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A snow-covered plane stands at the Munich Airport.

(Karl-Josef Hildenbrand / picture alliance / Getty Images) https://www.foxweather.com/weather-news/germany-munich-snowstorm
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Overview

Management Committee
<<< % SAFRAN
) ; CUAMV——

[ WP1 Project management and governance AlRBUS]

& AIRBUS S LEONARDO
[ WP2 Dissemination & exploitation /4RTHC ] reneerTER

#7 4%| DASSAULT
DLR
3D App C Stream App O Stream Snow Stream ,/O&—Al\\ AIRBUS
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[ WP3: Consolidation of specifications & test plans. Test follow-up "’: LEONARRDO ]
[T [T

WP4: Instrumentation for liquid icing conditions 4#7 WP? Instrumentatlon f(?r show
DLR & microphysical properties

Task 11.3 Objective

Implement the snow models and learnings into the
computational chains of the industrial partners &
cross check the results from the different
computational chains

Vi CirmtcWincTurrel

[ WP8: Wind tunnel tests preparation and performance for liquid icing and snow conditions

[ WP9 Numerical capability development for liquid icing conditions ONERE WP10: Numerical capability TECHNISCHE

i [ development for Snow DARMSTADT,

[ WP11: Numerical tools validation in industrial environment % SAFRAN

°Z

WP11 Tasks definitions :

= Task 11.1 : Validation of App. C numerical capability in industrial environment.

= Task 11.2 : Validation of App. O numerical capability in industrial environment.

= Task 11.3 : Validation of Snow numerical capability in industrial environment
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Test Cases

Dot2 | case (Tmﬁ) f‘g "("u"r"n'; (;}’r‘:f,,) LWR z(eg'}:ts‘; ¥ 3 Data bases used during the ICE
TR167 40 24 | 1700 0.7 |0.45 GENESIS (CSTB, RTA & NRC)
TR230 40 -0.3 2400 1.1 0.45 i . . .

4

NRC ross o 5 | e 52 Toas| 13 7 4 more test cases W|th heated airfoil,
TR268 40 0.3 | 1100 1.4 |0.45 snow updated simulations currently
TPO7 40 -3 616.5 0.33 0.15 160 in progreSS
TPO8 40 -3 698.8 0.49 0.3 280 |
TP09 40 -3 744.7 071 045 480 7 Green Test cases are additional
TP11 40 -3 NA 0.38 0.3 280

RTA TP12 40 -3 NA 0.61 0.45 480
TP19 40 -3 697.4 0.44 0.3 280
TP20 40 -3 740.9 0.58 0.45 480

40 -3 747.8 0.41 0.3 280

TP22 40 -3 NA 0.23 0.15 160
Run403 46 -3.2 96 5.08 0.33
Run405 46 -5.2 96 3.22 0.12
Run407 46 -7.2 96 3.21 0.15

C5TB Run903 94 -3.2 96 3.73 0.36
Run905 94 -5.2 96 3.04 0.22
Run907 94 -7.2 96 2.93 0.23
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Overview of ICE GENESIS implementation on Ge’s simulation chain

Solver Framework at GE

Particle Transport — FENSAP drop 3D
Particle Impact — FENSAP drop 3D
Ice Accretion (ICAT tool)
« Erosion & Sticking Eff > MUSIC HAIC
ICI

Update solver with findings & models from D10.2

Eulerian Modelling

= Sticking eff & Erosion coefficient from Onera as
starting point but not used

= In house tunning of ICI Onera sticking eff Model

* In house tunning of ICI NRC Erosion model

Lagrangian Modelling snow

Particle Transport
(ANSYS CFX)

Particle Impact

Holzer and Sommerfeld model for drag with 3D
descriptors from in situ data (Flight Test)

= Snow Break Up Threshold (TUDA)

(ANSYS CFX)

"

Melting (ANSYS CFX)

* Left Truncated break up distribution (TUDA)
= Graupel Factor from AIT data base

P1 & P2 models of mNS model

Not addressed

ICE ¢
GENESIS ¢

TRL5 Snow Numerical Capability

Data used for validation

NACAQ0Q012 Ice Thickness, Data from
CSTB, RTA & NRC

Terminal Velocity from MASC ground
measurements

+  TUDA secondary re emitted particle test
+ AIT fragmentation

TUDA melting particle Results Not addressed



Snhow Numerical capability

Fragmentation : CFX implementation

From D10.2 TUDA :

