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1.  GLOSSARY 

 

Abbreviation / Acronym Description/meaning 

AOA Angle of attack (°) 
CFD Computational Fluid Dynamics 
DLR Deutsches Zentrum für Luft- und Raumfahrt 
FAR Federal Aviation Regulations 
HTC Heat Transfer Coefficient 
HUM HUMidity (%) 
IB Immersed Boundary 
IWC Iced Water Content (g/m3) 
LE Leading Edge 
LES Large Eddy Simulation 
LWC Liquid Water Content (g/m3) 
LWR Liquid Water Ratio (%) 
D.I.S. Dragon Ice Suite (BOMB icing tools) 
NASA National Aeronautics and Space Administration 
MS or M/S Multi-Step 
MMD Median Mass Diameter (µm) 
MVD Median Volumetric Diameter (µm) 
PC or P/C Predictor-Corrector 
RANS Reynolds-Averaged Navier–Stokes equations 
TAS True Air Speed (m/s) 
TE Trailing Edge 
TRL Technology Readiness Review 
TWC Total Water Content (g/m3) 
SAT Static Air Temperature (K) 
SLD Super Large Droplet 
WP Work Package 
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2. EXECUTIVE SUMMARY 

Mathematical models have been developed to describe Supercooled Large Droplets (SLD) or Snow 
behaviour and features such as follows: 

• Splashing, bouncing, and re-emission phenomena for SLD (WP9 activities) 

• Drag, melting, sticking, or erosion for snow (WP10 activities). 
Also, automatic 3D remeshing processes have been developed in the work package 9.  
Its outcomes have been tested in the work package 11. The activities were split into 3 parts: 

• 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 
 
For each task, the work carried out is summarized below: 

• Update the in-house tools of the industrial partners with the numerical models developed in 
the work package 9 or 10 
or 
transfer the tools from the academic partners to the industrial partners and integrate them in 
the industrial environments. 

• Perform simulations and validate the numerical models on: 
o Common test cases (defined for each task). They had to be simulated by each 

industrial partner involved in the task. 
o Industrial test cases (one or several), like 3D swept wing or engine inlet (only for liquid 

icing). 

• Define best practices related to the use of numerical tools. 
 
To achieve these objectives, the activities differed according to the nature of the partners involved. 

1. Academic partners activities: 
Their activity consisted in supporting the activities of industrial partners using their tools. Technical 
support was provided to install simulation tools in industrial IT environments. They also supported 
them to solve potential difficulties during the simulations. 

2. Industrial partners activities: 
After simulations, the first activity was to cross-check the results from the different computational 
chains. All industrial partners had to ensure that they had simulation tools with a level of maturity at 
least equivalent to those delivered in WP9 or WP10. Moreover, each partner had to define the best 
practices associated to their tools to ensure an appropriate level of accuracy and robustness. 
The second activity was to validate the numerical tools on test cases representative of industrial 
applications: engine inlet, 3D swept wing or rescue hoist. These activities were necessary to assess the 
level of maturity of the tools (TRL) and confirm that the tools meet the needs of industrial partners. 
Lastly, the industrial partners provided feedback to the academic partners on the use of their codes 
and the added value of the new numerical models developed in WP9 and WP10. 
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3. INTRODUCTION 

This document presents all the simulations performed by the industrial partners, the ones shared 
during the public event held the 6th of December 2023 in Toulouse. The first part presents all the test 
cases used for the validation, with one section for the liquid icing tests and one section for the snow 
tests. The second part shows the work done and the results obtained by the industrial partners. 
Comparisons between each result are done. Finally, guidelines for future research efforts will be 
derived. 
 

 
Figure 1: Ice accretion on the spinner and fan blades of a turbofan engine (extracted from [1]). 

 

 
Figure 2: Ice accretion on aircraft wing (extracted from [2]). 

 
  



D11.4 – Validation test main conclusions and best numerical practices CO 
  28.03.2024 

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 11 

4. TEST CASES 

In order to allow the definition of best practices in the use of the 2D&3D ice accretion codes, a set of 
common cases have been agreed by the Industrial Partners. These common cases were 2D test cases 
(2D benchmark). Each industrial partner could select additional test cases, 2D and/or 3D taken from 
those available in the icing Database (AIIS), reference [3] and corresponding to App. C, App. O and 
snow conditions. In the next paragraphs, a brief description of the selected experiments used for 
simulation tool capability assessment, is provided.  

4.1 LIQUID ICING TEST CASES (APP C&O CONDITIONS) 

4.1.1 Common case in App. C conditions 

Common cases, used as benchmark for experimental/numerical result comparison among Industrial 
Partners, have been taken from the experimental campaign carried out in Technische Universität 

Braunschweig (TUBS) icing wind-tunnel facility on the HMDI wing profile with a chord of 0.693 m [3]. 
Within the experimental test matrix and associated investigated conditions, four test cases performed 
in Appendix C conditions have been selected. These cases have the same static ambient air 
temperature, same airspeed, and same angle of attack, but with different accretion durations. The 
detailed conditions of these cases are listed in Table 1. 
 

Run 
AoA 
[°] 

TAS 
[m/s] 

SAT 
[°C] 

Static 
Pressure 

[Pa] 

HUM 
[%] 

MVD
[µm] 

LWC 
[g/m³] 

Duration 
[min:ss] 

RUN-AppC-m8-1-5min 0 40 -8 101325 100 19 0.88 1:30 

RUN-AppC-m8-3min  0 40 -8 101325 100 19 0.88 3:00 

RUN-AppC-m8-6min  0 40 -8 101325 100 19 0.88 6:00 

RUN-AppC-m8-9min  0 40 -8 101325 100 19 0.88 9:00 

Table 1: TUBS-HMDI / test cases conditions 
The conditions from Table 2 correspond to a Reynolds number of Re∞= 2.2∙106 based on the chord 
length and a Mach Number of Ma∞= 0.123. 
 
The cumulative size droplet distribution generated in TUBS icing wind tunnel is shown below. The 
curve is compared with Appendix C Langmuir D distribution. 

 
Figure 3: Comparison of droplet size distribution between TUBS IWT and App C Langmuir D 

distribution. 
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Below, Figure 4 shows a picture of the ice accreted on the HMDI airfoil. The ice geometries that were 
obtained by means of photogrammetry after 90s, 3min, 6min and 9min are not presented here, but 
are available in [3]. Figure 5 presents the photogrammetry processes performed at the end of the 
experiments. The tests were repeated 3 times, except for those with a 90-second time accretion, 
which were repeated twice. Each curve in Figure 5 represents the average shape of the ice from a test, 
extracted from photogrammetric scanning. The bold lines are the ice shape at the center of the mock-
up. These mean ice shapes are used to compare simulation carried out by industrial partners with the 
experimental results. 
 

 
Figure 4: example of ice shape generated on the HMDI airfoil 

 

 
Figure 5: Mean ice shapes extracted from the 3D ice shapes at 90s, 3min, 6min and 9min  

 

4.1.2 Common case in App. O conditions 

Common cases, to be used as benchmark for experimental/numerical result comparison by Industrial 
Partners, have been selected within the experimental campaign carried out at the RTA icing wind-
tunnel facility on a NACA0012 wing section with a wingspan of 1.8 m and a chord of 1m [4]. 
Within the experimental test matrix and associated investigated conditions, two test cases performed 
in Appendix O conditions were selected. These cases have the same static ambient air temperature, 
same airspeed and same angle of attack but different durations and include both freezing drizzle 
(FZDZ) and freezing rain (FZRA) with a MVD higher than 40μm. Detailed conditions of these cases are 
listed in Table 2. Associated experimental Particle Size Distributions (PSD) for both FZDZ and FZRA 
conditions are provided in Figure 6. 
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Run AoA  
[°] 

TAS  
[m/s] 

SAT 
[°C] 

HUM 
[%] 

Condition 
Appendix  

MVD
[µm] 

LWC 
[g/m³] 

Duration 
[min:ss] 

Freezing 
Fraction [-] 

Aero_1 0 60 -11.5 75 
App-O 

FZRA L1 
535 0.33 10:00 0.718 

Aero_6 0 60 -11.4 81 
App-O 

FZDZ L1 
87.9 0.48 07:30 0.573 

Table 2: RTA-NACA0012 cases conditions 
 
“L1” from FZRA and FZDZ refers to one of the settings of the droplet injection system of RTA icing wind 
tunnel. The clouds of each setting were assessed. Detail results are given in [5] and [6]. 
 

  
Figure 6: RTA-IWT – experimental PSD for FZRA-L1 (on the Left) and FZDZ-L1 (on the Right) conditions 
 
The conditions from Table 2 correspond to a Reynolds number of Re∞= 4.8∙106 based on the chord 
length and a Mach Number of Ma∞= 0.185. Resulted ice accretions have been documented using high 
resolution 3D scan technology. 
 
