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Outline 

Introduction of the Research Center for Aircraft Core Technology 

In-flight icing and certification of aircraft & rotorcraft  

Sensible Use of CFD & icing wind tunnel for in-flight icing 

Looking ahead 

Aerospace Computational Modeling Laboratory 

http://acml.gnu.ac.kr  
Research Center for Aircraft Core Technology 

(2017-Present) http://actrc.gnu.ac.kr 
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Learning by doing 

ACTRC and its vision 

ACTRC aims to revitalize the spirit of “learning by acting (and doing)” 

in the aeronautics research by tackling directly the crux of 

unsolved problems in composites and safety-related core systems 

of aircraft. 

ACTRC with annual budget of US$2.7M consists of three core 

research groups (12 professors from GNU, UNIST, KAIST, SNU; 12 

domestic partner companies; 13 foreign partner institutions). 

Ultimately, ACTRC envisions the development of the critical linchpin 

technology upon which the domestic aircraft industry will hinge. 

Linchpin 
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Group I research (tackling de-lamination) 
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Group II research (tackling icing and certification) 
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Group III research (tackling upset) 

Increasing! 

AF447 ADS Malfunction (2009)  

B-2 ADS Malfunction (2008)  

ADS: Air Data System  
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Ice accretion on air data probe 

Movie: Altitude IWT (National Research Council, Canada) 
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International collaboration in in-flight icing 

International collaboration and 

professional course (2010)     

in in-flight icing certification 

W. G. Habashi (McGill) 

A. Pueyo (Bombardier) 

R. S. Myong (GNU) 
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In-flight icing: a critical safety issue 

• Icing is an atmospheric phenomenon which deserves adequate protection of 

aircraft.  

• Icing is a key certification issue related to aircraft safety.  

• Need to predict  most critical icing conditions and the resulting ice shapes within 

the flight and certification envelopes. 

• Anti-icing systems: Prevent the ice from forming/adhering 

• De-icing systems: Remove the accumulated ice before incurring significant 

aerodynamic penalties 

Effective use of CFD for in-flight icing certification, Professional Development Course, GNU, 2010. 
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In-flight icing: aerodynamic & propulsive effects 

• Loss of aerodynamic performance & degradation of handling qualities 

  Decrease of CLmax and lift (thrust in case of rotorcraft) 

  Increased drag due to roughness and flow separation 

  Reduced stall margin (lower AoA to stall) 

  Increased weight and shifted center of gravity 

  Stability and control problems from asymmetrical roughness 

• Blocking engine inlets and internal ducts (if ingested, it can damage 

components and cause power fluctuations, thrust loss, rollback, flameout 

and loss of transient capability.) 

• Engine damage by ice crystals at cruising altitude 

• Incorrect readings for instrumentation (ex. air data system)  

• Visibility problems for windshield 

• Ice shedding 

Key difference with aerodynamics: 

Effect of icing like CLmax reduction, 

not itself (less interested in the 

exact ice shape) 
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Atmospheric icing fundamentals 

Cf. The LWC is defined as the mass of water 

(contained in liquid cloud droplets) within a 

unit volume of cloud, usually given in grams 

of water per cubic meter of air, g/m3 (0.2~3.0 

in typical icing). 

Atmospheric ice accretion depends on 

 

Point of operation (location, altitude etc.) 

Geometry of aircraft 

Relative velocity 

Atmospheric temperature 

Droplet diameter size 

Liquid water content (LWC)  

Key difference with aerodynamics: 

Involvement of droplet with surface tension 

& evaporation/freezing possibility 
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Aircraft Icing: certification envelope 

 

  

Appendix C comprises 3 sets of curves: 

- Curves relating droplet size to temperature & LWC 

- Altitude  vs temperature envelope 

- A curve relating LWC to cloud horizontal extent 
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Ice shape type as a function of icing conditions 

65 m/s = 126 Kt; 263 K = 14 F 
0.6 g/m3, 20 μm 

Classified as glaze ice! 

Dickey, T. A., “An Analysis of the Effects of Certain 

Variables in Determining the Form of an Ice Accretion,” 

AEL 1206, Naval Air Experimental Station, 1952. 