* Break Up Threshold in function of min dendrite length based on Hauk Particle Fragmentation Histogram

et al. =——lnlet === ICEGENESIS model  —— Experimens
» Particle break up distribution for Aggregate particle
Graupel break up investigation based on AIT database (+50
particles)
AIT data base shows graupels breaks “less” than aggregates

AIT data base used to derive constant factor to scale aggregate break up
diameter distribution proposed by TUDA on D10.2

Fragmentation distribution implemented in CFX, validated with a
simple flat plate model
Further Validation is planned with more complex engine model
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1.0000
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0.0000 -

Normalized Cum. Volume

Frag'g‘;“gtrgézz mm] ey D_out [mm]|Cumulative 0.00 1000.00 2000.00 3000.00 4000.00 5000.00 6000.00
0.087 0.070 0.25 e Particle Diameter [um)
0.130 0.126 0.5
0.198 0.232 0.75
0.383 0.370 0.95 . . , ,
Figure from D10.2 Aluminum target impacting
0.650 0.490 0.99

onto levitated snowflake (1 m/s impact vel)
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Drag : CFX implementation

25

Drag model:
* Holzer and Sommerfeld model for drag with 3D descriptors from

in situ data (Flight Test) I

* Implementation in CFX studied with simple snowfall simulation
for terminal velocity
» Flight models implemented (All Fligth data & Per Morphology)

Terminal Vel [m/s]

Validation :
 D10.1 TUDA Natural and Artificial snow & D10.2 Multi Axial
Camera for Aggregates are higher than simulated terminal .
velocity

» Data from Table 2 [1] with different morphologies are in range of
simulation

* Full data set of MASCDB must be used to evaluate Terminal
velocity

Drag Models Implementation

. W Table 2 Roy M. Rasmussen, etal

¢ D10.2 MASC (ONERA / AlH)

» e D10.1 TUDA Natural and Artifical

m D10.1 TUDA Printed
. o= |CE GEN All

* = = RimedAggregates

*

= Fragile Aggregate

— Compact Particles

-
~ At PSR AeRTRS S @

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
Mean Particle Diam [m]

« ICE GENESIS models implemented shows good trend, especially vs Table 2 [1]
* Further validation with MASCDB is required for other morphologies

* : [1] “The Estimation of Snowfall Rate Using Visibility”, ROY M. RASMUSSEN, JOTHIRAM VIVEKANANDAN,
ICE N AND JEFFREY COLE, National Center for Atmospheric Research, Boulder Colorado, 1998

GENES/IS TRL5 Snow Numerical Capability




Snhow Numerical capability

RTA &NRC CASES (unheated)

Sensitivity studies FENSAP drop 3D

Particle types Mk Thiaes e i

Density of snow particle for CSTB data base g ‘

Aspect Ratio to match test impingement limits
CSTB =0.8

—_—>
RTA =0.6 ~
* Aspect Ratio assumed for NRC at 0.6 - -
Sticking Efficiency & Erosion
« Empirical Implementation Maxic Thicknss () e

Tune Sticking Efficiency and Erosion to match max
ice thickness reported at each test case

Sticking Efficiency & Erosion = fnc ( Melt Ratio)
CSTB data max ice thickness not included in tunning
exercise but simulations executed afterwards showed
overall reduction on error at max ice thickness

GENE,;%- ? TRL5 Snow Numerical Capability co 10



TP14 - Test Case
0.06

— Origina Airfo

TP15 - Test Case
0.06

— Criginal_Airfo E ce_thick_shape_ICATVE E -* ¢
ce_thick_shape_ICATVE - ® Max Tickness- Experiment  >= 0,
& Max Thicknes - Experiment
V06 .06
X [m] X [m]
TAS SAT MMD TWC Density
Case = LWR

(m/s) (°q) (um) (8/m?) (kg/m?)
NACA04 60 -4.3 250 0.62 0.45 480
TP13 40 -3 619.4 0.32 0.15 160
TP14 40 -3 702.2 0.43 0.3 280
TP15 40 -3 764.2 0.61 0.45 480

In the absence of heating power of heaters, the surface temperature was used to compute wall heat flux.