Figure 7 and Figure 8 show the scans performed by AIIS after the two tests. The mean ice shapes are 
presented respectively in Figure 53 and Figure 55 (chapter 6.2.1). 
 

 
Figure 7: Overall ice thickness of Aero_1 test case (FZDZ condition) 
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Figure 8: Overall ice thickness of Aero_6 test case (FZRA condition) 

 

4.1.3 Cascade Rig Test 

A cascade rig was tested in the Cranfield University Icing wind-tunnel facility in the framework of the 
ICE GENESIS Project. Safran Aircraft Engines designed the test article, with the aim to provide thermal, 
aerodynamic, and ice accretion data in order to validate high-fidelity 3D ice prediction codes. Figure 9 
provides a close-up view of the cascade rig geometry. It includes an upstream row of 9 stator blades 
(called S0 blade row), all equipped with two heater mats each (inserted inside the blade), an unheated 
central strut, and a downstream row of 11 stator blades (called Inner Guid Vane blade row) internally 
equipped with one heater each. The shape of the primary canal was designed to mimic the flow path 
of a rotating machine which leads to a test article with an “S” shape flow path. 
 

 
Figure 9: Detailed view of the cascade rig design 

 

 
Figure 10: Cascade rig picture mounted in Cranfield IWT. 

 
 Table 3 introduces all testing points in accretion mode (IPS off). Test cases highlight in green were 
simulated by the Industrial Partners during Ice genesis Project. 
 



D11.4 – Validation test main conclusions and best numerical practices CO 
  28.03.2024 

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 15 

 
Table 3: Cascade rig test matrix with IPS disabled 

4.1.4 3D Swept Wing Test 

A Dassault swept wing was tested in the CIRA wind-tunnel facility in the framework of ICE GENESIS. 
The test article is a scale 1:1 specimen of the outer part of a business jet wing which dimensions are 
1.660 m span wide and 1.625 m root chord length. The wing is composed of three parts: a slat, a wing 
box and a flap. The flap and the slat are movable: their positions can change from one test to another. 
It includes an ice protection system (bleed-air anti-icing system). Part of the test matrix was performed 
in Appendix O conditions. A sketch of the swept wing arrangement in the IWT is provided in Figure 13, 
highlighting two sections along the span (C1 and C2) where ice accreted shapes have been hand traced 
by CIRA test engineers.  
A picture of the test-article taken before an ice-accretion test is shown in Figure 14. 
Even if not included into the agreed common cases of the benchmark, some of the Industrial Partners 
have simulated some runs in Appendix-C&O conditions. A detailed selection for each industrial partner 
is provided in the paragraphs dedicated to the result analysis. 
Test cases highlight in green were simulated by the Industrial Partners during Ice genesis Project. 
 

 
Table 4: Test cases matrix of the 3D swept wing test campaign at CIRA. 

 
The droplet distribution use for appendix O conditions (FZDZ1 and FZDZ2) are presented in Figure 11 
and Figure 12) 
 

Run 

number

Air speed in primary 

flow pass (m/s)

Total air 

temerature (°C)
Altitude (m) MVD (µm) LWC (g/m3)

1 55 -10 0 19 0.79 3min 00s 6min 00s 9min 00s

2 55 -5 0 19 0.79 6min 00s 9min 00s

3 55 -20 0 19 0.79 3min 00s 6min 00s

4 80 -5 0 19 0.74 4min 00s

5 80 -5 0 19 0.99 2min 53s

6 80 -5 0 19 1.25 1min 15s 2min29

7 80 -20 0 19 0.74 4min 00s 5min05s

8 80 -10 0 19 0.74 4min 00s

9 80 -10 0 19 0.99 3min 00s

10 40 -10 0 19 0.80 8min 00s

11 40 -5 0 19 0.80 4min 13s

Accretion time

Test ID
SAT

(°C)

Air speed

(m/s)

Altitude

(m)

AoA

(°)

δflap
(°)

δslat
(°)

MVD

(µm)

LWC

(g/m³)
cloud 

condition

Exposure time

(min)

test #2 -16.1 116.5 4572 4.4 0 0 65 0.2 FZDZ21 15

test #3. -15.6 115.6 4572 4.4 0 0 18.4 0.33 FZDZ1 45

test #4 -16.2 116 4572 4.4 0 0 65 0.2 FZDZ21 45

test #4b -15.2 115.8 4572 4.4 0 0 98 0.21 FZDZ22 45.2

test #6 -16 110.3 4572 8.5 0 0.3 65 0.21 FZDZ21 12

test #7 -15 109.7 4572 8.5 0 0.3 18.4 0.35 FZDZ1 45

test #8 -15.1 110.7 4572 8.5 0 0.3 65 0.21 FZDZ21 45

test #8b -15 110 4572 8.5 0 0.3 98 0.22 FZDZ22 45

test #10 -16.2 90.1 5182 13 15 0.3 65 0.26 FZDZ21 15

test #11 -15 89.7 5182 13 15 0.3 18.4 0.43 FZDZ1 45

test #12 -15.1 90.7 5182 13 15 0.3 65 0.25 FZDZ21 45

test #12b -15.1 89.8 5182 13 15 0.3 98 0.27 FZDZ22 45

test #13 -15.1 115.6 4572 4.4 0 0 19 0.33 App C 45

test #14 -15 110 4572 8.5 0 0.3 19 0.35 App C 45
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Figure 11: The droplets distribution of cloud FZDZ_L1 (case 4) 

 

 
Figure 12: The droplets distribution of cloud FZDZ_L2 (case 4b) 

 

 
Figure 13: CIRA-IWT arrangement for the Dassault wing. 

FZDZ1 
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Figure 14: Test article (in clean configuration) in the test section 

 

 
Figure 15: Detail of leading-edge slat 

 
Figure 15 shows the slat in 15° position. In the 0° or 15° position, there is a gap between the slat and 
the wing box, on either side of the wing, to allow the slat to move. 
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4.1.5 Rescue hoist Test 

A rescue hoist of a rotorcraft was tested in the TSAGI icing wind tunnel facility in the framework of the 
ICE GENESIS Project. Leonardo Helicopters (LDO) designed the test article. The cooperation with TSAGI 
was terminated due to the geopolitical situation. Only one test is available but no test report could be 
recovered. 
The rescue-hoist dimensions are scaled by a factor of 1:3 to guarantee a WT blockage below 10%. A 
side view of the rescue hoist mock-up and a picture are shown in Figure 16. 
 

  
Figure 16: Rescue-Hoist of rotorcraft – Digital mockup (left) and picture (right) 

 
The test run condition is shared in Table 5. 
 

Run 
AoA 
[°] 

TAS 
[m/s] 

SAT 
[°C] 

MVD
[µm] 

LWC 
[g/m³] 

Duration 
[min:ss] 

RUN_3 0 66 -3.5 35.4 0.36 30:00 

Table 5: Rescue-hoist cases. 

4.2 SNOW TEST CASES 

For the experiments in snow conditions, TSAGI was supposed to perform test campaigns on mock-ups 
representative of industrial products. Due to the geopolitical context, the cooperation with the 
Russian partners ended and no snow data on 3D industrial representative geometries were produced. 
2D test cases are available to carry out assessment and comparison of the solvers (HYDRA for RR, ICAT 
for GE and IGLOO2D for AIH). 3 test campaigns were conducted during ICE GENESIS project, one by 
the CSTB, one by RTA and one by NRC. Here only NRC test campaign are presented because all their 
test cases were simulated by industrial partners.  

4.2.1 NRC test cases 

The set of experimental cases conducted in NRC facility in non-heated configuration on a NACA0012 
airfoil are summarized in the table below. 
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Modules Settings 

MESH ANSA Unstructured mesh 

Aerodynamics solver 
TAU 

(DLR Solver) 
By default setting. Tool presentation in 
reference [10] 

Heat transfer solver 
HTC3D/theta 

(ONERA solver) 
By default setting 

Trajectory solver 
CEDRE / SPIREE 
(ONERA solver) 

Eulerian method, Schiller-Naumann drag 
model ,Godunov-like scheme, 2nd-order 
(MUSCL), 1st-order implicit resolution 

Accretion 
IGLOO3D / MESSINGER3D 

(ONERA solver) 
The surface mesh is deformed for ice-
growth by a Lagrangian method 

Iced surface 
deformation 

IGLOO3D / LEVELSET3D 
(ONERA solver) 

By default setting 

Remeshing solver 
CASSIOPEE 

(ONERA solver) 
By default setting 

Table 8: Airbus Operation – 3D Ice accretion settings 
 

5.3 ATR TOOLS 

ATR uses IGLOO2D v1 for 2D simulations. This version doesn’t take into account SLD models.  
For 3D simulations, ATR uses the commercial code: ANSYS/FENSAP-ICE version R21 with 
ANSYS/FLUENT for the aerodynamic simulation. A brief list of implemented models is herein 
summarized. 

