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1 Glossary 

 

Abbreviation / Acronym Description/meaning 

BBR Burzynski-Bansmer-Roisman 

CIRA Centro Italiano Ricerce Aerospaziali - Italian aerospace research centre 

CU Cranfield University 

DDF Dendritically Frozen Droplet 

DFC Droplet Front Curvature 

IBM Immersed Boundary Method 

IPW Ice Prediction Workshop 

IWT Icing Wind Tunnel 

MS Multi-Step approach 

ONERA Office National d’Etudes et de Recherches Aérospatiales - French 
aerospace research centre 

OS One-Step approach (or Predictor) 

POLIMI Politecnico di Milano – Italian research university 

POLYMO Polytechnique Montréal – Canadian research university 

RG Riboux-Gordillo model 

SOM Self-Organizing Map 

TUBS Technischen Universität Braunschweig – German research university 

TUDA Technischen Universität Darmstadt – German research university 

TUS Tokyo University of Science – Japan research university 
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2 Introduction 

This deliverable constitutes the final report of the WP9 of the ICE-GENESIS project. It is a Public report 
describing the main realizations and achievements performed by the WP9 partners: CIRA, CU, ONERA, 
POLIMI, POLYMO, TUBS, TUDA and TUS. Participation of two Russian partners, TsAGI and MIPT, was 
originally planned, but cancelled due to the geopolitical situation. 

The main objective of WP9 was to improve and validate existing 3D numerical tools to predict ice 
accretion in App C, App O conditions in accordance with the first general objective of ICE-GENESIS [1]. 
To reach such a goal, the WP has been split into the four following Tasks: 

− Task 9.1 - Basic experiments to provide missing data for model development; 
− Task 9.2 - Models improvement and implementation in 2D tools for calibration and 

preliminary validation; 
− Task 9.3 -  Models integration in 3D numerical tools & preliminary validation; 
− Task 9.4 - Improvement of 3D ice accretion numerical methodologies. 

The first two Tasks are tightly associated with the realization in Task 9.1 of some experiments, at the 
academic level or with a limited complexity, on one hand, and the development of some physical 
models in Task 9.2 based partially on these experiments on the other hand. Three main topics had 
been identified, namely drop impact, roughness characterization and liquid film runback. These Tasks 
conducted to two TRL Reviews, one in June 2022 on the drop impact led by ONERA (TRL3 level), and 
one on the roughness characterization in July 2022, led by TUBS (TRL2 level). Task 9.4 has been 
devoted to the development of several numerical methods in the 3D numerical tools to account for 
the ice deposit on the obstacle surfaces. Such a capability is mandatory to perform Predictor-Corrector 
or Multi-Step calculations. It has led to a TRL3 Review in July 2022 under the supervision of POLIMI. 
Finally, Task 9.3 has enabled to assess the SLD models developed in Task 9.2 and the numerical 
methods proposed in Task 9.3 on 3D test cases. It led to a TRL4 Review Gate led by CIRA in December 
2022. Since then, the 3D numerical tools (CIRA, ONERA, POLIMI) have been provided to the industrial 
partners as well as some technical support to achieve the WP11 objectives. 

The main achievements and results are described in three Deliverables [2], [3] and [4] while the 
experimental data were available on demand to the ICE-GENESIS participants. Besides, TUBS data on 
HMDI airfoil can be found in the ICE-GENESIS database handled by AIIS.  

This report summarizes the main achievements of WP9. The third chapter describes liquid drop impact 
activities, including the description of the drop deformation prior to impact, the regimes of the drop 
impact, the mass deposition, the ice accretion, the secondary droplets. It concludes with a description 
of the dendritically frozen drop impact. For each subtopic, a brief summary of the experimental and 
modelling/numerical activities is provided when relevant. The fourth chapter deals with the roughness 
characterization with, once again, a presentation of some salient experimental observations followed 
by the description of the model developed during the ICE-GENESIS project. Chapter 5 is related to the 
liquid film runback topics which, as previously mentioned, has been deeply impacted by the 
termination of the partnership with the Russians participants. Finally, presentations of the numerical 
methods implemented in the 3D numerical tools of the partners and previously mentioned are 
described in Chapter 6. Furthermore, the chapter also presents the assessment of the physical models 
derived in Task 9.2 and of the numerical methods of Task 9.3 on several test cases. It led to a TRL4 
Review assessed conclusive held in December 2022 under the lead of CIRA. 
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3 Drop impact 

3.1 Droplet deformation 

3.1.1 Experimental activities 

At CU, the objective was to study splash phenomena of large supercooled water droplets at 
speeds representative of aircraft flight conditions. The main goal was to quantify the splash 
characteristics such as type and size of the splash depending on various parameters such as impacting 
droplet size, velocity, angle and shape, as well as ambient temperature and state of the surface (dry, 
wet or iced).  