To enable the use of Thermal conduction solver for more accurate modeling of heat flux in heated scenarios, heating

power is required that is currently missing.

ICA] snow model for heated scenarios is still a work in progress towards inclusion of heated cases in D11.3.

ICE ¢
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Snhow Numerical capability

tools:
= Rolls-Royce Modelling Framework
HYDRA system (in house tool) Y YDRA oystom)
. Rolls-Royce previous icing setup : D10.2 Models and formulations used to update
HYDRA — In house CFD solver (HYDRA system) i in-house modelling setup
- turbomachinery and external aerodynamics i

Implicit/Explicit with Multi-Grid.

- Multi-Stage with mixing / sliding planes.
- Water vapour transport and thermodynamic Particle Transport (Lagrangian Model — SS02)
model.

Ice particle trajectories (Drag)
« SS02 - 3D Lagrangian Tracker which handles
multi-stage turbomachinery cases.
- Lagrangian Tracker — currently using explicit
Runge Kutta 4/5 scheme.
- 2-way Coupling with CFD Hydra Model

Ice impact formulations

Heat and mass exchanges with surrounding gas

Sticking efficiency

Secondary re-emitted particles

Ice accretion

Not addressed yet

GENE,%E TRL5 Snow Numerical Capability co 13



ROLLS

HYDRA capability evaluation

«  Effect on mesh type and mesh refinements

Table 3 Test conditions and LE growth rates for wet snow accretion points: unheated airfoil, ADA=0°, sea level, vol% water=7% and TAS = 40 m/s

vl Cw20 Dw30 Cnvdd Dw50f D60 D70 DvB0 L0 D100 Particle LE ice

« Particle size (distribution) and bulk density e | e, | TWCE sy || e grown Fh e
ang. a 9 q q TR X006 Hm (0.0 rate @ X0 ormalized
«  Sensitivity of data to sticking and porosity § 01 g/
s % gfm3 mim mim mmm mm mm mm mm mm mm mm -] mm,l‘min. mm_,f’min_
167 -2.4 589 0.7 10 13 14 18 17 18 20 22 26 44 4782 0.74 0.83
NRC teSt cases 230 0.3 57.1 11 14 17 20 22 2.4 27 3.0 35 43 89 3504 0.79 078
* CO”eCtIOn effICIenCy (ICe + Water depOSItlon 255 -0.3 69.4 22 0.93 12 15 17 2.0 25 33 43 6.5 7.2 3690 118 0.82
rate) after 8 to 12 mInS 268 -0.3 66.8 14 0.55 0.72 08 10 11 13 16 25 39 50 2041 0.69 0.57

« 3D modelling, 1D extraction
« Parameter used
- Density
- Bulk density set to be to 517 kg/m?
- Assumption is that all water and ice freezes at a combined density of 917 kg/m3 (ONERA model presumes a porosity of 0.5)
- Aspect Ratio = 0.6
- Sticking Efficiency & Erosion = Melt Ratio = 0.45
« 2D thin film solver (2D) for shallow water

ICE [
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Airbus Helicopter
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Snhow Numerical capability

AIRBUS

IGLOO2D capability evaluation

* Mesh effect (structured / unstructured)

* Numerical parameter effect (multi-step, smoothing)
* Ice density & Particle size effect

» Particle distribution effect

» Optimization of sticking / erosion model coefficients

ICE &
GENESIS &

RTA NRC CSTB
TPO7 (dry) TR167 R403
TPO8 (medium) TR230 R405
TP09 (wet) TR255 R407
TP11 (medium) TR268 R903
TP12 (wet) R905
TP13 (surface temp) RO07
TP14 (surface temp)
TP15 (surface temp)

TP19 (medium)

TP20 (wet)

TP21 (wet)

TP22 (medium)

common test cases
not computed

additional test cases

NACAO04 (surface temp)

TRL5 Snow Numerical Capability
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AIRBUS

Evaluation of the performances : : : : :