• Droplets models (DROP3D) implements droplet break-up, droplet deformation, droplet 
splashing and bouncing 

• Icing models (ICE3D) implement classical heat fluxes based on temperature gradients at the 
wall: shallow Water Icing Model. A beading model is also implemented in order to compute 
the sand-grain roughness distribution over the contaminated surfaces and model the 
roughness of the frozen ice beads. 

• Multi-shot icing sequence able to capture the effects of surface geometry change due to icing 
(i.e. changes of surface heat fluxes, collection efficiency, shear stresses). The level set method 
is used to deform the surface geometry 

 

5.4 BOMBARDIER TOOLS 

To predict the ice accreted on the aircraft, Bombardier has developed, in collaboration with the Ecole 
Polytechnique of Montreal, a 3D Eulerian droplet impingement solver called Drop, a convective heat 
transfer coefficient solver called HTC and an iterative Messinger thermodynamic solver called 
Thermos which was integrated in the Bombardier unstructured CFD solver Dragon platform. A surface 
mover solver called Geo Evolve is used to accrete the ice on the aircraft surface. The Dragon Ice Suite 
is a Python script which manages the coordination between the different solvers to perform icing 
simulations. The script creates the input files for each solver based on the text file defined by the user 
(Text User Interface) and launches the solvers in sequence. 2D and 2.5D multi-step ice shapes can be 
predicted by looping in the script. 3D simulations are currently limited to a single step. An ice 
roughness correlation was developed [11] and implemented in the Dragon Ice Suite, as well as 
capabilities to deal with the FAR part 25 Appendices C and O. 
 
The splashing model integrated in Dragon Drop evaluates only the fraction of water mass loss by 
splashing, called splashing fraction. Secondary droplet re-injection is not yet implemented. Therefore, 
the secondary droplets diameter and velocity are not calculated. LEWICE [12] [13] and ONERA-2016 
[14] splashing models were implemented  
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Trontin et al. [20] for estimating the mass-loss in SLD conditions. Implementation details and 
validation results can be found in Capizzano et. al. [21]. 
The three-dimensional ice-accretion code, named MESS3D solves the surface liquid film using the 
classical Messinger model but extended to three-dimensions. It is designed to deal with both liquid-
phase and ice-crystals conditions. The code adopts an unstructured management of the cells’ data, 
allowing the coupling with both structured and unstructured solvers.  
A pre-processor is specifically written to adapt the incoming air and water data to the native format 
of the ice-accretion tool. A specific function distributes the run-back water among the surface 
elements of a surface mesh. The water-film dynamics acts by following the Eulerian velocities or the 
shear-stress depending on the input flow field being inviscid or viscous respectively. This choice 
overcomes the need of locating or imposing the stagnation line. The mass and energy balances are 
solved at cell-centers and an interpolation procedure is applied for estimating the ice-height at the 
cell-vertices. The latter are used to modify the geometry in a Lagrangian way. More details on the 
numerical implementation can be found in De Rosa et al. [22]. 

5.7.2 POLIMI icing tool 

PoliMIce [23] is a highly modular icing accretion tool developed at Politecnico di Milano. 
To simulate the evolution in time of complex ice shapes PoliMIce adopts a quasi-steady, sequential 
approach, often referred as multi-step approach, in which the total exposure time is subdivided into 
smaller time intervals. 
Starting from the simulation of the flow field around the aircraft, PoliMIce predicts the trajectories of 
water droplets impinging on the surface and determines the amount of ice that accretes during the 
time interval over each boundary cell, be it a portion of the clean wing or the already iced geometry. 
Then, to advance the simulation in time, the computational mesh must be updated to capture the 
new position of the interface between air and ice, namely, the new geometry to be used in 
aerodynamic simulations. 
PoliMIce needs to be coupled with an external CFD solver to compute the aerodynamic flow field, 
starting from the environmental and flight conditions. Currently, PoliMIce is designed to be interfaced 
with the open-source CFD solver SU2 [24]. 
 
Aerodynamic Solver  
A node-centered finite volume method is applied on arbitrary unstructured meshes using a standard 
edge-based data structure on a dual grid with median-dual control volumes.  Convective fluxes are 
discretized at each edge mid-point using either centered or upwind schemes.  Discretization using ROE 
upwind scheme is coupled with a linear reconstruction via the MUSCL approach to yield a second-
order scheme in space.  Viscous fluxes are discretized using a corrected average of gradients approach.  
Source terms are approximated at each node using a piecewise constant reconstruction within each 
control volume.  Gradients are obtained via a weighted least-squares approach.  Regarding time 
integration, SU2 can solve implicitly steady and unsteady problems using a dual-time stepping 
strategy, leading to second-order accuracy and time.  The core of the suite is a Reynolds-averaged 
Navier-Stokes (RANS) solver, which is used in this study in tandem with the Spalart–Allmaras (SA) 
turbulence model and a constant equivalent sand grain roughness. 
 
Particle Tracking 
The in-house particle tracking code is based on a Lagrangian framework and it is used to simulate 
clouds containing supercooled water droplets [25]. The Lagrangian framework allows straightforward 
modeling of supercooled water droplet effects, such as splashing, aerodynamic breakup, and 
deformation, and can deal with secondary droplets. The code is developed to allow the introduction 
of new physics in a straightforward manner. In the following results, aerodynamic breakup and droplet 
deformation are neglected whereas semi-empirical correlations are used to model splashing. The 
model reported in [19] is used to obtain the results reported in the following. Splashed droplets are 
reintroduced in the computational domain so that secondary impingement can be accounted for. 
 
Ice Accretion module 
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applied during ICE-GENESIS. The main changes that were made to the modelling system HYDRA-SS02 
to model snow were changes to the snow drag model as well as the bulk density and sphericity model 
from ICE-GENESIS. 

• For snow particle drag the Holzer and Sommerfeld model was chosen and implemented, 
where the particle motion equation is described in [29]. 

• For the bulk density and sphericity of snow particles, the model described in [29] was chosen 
and implemented 

5.9 SONACA TOOLS 

The Sonaca icing simulation tools are 2D codes. The aerodynamic flow is computed either by a panel 
method with a boundary layer coupling, or by a RANS solver (Spalart-Allmaras, SST k-omega…). The 
droplet trajectory solver is based on a Lagrangian approach. Ice accretion is computed by solving a 
Messinger balance. An extended Messinger model is launched for ice shedding computation. The 
coupling with the ice protection system model is implicit. A weak coupling between the accretion and 
the aerodynamic field is also available, with a remeshing of the iced profil at each selected time step. 
The hereunder SLD models have been implemented: 

• “Wright” available in the NASA LEWICE code. 
• “Onera" described in [9] (Deposited mass ( [20]) and a secondary droplet distribution model 

based on the C.Bai PhD :"Modelling of spray impingement processes") 

• “RG_BBR” described as well in [9] (Deposited mass based on the Riboux&Gordillo model 
adapted by Burzynski, Bansmer and Roisman for high-speed SLD impacts, and the secondary 
droplet distribution based on the ONERA vertical icing tunnel test analysis). 

5.10 SAFRAN AIRCRAFT ENGINES TOOLS 

For 2D simulations, SAFRAN AE used the tools developed by ONERA: IGLOO2D. See the chapter 5.1 for 
details. 
For 3D simulation, SAFRAN AE also used the tools developed by ONERA. The aerodynamic solver is 
CEDRE/CHARME, based on RANS equation with k-ω model. The solvers for the particles trajectory and 
the ice accretion are the same as described in the AIRBUS OPERATION chapter, i.e. CEDRE/SPIREE and 
IGLOO3D (see §5.2). The mesh is generated by AutoGrid. 
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6. RESULTS 

6.1 SIMULATION IN APP C CONDITIONS (TASK 11.1) 

The partners involved in this task are: 

• Industrial partners: Airbus Helicopter, Airbus Operation, ATR, Bombardier, Leonardo, Safran 
Aircraft Engines 

• Academic Partners: CIRA, ONERA, Polytechnique Montreal, Politecnico di Milano  

6.1.1 Common cases 

The common cases used are those presented in chapter 4.1.1. The following table summarizes the 
solver settings. Details on solver are given in chapter 4.2.1. This table gives information on the 
practices used to obtain the results. 
 

 
Table 9: Overview of solver settings 

 
Figure 19 to Figure 22 show comparisons between best results ice shape computed by industrial 
partners and the experimental results at the four times ( 90s, 3min, 6min and 9min). Here “best 
results” means the results which minimize the discrepancy on the ice shape, the impingement limit 
and the ice thickness at the leading edge. 
 
At 90s of accretion time, no major difference is observed in the simulation compared to the 
experiment. LDO with PoliMIce solver overestimated ice accretion and ice thickness at the leading 
edge. IGLOO2D and Simba simulations performed by the industrial partners predict the same shape, 
with a slight underestimation for SAF-AE. BOMB’s simulation predicts little more ice on the upper side. 
 

