIVERSITY
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ROBIN FUSELAGE ICING

The effect of rotor analysis *

m

° p=0.15U, =27.035—,LWC = 0.7%,7;0 = —5°C

= Comparison of collection efficiency and ice accretion shapes with and without rotor

yﬁ- Fuselage only

betta

2.5

0.4

Rotor+fuselage

| =

0.2

I
0

Rotor wake effect

ERIG Elliot, J., Althoff, S. L., Sailey, R., “Inflow M t Made with a Laser Velocimet
&ﬁ‘% SEOUL NATIONAL UNIVERSITY a Il-loelicopter I\(/)Iodel in Fo?\:v?;d FIighP, \(/J:I,. l.efiseucrtzrgeglar Iglaifvc\)’:m glazzes:ratea(r)lcgg\e/aircgn ﬁ VD L

b liveer ¥ AEROSPACE VEHICLE DESIGN LABORATORY.  Ratio of 0.15,” NASA TM 100541, 1987



ROBIN FUSELAGE ICING

Helicopter fuselage icing
o Without rotor case is heavier than with rotor case

With rotor : 30.0g, less than 20%

Without rotor : 37.8g

SEOUL NATIONAL UNIVERSITY
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ROBIN [FUSELAGE ICING
Flow field

Fuselage only Rotor+fuselage

75 SEOUL NATIONAL UNIVERSITY
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ROBIN FUSELAGE ICING

Particle trajectory

= Momentum conservation Low velocity region
Apaiia . 4 o~ _ 3PdMaCpReq . o . (s Pa
v P +V (pdudud)—4 o MVD? (g —Uy) + pag (1 Pw)
Rotor+fuselage

yﬁv Fuselage only
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CONCLUSION
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CONCLUSION

Development of 3D Ice Accretion Code Based on Eulerian approach
o 2D problem : Glaze ice(including ice horn), and rime ice condition
v Similar accuracy with NASA LEWICE, FENSAP_ICE, and icing wind tunnel tests
o Generic 3D problems :
v Ice heading direction, and maximum thickness are well predicted
> Not enough capability around lower surface
v Turbulent effect to the impinging model
v Heat convection coefficient of lower surface

o Rotor wake effect should be considered — windshield, engine cowl, tail boom icing
v Particle trajectories and mass of accumulated ice on the surface are different

o As increasing the forward flight speed, the pattern of ice shapes are different.

o Predicted ice shapes and distribution of collection efficiency by ASM and ADM are not
significantly different qualitatively

v Additional research is necessary for quantitative analysis
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CONCLUSION

View point of an aerodynamicist
o There are lots of applicable parts to CFD in aviation safety
o AVDL focused on wake and

Topic 1, Wake vortex turbulence

> (1) Development of novel passive equipment, chipped wing tip shape, to attenuate the vortex intensity

is formed at the edge of the chip, which is eventually merged into a single vortex with
substantially less strength.

v There is a trade-off relationship between increment of drag and the decrement of vortex intensity
o (2) Wake vortex warning systems
v Research for compatibility of both secure aviation safety and efficient use of airports
v Real time visualization of wake vortex from high fidelity NS-LES code and data assimilation method
v Proving information of wake hazard area to air traffic controllers

Topic 2, Aircraft icing
o (1) Relational Analysis
v Lift and drag penalties in glaze ice condition
in
o (2) Development of 2" Generation 3D icing code
v 2D problem : Glaze ice(including ice horn), and rime ice condition
- Similar accuracy with NASA LEWICE, FENSAP_ICE, and icing wind tunnel tests
v Generic 3D problems : DLR-F4(wing and fuselage) cases
- Ice heading direction, and maximum thickness are well predicted
v Rotorcraft fuselage icing prediction
- Rotor wake effect should be considered — windshield, engine cowl, tail boom icing

<uy SEOUL NATIONAL UNIVERSITY
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__________________________________________________________________
MOTIVATION

Aircraft icing
o Super-cooled liquid water droplets impact and freeze on the aircraft surface
o Aircraft, helicopter, wind turbine blade, ship, and power line

Accumulated ice changes surface roughness, and deforms the wing shapes

o Degradation of left, drag and moment performance
o Negative to control ability, stall margin, and stall speed

Major cause of aircraft accidents

o Aircraft Owners and Pilots Association(AOPA) report : 1990~ 2000, 3230 accidents are
concerned with weather conditions

o 388 accidents(12%) are related to aircraft icing phenomenon

Numerical approaches to predict ice accretion shapes and its performance
o Expensive to operating and maintain costs of experiment

SEOUL NATIONAL UNIVERSITY
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RESULTS AND DISCUSSION

Case study(2D ice accretion shapes)
> NASA Icing wind tunnel tests™

IRT case # 308
Airfoil NACA0012
al ] 4
V,,[m/s] 102.8 102.8 102.8 102.8
T [K] 262.04 262.04 256.49 250.3
LWC[g/m?] 1.0 0.55 0.55 0.55
MVD[um] 20 20 20 20
Time[s] 231 420 420 420
Description Ice horn case Mixture condition Mixture condition Rime ice
IRT shapes

LT *1) F A\ : o " g
\’éf ;‘; SE OUL N ATION AL UNIVERSITY JarY,Vngg’, VF\)/[;.Bl.,_6\;gI.|dat|on Results for LEWICE 2.0,” NASA Technical Memorandum,
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__________________________________________________________________
RESULTS AND DISCUSSION

Icing limit Icing limit
8 ‘

Validation results, 4steps

0.04 / 0.04 /
0.02|- 5 : : .
. : Ide headihy direction = A |
Ice headlng dlrectlon - [ R L 8 -~ ‘ \I.'/
| o Experimentl | ' Experimentl
ol ° Experiment2 ol i ° Experiment2
| FENSAP_ICE 5 FENSAP_Oneshot
Lt LEWICE Lt LEWICE
i Present Method i Present Method
002 002
-0.04 |- -0.04 |-
| 7.=262.04(1) 'W'% 7 D | r.=262.04(1)
LWC=1.0(1) ] gmd? O p |  Lwc=0.55(0)
gl S gl
00 002 0 002 004 006  0.08 0.1 o 002 0 002 004 006 008 0.1
x/c x/c
e Icing limit o Icing limit
0.04 0.04 :
0.02 0.02
i Experiment i Experiment
ok FENSAP_ICE ok NASA LEWICE
i LEWICE i Present Method
2 i Present Method < i
0,02 -0.02 |
-0.04 |- -0.04 -
| 7.-262.04(0) o g oo 05 | 1.=2503(1) LoD
LWC=0.55(0) LWC=0.55(0)
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