1

o ) ) 010 | ! E—— 1
« The validation method is derived from NASA e
s—a INTERPOLATE
« The geometrical characteristics usually considered for vos | U e i
comparison with experimental ice shapes: ice accretion limits, o — xp iPe:t
. . . -_— X ex
horn angles, ice thickness, mass of ice — xp int
. . o . . . i; 0.00 F LIM / LIA, UIM / UIA, TIM / TIA T EE:i:i:gz Epstag ]
« For snow: ice accretion limits, ice thickness, mass of ice B : PC V1.1.08 EPint
e PC V1.1.08 EPext
. . DHA ; ! PC V1.1.08 Xext
« an ERROR can be defined for the considered parameters as 005 | i LiL PCV1.1.08 Xint ||
well as a global SCORE representing how good the calculation LHA
is compared to the experimental results
—0.10 | 1 | | I | 1 I I ]
-0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25
x/c (-)
ICE ¢
: TRL5 Snow Numerical Capability cO 17
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AIRBUS

Optimization of sticking / erosion model coefficients ﬁ RTA TPO8 (medium) "

*  ONERA setting (sticking = 1.28 / erosion = 0.65 ; AR =1) Zo
* Node smoothing
 AH approach on RTA database
- Mapping & preliminary optimization for dry, medium, wet snow
- Global optimization pending
* Global improvement observed

Sticking coef [-]

RIS ARLL K1 1R LR T U % GRS D1 I MR MELE K12 Y0

| TPO9 wet - §fff¥§!;,,

TPO7 dry e « TPO8 rrlle.dium. e '
SCORE RTA NRC CSTB ALL ON: 49.1/ AH: 709 ON: 67.1/AH: 84.1 ON-163- 9L AR 789
ON 63.2 28.9 26.5 44 4
setting
AI.-I 67.4 45.8 19.0 47.6
setting ( | | | | v
GENE.;'ESE ? TRL5 Snow Numerical Capability CO 18



AIRBUS

Ice density & Particle size effect

 AH setting (sticking = 0,5 / erosion = 0.5)
* No smooting

* RTA database
- RTA MMD and pice

- CNRS MMD and Rogers 1974 Py

wet

- DLR MMD and Rogers 1974 Picec@r

WELOOZE v2.LES AHD.L f ATA_TPOE

WELO0ZE v2 105 AHDL / ATA_TPOS

=)
CNRS DLR
REDRS RTA dry/wet dry/wet
AI.-I 67.0 64.1/62.8 67.3/66.8
setting

—0.00 .00 0.05 0.10 .15 0.20
®IC ]

» Limited influence of MMD and pice on RTA database

iCE
GENESIS f?

MMDgra = 699mic ; prra = 280kg/m?3
MMDyrs = 332MiC ; Penrs_ary = 912kg/m?3
MMD¢prs = 332mic ; Penrs wet = 917kg/m?®
MMDp, g = 695MiC ; PpiR wet = 268kg/m?3
MMDp, g = 695miC ; Ppir wet = 917kg/m?3

TRL5 Snow Numerical Capability

MMDgrp = 744mic ; pgra = 480kg/m?3
MMDyrs = 255micC ; Penrs_ary = 667kg/m3
MMDprs = 255miC ; Penrs wet = 917kg/m?®
MMDp, g = 614mic ; PpiR wet = 277kg/m?3
MMDp, g = 614mic ; PpiR wet = 917kg/m?3

CO 19



AIRBUS

MSD effect

* AH setting (sticking = 0,5/ erosion = 0.5)

* Node smoothing

+ RTA database
- RTA pice and MMD
- CNRS MSD and Rogers 1974 pice (dry/wet)
- DLR MSD and Rogers 1974 pice (dry/wet)

RTA CNRS PSD DLR PSD
REORE Monoclass dry/wet dry/wet
AH 67.4 66.7/67.3 | 67.6168.0
setting

* Limited influence of MSD (11-bin) on RTA database

GENE,;%- ? TRL5 Snow Numerical Capability co 20
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NRC test run 167