Solver name
Simulation 

mode
Mesh

Aerodynamic 

solver
Trajectory Accretion

Remeshing 

process

AIH Unstructured
Lagrangian approach

Polydisperse: 7bins

AIRBUS
Lagrangian approach

Polydisperse: 11bins

ATR IGLOO2D - v1
Lagrangian approach

Polydisperse: 10bins

SAFRAN AE IGLOO2D - v2.1.06 M/S - 16 steps
Lagrangian approach

Polydisperse: 7bins

BOMB Dragon Ice Suite M/S - 18 steps No information
Eularian approach

Polydisperse: 11bins

No 

information

Simba M/S - 10 steps
Eularian approach

Monodisperse: 1bins

Immerge 

boundary

PoliMIce M/S - 12 steps
Lagrangian approach

Polydisperse: 7bins
Myers' model Level set

Eularian 

equation with 

Simplifed 

Integral 

Method to 

compute the BL

Level set

Navier stokes  

equations 

(RANS)

IGLOO2D - v2.1.06

LDO

Messinger's 

model

P/C

Unstructured

Structured
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Figure 19: Simulation of TUBS experiment after 90s 

 
After 3 min, simulations carried out with IGLOO2D V2.1.06 predict well the ice shape (thus the 
thickness) at the leading edge. A first difference appears between to calculation mode 
Predictor/Corrector and Multi-Step. The first method is in line with the experimental results on the 
lower side, whereas the second method is in line with the experimental results on the upper part. 
BOMB’s simulation predicts as IGLOO2D V2.1.06 solver at the leading edge. Close to the impingement 
limits, this solver predicts more ice than in the experiment, especially on the upper side. 
ATR, with IGLOO2D V1, under predicts the amount of ice compared to the experimental results. The 
general shape is the same than those obtained by AIRBUS and AIH. 
LDO, with PoliMIce, over predicted the ice thickness at the leading edge. The impingement limits are 
well predicted. 
 

 
Figure 20: Simulation of TUBS experiment after 3min 

 
The same global behavior was obtained for longer ice accretion durations (6 min). With IGLOO2D, the 
difference between Predictor/Corrector (AIRBUS, AIH and ATR simulations) and Multi-Step (SAFRAN 
AE simulation) is highlighted: P/C simulations over predict the ice thickness more than the MS 
simulations, at about 20mm from the leading edge. 
No solver predicts the ice oscillation at the leading edge. 
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Figure 21: Simulation of TUBS experiment after 6 min 

 
Similarly, to previously, all solvers predict a good overall ice shape. But no one predicts the oscillation 
at the leading edge after 9 minutes of ice accretion duration. 
IGLOO2D and D.I.S simulations predict the same impingement area. For PoliMIce, the area is slightly 
larger. For Simba simulations, slightly smaller. They are all fairly in line with the experimental results.  
PoliMIce and Simba overestimate the ice thickness at the leading edge. IGLOO2D and D.I.S correctly 
estimated the ice thickness at the LE (the oscillation), but under estimate the thickness. Around 20 
mm from the LE, except for SAF-AE simulation, the thickness is larger than in the experiment, 
especially for BOMB simulation. 
 

 
Figure 22: Simulation of TUBS experiment at 9min 

 
To conclude this section, after several iterations done by each industrial partner, best practices were 
defined and the results are presented here. 
The choice of solver settings has an effect on the ice shape. This can be observed in the simulations 
carried out with IGLOO2D v2.1.06 (AIRBUS, AIH and SAF-AE simulations).  
Despite all the efforts made by the partners, no one was able to reproduce the oscillation at the 
leading edge. To well predict the ice shape, it is necessary to improve models related to the evaluation 
of heat transfer coefficients. This involves characterizing roughness on iced profiles, the ability to 
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predict roughness on these profiles, as well as predicting the heat transfer coefficient affected by 
roughness (equivalent sand grain model). 

6.1.2 Cascade rig cases 

Only SAF-AE performed simulations on this test campaign, during the ICE GENESIS project. SAF- AE 
focused on 3 test cases, introduced in the following table. 
 

 
 

Table 10: Aerodynamic and icing conditions for the 3 tests cases 
 
It important to note that most of the following simulations were carried out with a wrong LWC value: 

0.6 g/m³. The first LWC value shared after the test campaign were wrong. . Without explicit mention, 

the reader can assume that the simulations were done with 0.6 g/m³ value. 

 
Figure 23: Test pictures of the stator S0 leading edge 

6.1.2.1 IGLOO2D simulations 

6.1.2.1.1 Mixed Ice simulation (run #1) 

The test condition are an average air speed of 55m/s, a static air temperature of-10°C and LWC of 
0.79g/m3. These test conditions were performed three time: one at 3, one at 6 and one at 9 minutes. 
After each run, a 3D scan was performed. Figure 24 presents the ice accretion at 9min, the 3D scan 
and the approximate position of the slice at 49% of the height of the blade (red line). This slice is used 
for the comparison with the simulation. Figure 25 presents several slices of the ice shape at various 
height (left side) and the evolution over the time of the slice at 49% height of the ice shape (right side). 
 

Run 

number

Air speed in primary 

flow pass (m/s)

Total air 

temerature (°C)

LWC in test 

run (g/m3)

LWC used in 

simulations (g/m3)
Comments

1 55 -10 0.79 0.6 3min 00s 6min 00s 9min 00s Mixed ice

4 80 -5 0.74 0.6 4min 00s Glaze ice

7 80 -20 0.74 06 or 0.9 4min 00s 5min05s Rime ice

Accretion time
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Figure 24: Picture and 3D scan of test run #1 after 9 min ice accretion 

 

 
Figure 25: 3D scan slices at various height (left) and for various time (right) 

 
The aerodynamic solutions were computed using EULER2D solver of IGLOO2D. Euler equations are 
solved. A second solver, SIM2D, computes the boundary layer to access the heat transfer coefficient 
with a Simplified Integral Method, described in [30]. 

 
Figure 26: Pressure coefficient on the stator S0 – Run #1, no ice accretion 

 
The trajectory solutions were computed using TRAJL2D. The solver is based on a Lagrangian 
description of the problem. Figure 27 shows the collection efficiency as a function of the curvilinear 
abscissa on the blade profile. 
 

 
Figure 27: Collection efficiency on the stator S0 – Run #1, no ice accretion 
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Based on this first step, several simulations were performed: 

• 1 step simulation (Predictor) 

• A predictor/corrector simulation 

• A multi-step simulation (59 steps) with ice accretion smoothing procedure (helping to 
converge). The smoothing process is Laplacian type. 

• A multi-step simulation (59 steps) without ice accretion smoothing procedure. 
 

 
Figure 28: Ice accretion simulation of run #1 with various methods 

 
The amount of ice on the pressure side (and on the leading edge) is under predicted in all simulations. 
Understanding the discrepancy between simulations and the experiments is still an on-going task. 
 
The predictor mode seems to give the best result. This is true only for this case: the simulated shape 
is always the same: the rounded shape at the leading edge. However, this simulation setting predicts 
only one ice shape (various rounded shapes), regardless of the icing conditions defined. This 
conclusion is applicable for the stator blade profile only. 
The predictor/corrector simulation underestimates the amount of ice (in all cascade rig simulations). 
The conclusions done for the predictor simulations are also applicable for the predictor/corrector 
simulations. 
With the multi-step simulation coupled with the smoothing process: the ice shape is narrower than 
the experiment. Several simulations were run to increase the thickness of the horns. None of them 
gave a satisfying result. With the multi-step simulation without the smoothing process, an ice shape 
with two horns is also obtained. The first ice horn is similar to the previous simulation. The second has 
a correct direction. Its position is closer to the LE than in the experiment. However, in the experiment, 
the ice at the LE forms a single ice block and not two horns. Investigations are ongoing to understand 
the impingement evolution during the steps. 
 

 
Figure 29: Ice accretion comparison across the time – Run #4 
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In Figure 29, the bold red lines are for comparison with experiments, one for each ice accretion time. 
Further studies will be carried out to: 

• Take into account the correct LWC value, 

• Study the roughness effect. In these simulations, the roughness value is constant and equal to 
0.2 mm. 

6.1.2.1.2 Glaze Ice simulation (run#4) 

The test condition are an average air speed of 80m/s, a static air temperature of-5°C and LWC of 
0.74g/m3. These test conditions were maintained for 4 minutes. After the run, a 3D scan was 
performed. Figure 30 presents the ice accretion after the test as well as the 3D scan. 
 

 
Figure 30: Picture and 3D scan of test run #4 after 4 min ice accretion 

 
Figure 31 shows the static pressure fields as a function of the curvilinear abscissa on the blade profile. 
Unfortunately, no test was performed to measure the pressure coefficient. 

