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DEVELOPMENT OF 2ND GENERATION ICE ACCRETION ANALYSIS PROGRAM
FOR HANDLING GENERAL 3-D GEOMETRIES
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The 2" generation ice accretion analysis program has been developed and validated for various icing
conditions. The essential feature of the 2" generation code lies in its capability of handling general 3-D geometry
and improved accuracy. The entire velocity fields are obtained based on Navier-Stokes equations in order to take
the massively separated flow field into account. Unlike 1" generation code, the droplet trajectories are calculated
using Eulerian approach, which is adopted to yield appropriate collection efficiency even in the shadow region.
For improved thermodynamic analysis on the surfaces, water film model and modified Messinger model are newly
included in the present analysis. The ice shape for a given time step is obtained by considering the exact amount
of ice accreted on the surface. FEach module of the icing analysis code has been seamlessly integrated on the
OpenFOAM platform. The developed code was validated against available experimental data for 2D airfoils and
3D DLR-F4. Due to the lack of experimental data, the computed results of DLR-F4 were compared with those
obtained from FENSAP-ICE, which is state-of-the-art 3D icing analysis code. It was clearly shown that the present
code produces comparable results to those of FENSAP-ICE, in terms of prediction accuracy and the capability of
handling general 3-D geometries.
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Table 1 Validation conditions[21]

A B
Airfoil GLC305 NACAG65, 145
af’] 6 0
c[m] 09144 09144
V. [m/s] 78.68 78.68
LWCigm] 0.2 0.15
MVD[um] 92 21
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Table 3 Validation conditions[24]

A [ B [ C ) Icing conditions
Airfoil NACA0012 Geometry DLR F4
o] 4 o] 6

T, K] 26204 | 262.04 | 256.49 250.3 T,K| 261.5

Vo [ms] 102.8 102.8 102.8 102.8 Ve, [m/s] 76
LWC|g/m?| 1.0 0.55 0.55 0.55 LWClg/m’| 0.1
MVD[um]| 20 20 20 20 MVD[um| 20

Time]s] 231 420 420 420 Time[s] 180
Description | Ice horn | Mixture | Mixture Rime Location(y/S, %) 10, 30, 50, 70, 98
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(b) FENSAP-ICE[24]

Fig. 14 Comparison of perspective view and details on the lower
surface wing

A Flg 157} o] 2 34
Zte} FENSAP-ICE A= A S, 7] ok, ofgid
9 A F29 Y ol Y XLE Akt AdE Bl

[e] -

J‘r‘
‘

I SSS ERIE < Qirk
A BAS 9J8le] 10, 30, 50, 70, 98% 2~ Y]]

[e}

=
A whEe] 2 FARS FENSAPICE A3¢l wlwsiich &
AHOZ e AR ARE Hola gloy, Wl £ Gl
70%3} 98% DAelME & AT D52 WS FENSAP-

o FENSAP-ICE

o Present method
10% Span

O S g, -

30% Span

CCTOR S COT

50% Span

70% Span

———————..
Smsste e @ o pos @)
905 oo & PRPPEBOOnO O

98% Span

Fig. 15 Sectional ice accretion shapes

ICE°] wlsfe] tha =7 el5skal gl %ﬁi F7 vt
Bl g9 3 wek 2 A= A9 UXAF
Holu Qi

3 a4 oA 249l Askel PRAE olrela e
o] tha A ASH L e, A dEE AXE o
TAE 2o 34 AR 298 dge) udEd ¢ e
e & Bds mqfste sy sidd ¢ s ZloR

fx

4.4 E

B Ao fEaa, A7 A7 md g dojst pw
TAdste] #Ha1o s olEg Wit 3
FE5 Ngstal ASEsich 98] A, 1A sidzk
NASA LEWICES} 2A4|t] 3494}Q1 FENSAP-ICES] A9}
WAL, 32k Fdel disixle et Age] AL o]
w30 FENSAP-ICEOIAN =88t $x]alld AxE el o]
g3k

221 s A, 2 P 371988 el T2
3 g4 sEnjEe]l 98 2o Zolgh WS s sy
S el A Zxo vl ggs)

= 0 o

=l



DEVELOPMENT OF 2ND GENERATION ICE ACCRETION ANALYSIS PROGRAM: -

Vol.20, No.2, 2015. 6 / 35

o

24 dlo

@A e A SEs) Ak S st glnk
A5 A7 AN w23 A Fgol ARHE Al
2004 US4 TEE B A HEs) R

W e s,
74
EREAREEPERCEE e
Astolck @A AR SR ) ol o

A Aa YA, A2 07 FENSAP-ICES} HAFH
Wy 2 Al AY %l

Aol wlste] thad A Fshs BEE Holal g, ©f

%o mlm

hil
FE|glom, ole]l FAR=FLLE

galqE xd ARV 53 }%

=
= Ui 7dS

T LRSI sl AlE ARleR

References

2002, Jeck, RK., "Icing Design Envelopes(14 CFR Parts 25
and 29, Appendix C) Converted to a Distance-Based
Format," Federal Aviation Administration, DOT/FAA/AR-00/
30.

1997, Wright, W.B., Gent, RW. and Guffond, D,
"DRA/NASA/ONERA Collaboration on Icing Research Part
II- Prediction of Airfoil Ice Accretion," NASA Contractor
Report 202349.