NRC test run 230

AIRBUS

60 60
e G 267" e s 2 11 e Leading Edge Max Ice Thickness
a0/ a0 oat -1 » All Partners : Acceptable prediction on L/E for cases TWC<2.2
s « All Partners : Overprediction of L/E max ice thickness on TWC
20 ///’ 20 /,// >22
oy /
— Rawmown e
0 :\ oo | B R Ice Accretion Limits (Upper and Lower)
X\ \ Experimn S \\ * GE : not matching, further studies on AR and runback behavior
0 N 01 AN « AH & RR : good match
* = S _\\:'\‘\\::\\\
-40 = = —40 . ) S
S| | Ice Shape
o * GE : not matching on TWC > 1
—60 T T —60 T T T T T
=) O e 00 W 4w @ 0 « AH & RR : Overall good match except on case TWC > 2.2
- NRC test run TR255 . NRC test run 268
MMD (micron) = 2000 MMD (micron) = 1100 —
TWC (g/m3) =22 - s TWC (g/m3) =1.4 .
Duration (sec) = 540 ) — /;);.;;;'/' Duration (sec) = 480 s Py
40 1 - /"/ = 404 5 _— T
201 g /' T 20 4 ; {/ -
s / /S 2
/< / e /
01| T 01 L
\ \ \__\“;
-20 \ s N —20 4 \\
N S
\,_::_ ::_\:\ ~ ;.\__\‘-
-40 > S -40 *a-: —
%0 —IZD 0 20 40 50 80 100 o0 —IZD 6 ZIO 40 E;O SIO 100 Numerlcal Capablllty CO 22




Conclusions

Conclusions

Prior to ICE GENESIS there was few resources that allowed a good capability on snow simulations. Current work shows
the significant improvement based on extensive testing and modeling made on the ICE GENSIS framework.
All industrial partners have implemented on their simulation chain successfully learnings from the program

Next Steps

» Further optimization of sticking / erosion model coefficients needed

» Shattering, Bouncing, sticking, erosion, shedding, saltation phenomena to be further investigated

« Only 2D database for validation. Additional data covering a larger range for parameters of interest would be welcomed
(LWR, RH, Speed,...)

» 3D application limited to functional assessment. Test on representative 3D industrial configurations to be performed

GENE,;%- ? TRL5 Snow Numerical Capability co 23
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AIH/GE/RR cross-comparison on NRC database — NRC TR167
Simulation Comparison with each industrial partner

= Good prediction of ice thickness at the L/E for both AIH and GE, slightly NRC - Test Run 167
underprediction on RR

= Better overall prediction of the ice shape with AIH IGLOO2D simulation 40 -

—— Clean profile
o Experience

= Behavior in line with approach used for optimizing sticking / erosion model

coefficients E 0 —— AIH (IGLOO2D - V2.1.06)
> —— GE (ICAT & ANSYS CFX )
GE: ice thickness at the L/E 0 —_
—40
AH: ice thickness at the L/E, ice accretion limits, total, upper and 6o

lower ice surface .
—40 —|20 tl) 2|D 4|0 6ID BID l(l){] lI_;U lf-llﬂ lé[} lé[} 200
X (mm)

GENE,;%- ? TRL5 Snow Numerical Capability co o5



Simulation Comparison

AIH/GE/RR cross-comparison on NRC database — NRC TR230
= Acceptable prediction of ice thickness at the L/E for both AIH and GE

= Better overall prediction of the ice shape with AIH IGLOO2D simulation

Simulation Comparison with each industrial partner

= Behavior in line with approach used for optimizing sticking / erosion model NRC . Test Run 230

coefficients

GE: ice thickness at the L/E

AH: ice thickness at the L/E, ice accretion limits, total, upper and ] T o
lower ice surface E 0 —— AIH (IGLOO2D - V2.1.06)
= — GE (ICAT & ANSYS CFX )

— BRR

_60 -

_80 T T T T T T T T T T T
-40 -20 0 20 40 60 80 100 120 140 160 180 200
X (mm)

ICE [
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Simulation Comparison

AIH/GE/RR cross-comparison on NRC database — NRC TR255

Simulation Comparison with each industrial partner

*  Over-prediction of ice thickness at the L/E for both AlH and GE NRC - Test Run 255
80
60 -
40 -
20 —— Clean profile
£ Experience
£ 0 —— AIH (IGLOO2D - V2.1.06)
= —— GE (ICAT & ANSYS CFX )
—20 - —— RR
—40
_60 -
—80

T T T T T T T T T T T
-40 -20 0 20 40 60 80 100 120 140 160 180 200
X (mm)