 
Figure 31: Pressure coefficient on the stator S0 – Run #4, no ice accretion 

 
Figure 32 presents the collection efficiency as a function of the curvilinear abscissa on the blade 
profile. 
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Figure 32: Collection efficiency on the stator S0 – Run #4, no ice accretion 

 
Based on this first step, several simulations were performed: 

• 1 step simulation (Predictor) 

• A predictor/corrector simulation 

• A multi-step simulation (31 steps) with ice accretion smoothing shape. The smoothing process 
is Laplacian type. 

• A multi-step simulation (31 steps) without ice accretion smoothing shape 
 

 
Figure 33: Ice accretion simulation of run #4 with various methods 

The amount of ice on the pressure side and the leading edge is under predicted in all simulations. 
Understanding the discrepancy between simulation and experience is still on-going. 
 
As mentioned before, the predictor and the predictor/corrector simulation predict a similar shape as 
in the previous case: a round shape at the leading edge with a massive difference in the ice quantity 
between the predictor and the predictor/corrector modes. 
For the multi-step simulation, the ice shape has two horns. In the experiment, it is an ice block, large 
in “y” direction, flatten in “x” direction. On the suction side, the horn grows parallel to the ice block 
direction. On the pressure side, the horn angle is lower than the one of the ice block. The solver 
predicts an accretion limit on the suction side closer to the leading edge than in the experiment. 
Further investigation is needed to understand if this is due to the impingement limit or if it's due to a 
miscalculated run back. By activating the smoothing solver, the amount of ice decreases and deviates 
from the experiment. This was already observed in the previous case. The smoothing solver reduces 
the oscillations. This process results in some ice removal. This explains a narrower shape. 
 



D11.4 – Validation test main conclusions and best numerical practices CO 
  28.03.2024 

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 35 

 
Figure 34: Ice accretion comparison across the time – Run #4 

6.1.2.1.3 Rime Ice simulation (run #7) 

The test condition are an average air speed of 80m/s, a static air temperature of-20°C and LWC of 
0.74g/m3. These test conditions were maintained for 4 and 5 minutes. After the runs, a 3D scan was 
performed. Figure 35 presents the ice accretion after the test as well as the 3D scan. 
 

   
Figure 35: Picture and 3D scan of test run #7 after 5min 5s ice accretion 

 
The pressure coefficient and the collection efficiency are the same as in the previous case (on the 
clean profile only). Only the total temperature changes. Based on this first step, several simulations 
were performed: 

• 1 step simulation (Predictor) with an LWC of 0.6 g/m³. 

• A predictor/corrector simulation with an LWC of 0.6 g/m³. 

• A multi-step simulation (39 steps) with ice accretion smoothing shape, with an LWC of 0.9 
g/m³. The smoothing process is Laplacian type 

• A multi-step simulation (39 steps) without ice accretion smoothing shape with an LWC of 
0.9g/m³. 
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Figure 36: Ice accretion simulation of run #7 with various methods 

 
The amount of ice on the pressure side and the leading edge is under predicted in all simulations. 
Understanding the discrepancy between the simulation and the experiment is still on-going. 
 
Once again, the predictor and the predictor/corrector simulation predict a similar shape as in the 
previous case: a round shape at the leading edge. The amount of ice is similar to the previous 
simulation (run #4). This is expected as only the air temperature changed. 
The multi-step simulation with the smoothing process leads to one horn, which is in line with the 
experiment. This horn has a lower ice mass: it’s narrower than in the experiment. In an attempt to 
reduce the discrepancies, several parameter changes were made without success. 
The multi-step simulation without the smoothing process leads to two horns. This is not consistent 
with the experiment, and more generally with a rime ice shape. But it offers the best comparison so 
far. The large horn is closer to the experiment than the rest of the simulations. 
 

 
Figure 37: Ice accretion comparison across the time – Run #7 

6.1.2.2 IGLOO3D simulations 

Run #1 of the CU experimental database was chosen to assess the 3D capability in appendix C 
conditions of IGLOO3D. The conditions are reminded at the beginning of the chapter 6.1.2.1. 
 
For the simulations, only one stator blade is modeled. The mesh is composed of hexahedral elements, 
at the first step. There are 333 300 elements. See Figure 38. 
The automatic remeshing solver modifies all the mesh after the ice accretion; the elements used are 
tetrahedral. There are about 2.5 million of elements. See Figure 39. 
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Figure 38: 3D model mesh on clean profile – Stator blade of cascade rig 

 

        
Figure 39: 3D model mesh on iced profile – Stator blade of cascade rig 

 
The aerodynamic solutions were computed using CEDRE 8.1.2/CHARME solver developed by ONERA, 
described in [31]. RANS calculations were carried out. Below, the static pressure on the blade. 
 

 
Figure 40: Static pressure on the clean profile 

 
The collection efficiency was computed using the SPIREE eulerian particle tracker [32] of the ONERA 
CEDRE suite [33]. Figure 41 shows the collection efficiency on the blade and Figure 42 displays the 
collection efficiency in the middle of the blade. 
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Figure 41: Collection efficiency on the clean profile 

 

 
Figure 42: Collection efficiency on the clean profile, at middle height 

 
Based on the previous results, IGLOO3D models an ice accretion by Predictor mode (1 step). The heat 
transfer coefficient is estimated based on the simplified integral method, described in [34]. The 
equivalent sand grain roughness height is set at 530µm. Figure 43 shows the results and compares 
them to the experiment. 
 
As with the IGLOO2D solver, the amount of ice at the leading edge and the pressure side is 
underestimated at 40% distance from the blade edge (see Figure 43). 
Contrary to the 2D simulation, the ice shape at the leading edge is not round. The accretion limits are 
well represented at 3 min. For 6 and 9min, the impingement limits predicted by the solver are further 
downstream of the leading edge than in the experiment. This is because the limits are not re-evaluated 
over time. 
At 80% distance from the blade edge, the amount of ice is well predicted. Close to the upper and lower 
blade edge, the simulation doesn’t capture the ice accretion decrease, as seen in the experiment. The 
homogeneity of the cloud is ensured in the middle of the channel in the experiment, confirmed by the 
measures done during the calibration test. In the vicinity of the wall, the LWC values decrease. This is 
because the LWC is affected by the boundary layer that forms along the bell mouth. The simulation 
does not take into account this effect because the bell mouth is not modeled. 
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Figure 43: Ice accretion on the blade simulated by IGLOO3D– Run #1 

 

6.1.3 3D swept wing 

The 3D swept wing test campaign is presented in chapter 4.1.4. AIRBUS and ATR simulated the test 
run #13. See Table 4 in chapter 4.1.4 to know the test conditions.  
 
The following table sums up the solver’s settings used to model the experiment. 
 

 
Table 11: Solver settings for run #13 of 3D swept wing 

 
Figure 46 is a picture taken after the icing test to show the ice accretion on the wing. Ice accretion is 
mainly located on the leading edge and on the junction between slat and wing box. It is important to 
note that the gap between the two parts is not modeled in the AIRBUS simulations (see Figure 44) and 
partially filled in the ATR simulation (see Figure 45). See Figure 15 in chapter 4.1.4 for further detailed. 
 

Solver name
Simulation 

mode
Mesh Aerodynamic solver Trajectory HTC Calculation Accretion

Remeshing 

process

AIH

Fluent (ANSYS)

RANS calculation with Spalart-

Almaras turbulence model

DROP3D

Rough friction 

coefficient

(ks = 0.5mm )

Simplify integral 

method

Rough friction 

coefficient

ATR FENSAP ICE
MS

4 steps

Fluent (ANSYS)

RANS k-ω SST
Lagrangian approach

Monodisperse: 1bins
no information Level set

Messinger's 

balance

N/A

AIRBUS

TAU (DLR Solver) with Spalart 

Allmaras standard turbulence 

model

Eularian approach

Monodisperse: 1bins

IGLOO3D - 

v2.3.1.1

Predictor 

(1step)
Unstructured
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Figure 44: Mesh of AIRBUS model (3D model) 

 

 
Figure 45: mesh of ATR model (2.5D model) 

 

 
Figure 46: 3D swept wing picture after icing test – run #13 
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Figure 47 shows the ice accretion result obtained by ATR and AIRBUS. 
On the suction side, the impingement limit is well estimated for all simulations. On the pressure side, 
the impingement limit is better predicted in the ATR simulation. This is due to the choice to model or 
not the gap between the slat and the wing box. Without considering the ice accretion due to the gap, 
all simulations predict the impingement limit well. 
 The amount of ice is overestimated in AIRBUS simulations. This could be linked to the predictor mode, 
which is well known to behave as follows. ATR simulation underestimates the amount of ice. The 
coarse mesh could be the main reason for this, in particular due to the averaging of the shape, 
especially in the upper part of the leading edge. Concerning the HTC calculation, there is no influence 
on the ice shape if the predictor (1step) mode is chosen.  