0.5 g/m3, 15 μm 

Key difference with aerodynamics: High 

uncertainties in ice density & roughness 

Rime 

Glaze 

( )2
T = + M TStagnation Freestream1 0.2
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Icing wind tunnel (US NASA Glenn IRT & China) 

Movie: Recent IWT (CARDC, Mianyang, China)  

• Airspeeds 50-400 miles/h with 6’x9’x20’ 

test section 

• Temperatures as low as -40F and 

controllable within 1F 

• Droplet sprays of sizes 15-40 micrometer 

• LWC 0.5-2.5 g/m3 

• Icing tunnels not capable of reproducing 

the entire Appendix C 

• Most icing tunnels not capable of 

simulating altitude effects 

• Icing scaling laws necessary to achieve 

the same catch rates and water 

distributions (including for the internal 

flow related to ice protection systems), 

but very complicated, which is a key 

difference with aerodynamics. 
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Aircraft in-flight icing: critical role of certification 

FAA Appendix O (Nov, 2014) for FAR 25: 

SLD (Supercooled Large Droplet) 

Stick Rebound 

Spread Splash 

American Eagle 4184 Accident 
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Aircraft in-flight icing: IPS (Ice Protection System) 

Wing 

Air intake 

Inlet 

Air intake 

Inlet 

Windshield 

Windshield 

Windshield 

Pitot 

Pitot 
Pitot 

Rotor blade 

Wing 

Power density 
Mat sequences 
On/off times 

Impulse Hot air 

Piccolo tube 

Heat mat 
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Ice Protection System: bleed air vs electro-thermal 

Electro-thermal IPS 

Boeing 787 

Hot air IPS 

Most of transport airplanes 
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Korean Utility Helicopter program 2015-2018  

Movie: Korean Surion Helicopter 
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Pitot-type air intake and anti-icing system 

• The Pitot-type air intake (with good total pressure recovery) 

requires an (electro-thermal) anti-icing system. 

Total pressure recovery 

Distortion 

Foreign object impact 

 

Icing (ice ingestion 

130 g for 2 minutes) 
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Icing wind tunnel model design of engine intake 

• Korean Utility Helicopter program (through Korea Aerospace 

Industries Ltd.). 

• Also in association with National Aerospace Laboratory of the 

Netherlands (NLR; icing wind tunnel model design). 

Anti-icing  system 

(Electro-thermal ) 
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Test model of electro-thermal anti-ice system 

National Aerospace Laboratory of the Netherlands  

Courtesy of Korea Aerospace Industries LTD (KAI) (2011) 
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Icing wind tunnel testing 

CIRA (Italian Aerospace Research Centre), 

CAPUA, Italy 

1~2 cases / day; each case costing five 

digits $ (December, 2011) 

Item Specification 

Test Section Size 
2.35 m (H) x 3.6 m (W) x 

8.30 m (L) 

Tunnel Type Closed Circuit 

Power 4.0 MW 

Maximum Velocity 80 m/s (155.5 kts) 

Mach Range 0.25 

Temperature -32 ℃ 

Pressure Altitude 7000 m (22,965 ft) 
Courtesy of Korea Aerospace Industries LTD (KAI) (2018) 
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Icing computational simulation 

• Validation of icing CFD (FENSAP-ICE) prediction (heat-off mode) 

The upper parts of intake with largest ice accretion. 

Narrow region with small ice accretion between these parts. 