GENE;'ESE? TRL5 Snow Numerical Capability CO 57



AIH/GE/RR cross-comparison on NRC database — NRC TR268

Acceptable prediction of ice thickness at the L/E for both AIH and GE

Better overall prediction of the ice shape with AIH IGLOO2D simulation

Behavior in line with approach used for optimizing sticking / erosion model

coefficients
GE: ice thickness at the L/E

AH: ice thickness at the L/E, ice accretion limits, total, upper and 20 -

lower ice surface

ICE ¢
GENESIS &

Simulation Comparison with each industrial partner
NRC - Test Run 268

—— Clean profile
o Experience
—— AIH (IGLOO2D - V2.1.06)
—— GE (ICAT & ANSYS CFX )
— RR

Y (mm)
(=]

_60 -

_80 T T T T T T T T T T T
-40 -20 0 20 40 60 80 100 120 140 160 180 200
X (mm)

TRL5 Snow Numerical Capability CcoO 28



Snhow Numerical capability

Sensitivity studies FENSAP drop 3D
« Particle types
* Density of snow particle for CSTB data base

« Aspect Ratio to match test impingement limits CSTB CASES (unheated)
CSTB=0.8
RTA - O . 6 csth 513 kg/m3 Cases ONERA esth 513 kg/m3 Cases ICEGEN V2 EROSION

Max lce Thickness [mm] Max Ice Thickness [mm]

» Aspect Ratio assumed for NRC at 0.6

Sticking Efficiency & Erosion

« Empirical Implementation

» Tune Sticking Efficiency and Erosion to match max
ice thickness reported at each test case

» Sticking Efficiency & Erosion = fnc ( Melt Ratio)

« CSTB data max ice thickness not included in exercise

CSTB data simulated with updated model and density = 513 kg/m3, data is still off
but showing good trend

GENE;'ESE? TRL5 Snow Numerical Capability CO 9



Y (mm)

Y (mm)

—60

-80

—60

—80

Simulation Comparison with each industrial partner
NRC - Test Run 167

MMD (micron) = 1700
TWC (g/m3) =0.7
Duration (sec) = 720

Clean profile

o Experience

AlH (IGLOOZD - V2.1.06)
—— GE (ICAT & ANSYS CFX )
— RR

-40 -20 0 20 40 60 80 100 120 140 160 180 200

X (mm)

Simulation Comparison with each industrial partner
NRC - Test Run 268

{TWC (gim3) =1.4

MMD (micron) = 1100

Duration (sec) = 480

Clean profile

o Experience

AlH (IGLOO2D - v2.1.06)
—— GE (ICAT & ANSYS CFX )
— RR

-40 -20 0 20 40 60 80 100 120 140 160 180 200

X (mm)

Y (mm)

Y (mm)

Simulation Comparison with each industrial partner
NRC - Test Run 230

80
MMD (micron) = 2400
601 TWC(g/m3)  =1.1
Duration =660
40 =5
201 Clean profile
o Experience
01 AlH (IGLOO2D - v2.1.06)
—— GE (ICAT & ANSYS CFX )
—20 - — RR
-40
_60 -
-80 T T T T T T T T T T T
-40 =20 0 20 40 60 80 100 120 140 160 180 200
X (mm)
Simulation Comparison with each industrial partner
NRC - Test Run 255
80 T"MMD (micron) =2000
60 TWC (g/m3) =22
Duration (sec) = 540
40
204 Clean profile
o Experience
01 AlH (IGLOO2D - v2.1.06)
—— GE (ICAT & ANSYS CFX )
—20 - — RR
-40
-60
-80 T T T T

T T T T T T
—40 =20 0 20 40 60 80 100 120 140 160 180 200

AIRBUS

Leading Edge Max Ice Thickness

» All Partners : Acceptable prediction on L/E
for cases TWC<2.2

* All Partners : Overprediction of L/E max ice
thickness on TWC > 2.2

Ice Accretion Limits (Upper and Lower)

* GE : not matching, further studies on AR
and runback behavior

« AH & RR : good match

Ice Shape

* GE : not matching on TWC > 1

« AH & RR: Overall good match except on
case TWC>2.2

CO 30
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