 
Figure 47: Comparison between experiment and simulations carried out by AIRBUS and ATR – run 

#13 
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6.1.4 Rescue hoist 

Leonardo simulated the rescue hoist test with PoliMIce and Simba solvers. The conditions are in Table 
4 (section 4.1.4). The following table sums up the solver’s settings used to model the experiment. 
 

 
Table 12: Solver settings for rescue hoist simulation 

 
The rescue hoist geometry created by LDO was discretized by 10,000 triangular surface elements with 
refinement applied in the area directly exposed to the freestream flow. A total of 9 prism layers were 
grown with the first layer height and growth ratio set in order to satisfy the Wall Function approach 
to be used in the fluid solver. The rest of the volume domain was filled with tetrahedral cells, resulting 
in a volume mesh size of around 1 million cells. An overview of the volume mesh is shown in Figure 
48. 
 

 
Figure 48: LDO rescue hoist volume mesh overview. 

 
Figure 49 shows the collection efficiency on the clean profile for both simulations. The predictions are 
similar: about 0.5 collection efficiency value on the arm with a higher value close to the rescue hoist 
box. On the latter, both solvers predict about 0.7 collection efficiency value at the leading point. The 
impingement areas are similar. 
 

 
Figure 49: Collection efficiency over the rescue hoist obtained with the solvers: PoliMIce (left) and 

Simba (Right) 
 
Figure 50 shows the 3D ice accretion results. Figure 52 compares the simulation with the experiment 
on two sections (defined in Figure 51). 
Despite a different number of steps (15 for PoliMIce solver and 1 for Simba solver) the simulations are 
close. Both over predict the impingement area on the rescue hoist box. They are in line with the 
experiment at the leading point and under predict the amount of ice on the impingement area. On 

Solver name
Simulation 

mode
Mesh Aerodynamic solver Trajectory Heat transfer Accretion

Remeshing 

process

Simba
Predictor

(1 step)

Unstructured 

& Cartesian 

mesh

RANS
Eularian approach

Monodisperse: 1bins

skin friction and the local 

roughness Reynolds number; 

ks  = 0.7mm

Messinger's 

model

Immersed 

boundary

PoliMIce
M/S - 15 

steps
Unstructured

RANS with the 

Spalart–Allmaras  
turbulence model

Lagrangian approach

Monodisperse: 1bins

constant HTC = 1000 

W/(m².K)

Myers' 

model
Level set
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the arm, a horn is predicted as observed in the experiment but its direction is different. The amount 
of ice is over predicted.  
 

 
Figure 50: Ice thickness distribution on the rescue hoist obtained with the solvers: PoliMIce (left) and 

Simba (Right) 
 

 
Figure 51: Section definition for comparison 

 

  
Figure 52: Comparison between experiments and simulations carried out with PoliMIce and Simba on 

the two sections. 
 
 
  

Y 
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6.2 SIMULATION IN APP O CONDITIONS (TASK 11.2) 

The partners involved in this task are: 

• Industrial partners: Airbus Operation, ATR, Bombardier, Dassault Aviation, Leonardo, Sonaca 

• Academic Partners: CIRA, ONERA, Polytechnique Montreal, Politecnico di Milano  

6.2.1 Common cases 

The common cases used are those presented in section 4.1.2. 
The scans available on AIIS database [3] are slightly translated and rotated from NACA012 profile. This 
could be well observed on Figure 53: At x = 180mm, the upper clean profile is at z = 62 mm, the lower 
clean profile is at z = 54 mm. 
AIIS reworked the scanned data to align the NACA012 profile, but they did not have enough time to 
create the mean ice thickness profile. That is why the simulations from industrial partners are plotted 
with the ice profile slice in the spanwise middle of the mock-up. 

6.2.1.1 FZDZ test conditions 

The following table summarizes the solver settings. Details on the solvers are given in chapter 4.2.1. 
This table gives information of the settings used to obtain the following results. 
 

 
 

Table 13: Overview of solver settings 
 
BOMB trajectory solver takes into account the gravity effects on the droplet trajectories. 
 
As shown in Figure 53, little ice is accreted downstream of position x = 100mm. Two accreted ice horns 
are close to the leading edge (about 10 mm from the LE) with more ice than on the upper side. 
 

Solver 

name

Simulation 

mode
Mesh

Aerodynamic 

solver
Trajectory SLD Model Accretion

Remeshing 

process

ATR
FENSAP 

ICE

MS

4 steps
No information RANS

Lagrangian approach

Monodisperse: 1bins
Wright model Level set

SONACA SONCIE
Predictor 

(1step)
No information No information

Lagrangian approach

Polydisperse: 20bins
Level set

AIRBUS / 

AIH
P/C Structured

Lagrangian approach

Polydisperse: 11bins
Level set

P/C Unstructured
Lagrangian approach

Polydisperse: 10bins
Level set

IGLOO3D - 

v2.3.1.1
P/C Unstructured RANS

Eularian approach

Polydisperse: 10bins
Level set

BOMB
Dragon Ice 

Suite

MS

15 steps
Unstructured No information

Eularian approach

Polydisperse: 11bins

No 

information

Simba
Predictor 

(1step)

Unstrucutred

   --> Aero + Traj

Cartesian mesh

   --> accretion

RANS

k-ω TNT
Eularian approach

Polydisperse: 7bins

Immerge 

boundary

PoliMIce
MS

5 steps
Unstructured

RANS

Spalart Allmaras

Lagrangian approach

Monodisperse: 1bins

Myers' 

model
Level set

LDO

Mass deposition 

modelling: ONERA model

Re-emission 2nd droplet: 

N/A

Eularian equation 

with Simplifed 

Integral Method 

to compute the BL
Messinger's 

model

Mass deposition 

modelling: ONERA model

Re-emission 2nd droplet: 

RG_BBR models

DASSAV

IGLOO2D - 

v2.1.06
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Figure 53: Mean and max ice profile of Aero_6 test run (left) and ice thickness on unwrapped 
surfaced distance (right) - FZDZ condition 

 

Figure 54 shows the results obtained by industrial partners. Analysis of the results is based on 
comparison with the red curve in Figure 53, and not with the grey curve in Figure 54. 
 
Sonaca’s solver doesn’t predict the horns. The ice thickness is slightly over predicted at the leading 
edge. Elsewhere, the ice profile is well predicted. The impingement area is consistent with the 
experiment. 
IGLOO2D v2.1.06, with AIRBUS and AIH simulations, predicted the horns. As in the experiment the 
upper horn has much more ice than the lower horn. There is a fair agreement on the accretion limits. 
AIH under predicts the thickness at the stagnation point, under predicted by AIRBUS as well.   
In DASSAV simulation with IGLOO3D, the horns are predicted, with both the same thickness. Their 
location is not in line with the experiment. There is a fair agreement with the ice thickness at the 
stagnation point and on the accretion limits. 
SIMBA solver predicts a nearly constant ice thickness, except at the stagnation point. At x = 30 mm, 
the ice thickness suddenly decreases. This could be due to the 1 step simulation option among other. 
PoliMIce solver, as SONICE, does not predict the horns. The ice thickness at the stagnation point is in 
line with the experiment. Elsewhere, it is under predicted. There is a fair agreement on the accretion 
limits. 
FENSAP ICE predicts a little bit more ice than IGLOO3D and IGLOO2D, until x=40 mm, then no ice after 
70mm. There are two horns, close to the leading edge, not in line with the experiment. 
BOMBADIER’s solver is the one which has the best prediction of the horn location. The ice thickness 
is under predicted but there is a fair agreement on the impingement limits. 
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Figure 54: Simulation of experiment carried out by RTA in FZDZ condition - Aero_6 

6.2.1.1 FZRA test conditions 

Figure 55, shows the ice shape on the NACA0012 profile and the ice thickness on the unwrapped 
surface. The ice accretion is not symmetric due to the gravity effect on the SLD. This phenomenon is 
also observed on FZDZ conditions, but it is less severe. Regarding the amount of ice higher on the 
upper part: 

• Horns location = near 15mm on the both sides 

• Horns thickness = 8.5mm from the LE on the lower part, 10.2mm from the LE on the upper 
part. 