Numerical and experimental investigation of ice accretion on a rotorcraft engine air intake, Journal of Aircraft, 

Vol. 52, No. 3, pp. 903-909, 2015 
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Icing certification campaign (rotorcraft case) 

R. Aubert, Bell Helicopter, 2013 

(Helicopter Icing Spray System) 
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Icing certification campaign (Korea Surion case) 

Natural & HISS tests 

Two seasons (2015-16 & 2017-18) 

Michigan, US 

KUH 

Surion 

CH-47 

Chinook 
C-12 

Courtesy of Korea Aerospace 

Industries LTD (KAI) (2018) 
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Icing certification campaign: failure & 2nd full effort 

A critical redesign of IPS 

Clearance of ice 

shedding of 

windshield & wiper 

Higher surface temperature 
More time for evaporation 
Longer distance for evaporation 

Season 

2015-16 

Season 

2017-18 

Courtesy of Korea Aerospace Industries LTD (KAI) (2018) 

Removing 

runback ice 

on intake 
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Icing certification campaign: lessons learned 

• Sensitivity of impingement limits to MVD in engine intake 

• In rotor, time-scheduling of de-icing critical 

• Large variation of temperature sensor (in order of 10 C) 

• Importance of HISS (limitation of IWT by lack of engine heat transfer) 

• Challenges of computational icing prediction (previous experimental 

data tailored to NASA-LEWICE, lack of thermal property of complex 

composite material) 

Ex. MVD 20 vs 30 μm 

LWC 0.6 g/m3 

Temp -10◦C 

 

Courtesy of Korea Aerospace Industries LTD (KAI) (2018) 
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Structure of GNU unified solvers based on FVM 

Mesh Generation Clean Air Solution 1-Shot Droplet (SLD) 

Mesh Movement Conjugate Heat Transfer Ice Accretion 

Effective use of CFD for in-flight icing certification, Professional Development Course, GNU, 2010. 
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Mathematical equations for multi-disciplinary physics 

Equations for clean air 

Equations for droplets 

Equations for ice accretion 

Equations for conductive 

heat transfer 
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A unified solver for 

clean air, droplet 

impingement, ice 

accretion, and 

aerodynamic 

analysis of ice effects 

were developed 

based on an 

unstructured upwind 

finite volume method. 

Shear stress 

Heat flux 

Droplet impact velocity 

Collection efficiency 

( ) ( / ),   ( )s p t s sC H T k TT        Q Q

Conjugate (convection-

conduction-convection) 

heat transfer 
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Air flow and droplet fields on a multi-element airfoil 

Very complicated flow-fields: Improper modeling of droplet could easily result in a numerical break-

down due to the strong circulation and flow separations on the slat and the main element cove. 

Substantial difference between air streamlines and droplet trajectories 
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Ice accretion on a multi-element airfoil (SLD) 

MVD 30 Non-SLD 

No leading edge ice formed on the suction side of the main element for the SLD condition, 

leading to a significant reduction in loss of performance. This runs counter to previous studies 

on iced single element airfoils, in which the aerodynamic performance loss was higher for 

SLD icing conditions. 

MVD 154 SLD 
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Future research topics 

• Further study on icing physics (ice density, evaporation, roughness, 

runback ice, SLD, ice break-up, ice-shedding etc.) 

• Full 3D ice accretion and unsteady anti-icing simulation 

• Integrated high-fidelity simulation (rotor + fuselage + intake) 

• Thermal DB of complex material 

• New fundamental experimental study using IWT for validation of 

prediction tools (Tailored to modern CFD code, SLD, oscillating 

airfoil, etc.) 

• Innovative IPS & ID and extension to UAV & wind turbine 

• More accurate IWT method (scaling method) 

• International collaborative exploration on aircraft icing 
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Aircraft icing vs wind turbine icing 

Aircraft Wind turbine 

General Sudden, fatal, short, 

expensive 

Unavoidable, gradual, long, remote 

Cloud 0~12km 

Supercooled large droplet, ice 

crystal 

Uniform freestream 

0~250m from the ground 

Freezing rain & drizzle 

 

Turbulent shear boundary layer 

Iced area Leading edge Leading edge and other areas 

Ice sensor Non-shadow region Tip of blade (not nacelle) 

Exposed 

time 

45, 30, 45/2 minutes Hours/days 

Anti/de-ice Hot-air, boot, electro-thermal 

Retrofittable 

Hot-air, boot, electro-thermal 

Natural (using centrifugal force) 

Surface ice Instability due to asymmetric 

roughness  

Fatigue 

Instrument Pitot tube malfunction Anemometer/wane vane malfunction 

Life time 30 yrs 15~20 yrs 
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