1953, Messinger, B.L.,
Unheated Icing Surface as a Function of Air Speed,"
Journal of the Aeronautical Science, Vol.20, No.1, pp.29-42.
2003, Beaugendre, H., Morency, F. and Habashi, W.G,
"FENSAP-ICE's Three-Dimensional In-Flight Ice Accretion
Module: ICE3D," Vol.40, No.2, pp.239-247.

2012, Villedieu, P., Trontin, P., Guffond, D. and Bobo, D.,
"SLD Lagrangian Modeling and Capability Assessment in
the Frame of ONERA 3D Icing Suite," 4th AlAA
Atmospheric and Space Environments Conference, New
Orleans, Louisiana, AIAA Paper, 2012-3132.

2009, Back, S.W., Yee, KJ. and Oh, S.J., "Prediction of
Rime Ice Accretion Shape on 2D Airfoil," (in Korean)
Journal of Computational Fluids Engineering, Vol.14, No.1,
pp45-52.

2012, Son, C., Oh, S. and Yee, K., "Quantitative Analysis
of a Two-Dimensional Ice Accretion on Airfoils," Journal of

"Equilibrium Temperature of an

Mechanical ~ Science and  Technology, Vol.26, No.d4,

pp.1059-1071.
[8] 2013, Jung, SK. and Myong, RS,
Positivity-preserving  Finite  Volume Upwind Scheme for

"A  Second-order

Air-mixed Droplet Flow in Atmospheric Icing," Computer &
Fluids, Vol.86, pp.459-469.

[9] 2013, Jung, KY., Jung, SK. and Myong, R.S., "A Three
Dimentional Unstructured Finite Volume Method for Analysis
of Droplet Impingement in Icing," (in Korean) Journal of
Computational Fluids Engineering, Vol.18, No.2, pp.41-48.

[10] 2013, Aha, G., Jung, K, Shin, G. and Myong, R,
"Investigation of the Performance of Anti-Icing System of a
Rotorcraft Engine Air Intake," (in Korean) Jowrnal of the
Korean Society for Aeronautical & Space Sciences, Vol.41,
No.4, pp.253-260.

[11] 2003, FLUENT 6.1 User’s Guide, FLUENT Inc.

[12] 2014, OpenFOAM : The Open Source CFD Toolbox, User
Guide, Version 2.3.1, OepnFOAM.

[13] 1990, Ruff, G.A. and Berkowitz, B.M., Users manual for
the NASA Lewis ice accretion prediction code (LEWICE),
NASA CR 185129, pp.55-58.

[14] 2001, Spalart, PR. and Aupoix, B,
Spalart - Allmaras turbulence model to account for wall
roughness," International Journal of Heat and Fluid Flow,
Vol.24, No.4, pp.454-462.

[15] 2008, Cao, Y., Zhang, Q. and Sheridan, J.,
Simulation of Rime Ice Accretions on an Aerofoil Using an
Eulerian Method," The Vol.112,
No.1131, pp.243-249.

[16] 1999, Bourgault, Y., Habashi, W.G., Dompierre, J. and
Baruzzi, G.S., "A Finite Element Method Study of Eulerian
Droplets Impingement Models," International Journal For
Numerical Methods In Fluids, Vol.29, No.4, pp.429-449.

[17] 2010, Broeren, A.P., Bragg, M.B., Addy, HE., Lee, S.,
Moens, F. and Guffond, D. "Effect of High-Fidelity
Ice-Accretion Simulations on Full-Scale Airfoil Performance,"
Journal of Aircraft, Vol.47, No.1, pp.240-254.

[18] 2013, Son, C., Yee, K. and Oh, S,
Between  Meteorological — Parameters and — Aerodynamic
Performance Degradation of Iced Airfoils," SAE Technical
Paper 2013-01-2137.

[19] 1983, Mills, AF. and Hang, X, "On the Skin Friction
Coefficient for a Fully Rough Flat Plate," Jowrnal of Fluids
Engineering, Vol.105, No.3, pp.364-365.

"Extensions of the

"Numerical

Aeronautical  Journal,

"Numerical Correlation



36 / J. Comput. Fluids Eng.

C.Son-S. Oh-K. Yee

[20] 2003, Beaugendre, H., Morency, F., Habashi, W.G. and
Benquet, P., "Roughness Implementation in FENSAP-ICE:
Model Calibration and Influence on Ice Shapes," Jowrnal of
aircraft, Vol.40, No.6, pp.1212-1215.

[21] 2002, Breer, M.D., Yeong, H.W., Bidwell, C.S., Bencic,
TJ., Hung, K.E., Papadakis, M. and Vu, G.T., Experimental
Investigation of Water Droplet Impingement on Airfoils,
Finite Wings, and an S-duct Engine Inlet, NASA/TM-
2002-211700.

[22] 1999, Wright, W.B. and Rutkowski, A., Validation Results
for LEWICE 2.0, NASA/CR-1999-208690.

[23] 2006, Beaugendre, H., Morency, F. and Habashi, W.G,
"Development of a Second Generation In-Flight Icing
Simulation Code," Journal of Fluids Engineering, Vol.128,
No.2, pp.378-387.

[24] Nakakita, K., Nadarajah, S. and Habashi, W., "Toward
Real-Time Aero-Icing Simulation of Complete Aircraft via
FENSAP-ICE," Journal of Aircraft, Vol.47, No.1, pp.96-109.