• Accretion limit (< 1mm) = at 160mm from LE on the lower part, after 300mm from the LE on 
the upper part 

 
Figure 55: Mean and max ice profile of Aero_1 test run (FZRA condition) 

 
Figure 56 shows the results obtained by industrial partners. 
As previously, the SONACA solver does not predict any horn. The ice thickness is over predicted at the 
leading edge. The amount of ice is well predicted on the upper part. 
Same comment could be done with FENSAP ICE (ATR simulation). 
With IGLOO2D v2.1.06 (AIH & AIRBUS simulations), there is a fair agreement on the accretion limits. 
The horns simulated are not in-line with experimental observations. The improvement brought by the 



D11.4 – Validation test main conclusions and best numerical practices CO 
  28.03.2024 

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 47 

SLD model developed in Ice Genesis is not significant compared to the previous one. This is because 
SLD models are outside of the validity range when considering FZRA conditions. 
IGLOO3D (DASSAV simulation) has the same behavior as IGLOO2D. The conclusions are identical. 
SIMBA solver gives results close to the previous ones, in FZDZ conditions. The impingement area is 
reduced. 
PoliMIce solver predict horns with less ice. The upper one is at the correct location. The accretion limit 
on the upper side is in line with the experiment. The ice thickness at the leading edge is over predicted. 
BOMBADIER prediction are in-line with PoliMIce solver, with a better prediction of the ice thickness 
at the leading edge, closer to the experiment. 

 
Figure 56: Simulation of experiment carried out by RTA in FZRA condition - Aero_1 
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6.2.2 3D swept wing 

The 3D swept wing test campaign is presented in chapter 4.1.4. AIRBUS, ATR, DASSAV, LDO and 
SONACA simulated the test run #4. ATR, DASSAV and SONACA simulated the test run #4b. See Table 4 
in chapter 4.1.4 to know the test conditions.  
 
The following table sums up the solver’s settings used to model the experiment. 
 

 
Table 14: Overview of solver settings 

6.2.2.1 Test run #4 

Below a picture of the ice accretion at the end of the test run. 
 

 
Figure 57: Picture taken after the run test #4 

 
The results are presented in section C1 and C2, see Figure 13 to know the section definition. 
 
The simulation result are plot in Figure 58. The simulation results are extracted from section C1. These 
results are compared primarily to the mean ice shape, and then to the ice shape of the C1 and C2 
sections. The cloud uniformity is not perfectly constant along the wing span. This variation is attributed 
to the gravitational effect on the SLD. Ongoing calibration tests aim to better characterize the cloud 
at the wing position. 

Solver name
Simulation 

mode
Mesh

Aerodynamic 

solver
Trajectory SLD Model Accretion

Remeshing 

process

ATR FENSAP ICE
MS

4 steps
No information RANS

Lagrangian approach

Monodisperse: 1bins
Wright model

SONACA SONCIE
Predictor 

(1step)
No information No information

Lagrangian approach

Polydisperse: 20bins

AIRBUS
Predictor 

(1step)
Unstructured

RANS

Spalart Allmaras

Lagrangian approach

Polydisperse: 11bins

DASSAV P/C Unstructured RANS
Eularian approach

Polydisperse: 10bins

Simba
MS

5 steps

unstrucutred --> Aero + Traj

Cartesian mesh --> accretion

RANS

k-ω TNT
Eularian approach

Monodisperse: 1bins

Immerge 

boundary

PoliMIce
MS

5 steps
Unstructured

RANS

Spalart Allmaras

Lagrangian approach

Monodisperse: 1bins

Myers' 

model
Level set

Level set

Mass deposition modelling: 

ONERA model

Re-emission 2nd droplet: 

N/A

Messinger's 

model

IGLOO3D - 

v2.3.1.1

LDO

Mass deposition modelling: 

ONERA model

Re-emission 2nd droplet: 

RG_BBR models
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About AIRBUS simulation with IGLOO3D, the agreement in the section C2 is fair in terms of extent of 
accretion and maximum ice thickness. The SLD model improves the results. In section C1, the 
maximum ice thickness is underestimated and applying the SLD model accentuates this trend. 
About DASSAV simulation with IGLOO3D, the result matches reasonably well with the upper part of 
the ice shape but underestimates the ice thickness at the leading edge and does not capture at all the 
accreted mass on the lower side. Here again, the predictor-corrector approach leads to flat surfaces 
that promote SLD bouncing, while one can easily imagine that the heterogeneous ice-shapes created 
on the lower side face the flow would capture incoming droplets by direct impingement. 
For the SIMBA simulation, carried out by LDO, the MS analysis generated a tapered shape which better 
agrees with measurements at the suction side of both sections. The maximum height is aligned with 
the measured one at section C2 but it is underestimated at section C1. 
For the PoliMIce simulation, carried out by LDO, the ice shapes agree fairly well, especially in terms of 
maximum thickness and impingement limits. The most relevant difference can be observed in the 
lower part, where the numerical simulations underestimate the ice thickness. 
SONICE (SONACA 2D solver), overestimates at C2 section the ice thickness on the pressure side and 
overestimates it on the suction side. The maximum thickness (close to the stagnation point) is well 
captured. At the C1 section, the amount of ice is mainly underestimated. 
With FENSAP ICE, the simulations were performed in 2.5D. Only this section is modeled. The thickness 
and the shape are representative of the experimental results. The impingement area is in line with the 
experiment on the pressure side. In the Fensap-Ice simulation, accretion occurred also on the trailing 
edge of the flap. 

 
Figure 58: Test run #4 simulations are carried out by industrial partners – Section C1 

 

6.2.2.2 Test run #4b 

Below are pictures of the ice accretion at the end of the experience. Oxide titanium dust is applied on 
the surface for scanning process. 
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Figure 59: Pictures taken after the test run #4b 

 
The simulation results are plot in Figure 60. 
From the ATR simulation result analysis, it becomes evident that the thicknesses are not really 
representative for the experimental results, but the ice shape seems correct: the ice accretion limit is 
well predicted. The second ice build-up (on the pressure side) is also predicted, but with less ice and 
further away from the leading edge. 
DASSAV simulation, with IGLOO3D, predicts more distorted ice shapes for run 4b. Nonetheless, it 
questions the applicability of SLD models and the predictor-corrector approach as the orientation of 
the ice surface is nowhere near the orientation of the skin but also the use of bulk ice density as the 
overall structure of the ice is porous. Both of these could contribute to the major underestimation of 
ice thickness on the leading edge and on the lower side of the slat. 
The SONACA simulation overestimates the impingement limit on the suction side. On the pressure 
and the leading edge, the ice thickness is underestimated, especially at the C1 section. 

 
Figure 60: Test run #4b simulation carried out by industrial partners – Section C1 
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6.3 SIMULATION IN SNOW CONDITIONS (TASK 11.3) 

The partners involved in this task are: 

• Industrial partners: Airbus Helicopter, General Electric, Rolls Royce 

• Academic Partners: ONERA 
 
Simulation comparison was carried out on NRC test cases for all industrial computational chains to 
highlight the improvements and limitations. Figure 61 shows such a comparison and reveals how well 
the simulation tools of different industrial partners compare against the experiments for comparable 
accretion times. 
 

 
Figure 61: Snow accretion comparison for different computational chains compared to experiments 

 
The duration of the accretion runs for TR167, TR230, TR255 and TR268 are 10 minutes, 10 minutes, 8 
minutes, and 8 minutes respectively. With regards to the maximum thickness of ice reported for 
different snow accretion experimental runs all simulation tools provide a reasonably good agreement. 
For the selected cases, the ice accretion limits on the upper and lower surface of the airfoil reveal a 
good match for AIH and RR, however, GE simulation tool requires further work on run-back water and 
aspect ratio sensitivity to compensate for the over-prediction of impingement limits leading to over-
estimated accretion limits. Lastly, all simulation tools show a good agreement for snow accretion 
shapes and further efforts need to be directed towards cases with higher TWCs for further improving 
the prediction accuracy. 
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7. CONCLUSIONS & RECCOMANDATIONS 

2D validation tests were carried out by Industrial Partners. These tests were performed on the HMDI 
profile in App. C conditions, on NACA0012 profile in App. O and snow conditions. Two test campaigns 
on complex geometries were carried out by CIRA and CU, respectively on 3D swept wing and cascade 
rig. One test case is also available on rescue hoist mockup. For all test campaigns, 3D ice accretion 
scans were performed to obtain accurate data. All the test data are, or will be, available in AIIS 
Database.  
The industrial partners have carried out a number of analyses to compare their simulations with the 
test data. In this document, they shared the most interesting conclusions. 
 
SLD & Snow model integration in solvers & 3D tools: 
Within the WP9 & WP10 tasks, mathematical models have been developed/improved/modified, 
based on experimental results, to represent as realistically as possible the behaviour and 
physical/mechanical characteristics (i.e. mainly splashing and bouncing characteristics) of Supercooled 
Large Droplets (SLD) and Snowflakes. In addition, 3D ice accretion methods have been accordingly 
updated. These SLD and 3D ice accretion models have been correctly implemented in the existing ice 
accretion codes, i.a.w. the following table: 
 

 
Table 15: Summary of the SLD implemented models for each icing code 

 
These improved ice accretion codes have been successively transferred to Industrial Partners to 
perform an assessment of icing tool capabilities in Industrial environments i.a.w. the following table:  
 
  

Solver SLD Model Snow Model 3D accretion methods

IGLOO2D V2.1.06

(ONERA)

Mass deposition model: ONERA and Wright models

Re-emission 2nd droplet model: RG_BBR model

Drag & Melting Model

Accretion & shattering Model
N/A

IGLOO3D V2.3.1.0

(ONERA)

Mass deposition modelling: ONERA model

Re-emission 2nd droplet model: out of scope
N/A

Predictor-corrector with remeshing 

implemented using the new CASSIOPEE.

Multi-step with level-set methode.

CEDRE

(ONERA)
N/A

Drag & Melting Model

Accretion & shattering Model
N/A

PoliMIce

(POLIMI)

Mass deposition modelling: ONERA model

Re-emission 2nd droplet model: out of scope
Out of scope

Multi-step with level set method and 

remeshing (Pointwise T-Rex)

SIMBA

(CIRA)

Mass deposition modelling: ONERA model

Re-emission 2nd droplet model: out of scope
Out of scope

Multi-step by IB with Lagrangian 

displacement for ice accretion

SONICE

(SONACA)

Mass deposition model: ONERA and Wright models

Re-emission 2nd droplet model: RG_BBR model
Out of scope N/A

AETHER

(DASSAV)

Mass deposition model: ONERA and Wright models

Re-emission 2nd droplet model: RG_BBR model
Out of scope N/A

Fensap ICE

(ANSYS)

Mass deposition modelling: Wright model

Re-emission 2nd droplet model: out of scope
Out of scope Multi-step

DRAGON ICE SUITE

(BOMB)

Mass deposition model: ONERA and Wright models

Re-emission 2nd droplet model: RG_BBR model
Out of scope Multi-step

HYDRA system

(RR)
Out of scope

Drag & Melting Model

Accretion & shattering Model
N/A

ICAT

(GE)
Out of scope

Drag & Melting Model

Accretion & shattering Model
N/A
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Industrial users Icing tools 
AIH 
AIRBUS 
SAF-AE 

IGLOO2D V2.1.06 (ONERA) 
IGLOO3D v2.3.1.0(ONERA) 
CEDRE 

ATR 
IGLOO2D V1 (ONERA) 
Fensap Ice (ANSYS) 

BOMB 
CANICE2D-BA (in-house) 
Dragon Ice Suite (in-house) 

LDO 
PoliMIce (POLIMI) 
SIMBA (CIRA) 

SONACA SONICE (SONACA) – in house tool 

DASSAV 
IGLOO2D v2.1.06(ONERA) 
IGLOO3D v2.3.1.0(ONERA) 
AETHER 

GE ICAT (in-house) 

RR HYDRA system (in-house) 

Table 16: Summary of the Icing tools integrated in the Industrial Environment 
 
2D common cases in App. C conditions: 
All industrial partners carried out simulation on the icing test with the HMDI profile. All used their 2D 
icing code. Table 9 sums-up the settings for the simulations. 
 
Figure 22 shows the best simulations obtained by the industrial partners, during Ice Genesis project. 
The choice of solver settings has an effect of the ice shape. This can be observed on the simulations 
carried out with IGLOO2D v2.1.06 (AIRBUS, AIH and Safran AE simulations). These partners used the 
same solver with different settings. 
Despite all the efforts made by the partners, no one was able to reproduce the gap in the ice shape at 
the leading edge. Improvement on the model is needed to better catch the shape, especially for the 
heat transfer coefficient estimation. This parameter has an important effect on the run back, thus on 
the ice shape. 
 
2D common cases in App. O conditions: 
The results comparison analysis has highlighted that implementation of the SLD models have reduced 
the overall mass deposition, in particular near the impingement limits, as witnessed by the collection 
efficiency assessment, see Figure 54. Lack of experimental results in terms of collection efficiency does 
not let any quantification about this improvement. . Once ice accreted shape are compared, no 
significant improvements comes to light in terms of maximum thickness and ice accreted limits w.r.t. 
the “NO SLD models” (better agreement with SLD model activated is limited to FZDZ case), whereas 
the comparison with experimental results (Figure 54 and Figure 56) reveals some differences, in 
particular for the FZRA case (Aero_case1), whose conditions are outside of SLD model calibrated ones. 
Using multi-step approach and multi-bin cloud composition slightly improves the ice accretion shape 
prediction, at least for the cases considered in this report, whereas no significant improvements are 
obtained by increasing the volume mesh definition. 
 
2D common cases in Snow conditions: 
The intercomparison of snow accretion predictions obtained from the different industrial numerical 
suites showed reasonably good cross-comparison with the experimental results for maximum 
accretion thickness. However, for cases with higher TWC the accretion limits predicted by the 
numerical simulations severely deviated from the experimental runs which necessitates further 
development of snow accretion models accounting for water film, run-back water as well as aspect 
ratio sensitivity. The global objective of this deliverable which was to implement the snow models and 
learnings into the numerical suites of the industrial partners & cross check the results from the 
different computational suites, as well as analyze how well the predictions compare against the 
experimental results, was successfully achieved. The findings and lessons learnt provide a strong 
foundation and pave path for further development of robust and accurate snow accretion models. 
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9. APPENDIX – IGLOO2D 

IGLOO2D is mainly composed of five dedicated components: 

 
Figure 62: IGLOO2D Workflow 

9.1 GRID GENERATION TOOL: MESH2D 

The grid generation tool MESH2D is dedicated to the building of both structured, unstructured and 
hybrid grids. It is not limited to single profiles, and grids around multi-element airfoils are possible. 
Structured grids are computed with an ONERA inhouse software. Unstructured grids are computed 
with the GMSH software. 

9.2 AERODYNAMIC FLOW SOLVER: AERO2D 

The solver computes the aerodynamic fields (such as air pressure, velocity and temperature, recovery 
temperature, heat transfer coefficient or local steam mass fraction) necessary to the computation of 
the particle impacts and the ice accretion. 
The aerodynamic flow is obtained by the coupling between the resolution of the inviscid equations 
(potential flow theory or Euler equations) for the external flow field and the resolution of the 
boundary layer equations (Prandtl equations) near the wall.  
Two solvers are available for the computation of the inviscid equations. The first one, POTEN2D, is 
based on a potential flow finite element solver. The second one, EULER2D, is based on the resolution 
of the 2D Euler equations for an inviscid flow. 
Ice accretion is an iterative process during which a rough ice layer appears on the wall. The main 
consequence for the boundary layer is an increase in the wall friction coefficient Cf and in the wall 
thermal flux (or heat transfer coefficient HTC) magnitudes. Roughness modeling consists by taking into 
account its influence on the boundary layer by defining an equivalent academic well characterized 
roughness distribution. The similitude between the real and the academic roughness effects is based 
on the equivalent sand grain thickness ks. 
Once the inviscid external flow has been computed, the boundary layer equations are solved. Two 
different approaches are proposed: 

• The first one is based on a direct resolution of boundary layer equations (CLICET). 

• In the second approach (Simplified Integral Method (SIM)), the friction coefficient Cf and the 
heat transfer coefficient HTC derive from the integrated thicknesses of the boundary layer 
such as the displacement thickness δ1 and the momentum thicknesses δ2. 
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9.3 TRAJECTORY SOLVER: TRAJL2D 

The trajectory solver is dedicated to the computation of the dispersed two-phase flow fields such as 
particle velocity and temperature or their diameter evolution due to evaporation or sublimation. 
When the particles impinge on a wall, the impinging surface mass rate mimp or its equivalent collection 
efficiency β, the impinging temperature Tp and kinetic energy Ekp are inputs for the accretion solver. 
The TRAJL2D trajectory solver is based on a Lagrangian description of the problem. 

9.4 ICE ACCRETION SOLVERS 

Ice accretion can be computed from the outputs provided by the aerodynamic and the dispersed two 
phase flow solvers. To do that, two solvers are available, one based on the Messinger balance [36] and 
another based on a triple layer model called MiLeS2D [37]. 

9.4.1 MESSINGER2D 

It consists both in a mass and energy balance among the incoming/outgoing (impacting, running-back 
or evaporating) mass rates and enthalpies. The main outputs are the wall regime (rime, glaze or 
running wet), the estimation of the ice growth rate macc, the wall liquid mass fraction fl and the wall 
temperature Tw. 

9.4.2 MiLeS2D 

The unsteady ice accretion solver is based on a triple layer approach. Figure 63 illustrates the different 
cases that the model can consider. The most complex one being that were three layers are present 
(sheared film, ice and static film) hence the name "triple layer". 

 
Figure 63: MiLeS2D - Triple layer approach 

9.5 THERMAL ICE PROTECTION SYSTEM SOLVER: ETIPS2D 

The operating of a thermal heat protection system is simulated by solving the unsteady heat equation. 
The solver can take into account layers of different material properties. The heat equation is solved 
using a classic finite volume method. 
 

 