This series of tests have been performed at the CU vertical IWT (Figure 1). This is a facility specifically 
designed for the study of small-scale phenomena such as droplet impact on target material. Its 
configuration allows for close-up access to the target area through the use of two side panels made 
of Plexiglass and a square test section of side 216 mm. Three different geometries can be used for the 
target area, allowing target angles of 0°, 18° and 45° with respect to the horizontal. The inlet plenum 
serves to conduct and condition cool atmospheric pressure air into the tunnel and to provide a suitable 
space for the heated droplet generator and its steering mechanism at the top of the tunnel. 

Figure 1: Side view of the CU vertical icing wind tunnel 

The general setup for capturing droplet impact events is represented in Figure 2. It comprises mainly 
a triggering system, a flash LED light with a collimating lens, and a high-speed camera. The imaging 
technique is based on shadowgraphy with a Photron SA4 high-speed camera used for recording 
(typically, 30k & 50k fps). The camera resolution was sufficient to detect droplet as small as 60 
microns. A flash LED light was used to provide the necessary amount of light to capture the droplets 
during the whole splash event. 

Below are some of the parameter ranges for the test campaigns: 

• Air velocity of the tunnel: 48, 67 and 89 m/s; 

• Target angle: 0°, 18° and 45°; 

• Tunnel temperature: +2, -1, -5, -10 & -15°C; 

• Droplets produced by a droplet generator, ranging from 60 to 2800 µm. 
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Figure 2: General overview of the measurement layout (CU) 

At first, for each event observed, different types of droplet shape have been identified (Figure 3): 

a) Flat disk or flattened shape; 

b) Quasi-spherical; 

c) Bell shape; 

d) Flat + bulge;  

e) Oblate spheroid; 

f) Spearhead shape. 

Figure 3: Categories of droplet shapes observed during test campaign (CU) 

A first analysis has consisted in establishing some droplet shape statistics. Droplet impact speed has 
been plotted against droplet diameter by differentiating the shape of the impacting droplets (Figure 
4) for a target angle 0°. Such a value means that the direction of the incoming flow is perpendicular to 
the target. The dependence of impact droplet shape with droplet size, tunnel velocity can clearly be 
seen. Additional results demonstrate the dependency on the target angle as well. At a target angle of 
0° (droplet impact normal to the surface), droplets have predominantly a spherical, flat disk or bell 
shape with a definite transition in function of their size. Droplets smaller than 200 µm tend to be 
mostly spherical, droplets between 200 µm and 700 µm have a flat disk shape, and over 750 µm they 
tend to be bell shaped. These size limits tend to get lower at higher tunnel velocity. The absence of 
observation of oblate spheroid shape at 89 m/s could be explained by the fact that it concerns the 
largest droplets, over 1350 microns which could not be obtained at such tunnel velocity, possibly due 
to break-up. 
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Figure 4: Droplet impact speed as function of droplet diameter for different droplet shape (CU) 

A second analysis is based on using the normal Weber number. This number has been used to visualise 
the influence of multiple parameters, such as droplet diameter and impact speed. While the effect of 
target angle is taken into account through the normal impact velocity, the influence of that parameter 
is such on the droplet shape and the splash type that it is best to separate the data. As an example, 
Figure 5 shows the distribution of droplet shape wrt the normal Weber number for the target angle 
of 0°. Data show a strong dependence of the droplet shape on normal Weber number, but this 
dependence is also influenced by the target angle. The droplet shape was clearly delimited into 
specific range of Weber number. Below 10000, droplet predominantly stayed spherical. Between 
15000 and 40000, the droplet were almost exclusively flat disks before impact. Above 45000, the 
droplets mainly had a bell shape but some oblate spheroid could be observed as well. There were two 
zones with overlapping shapes: between 10000 and 15000 (80% flat disks and 20% spherical) and 
between 40000 and 45000 (20% flat disks and 80% bell shape). 

Figure 5: Distribution of the shape of impacting droplet vs. Weber number (CU) 

In TUDA experimental study [2] [5], the impact of supercooled large droplets (SLD) onto a small target 
has been examined. The experiments have been conducted in a wind tunnel mounted in a cooling 
chamber, shown in Figure 6. The chamber (inside dimensions 2.2 m × 1.8 m × 2.4 m) maintains ambient 
temperatures down to 𝑇amb  =  −20 ◦C; thus determining the temperature of the airflow, the drops 
and the impact target. All temperatures range within ±1.5 ◦C of the chamber temperature 𝑇amb. 
Furthermore, the ambient air is fully saturated, thus avoiding any temperature variation due to drop 
evaporation. The drop trajectory, deformation and wall collision have been captured using a high-
speed video camera.  
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Figure 6: Wind tunnel setup for investigating the impact  
of supercooled water drops (TUDA) 

It has been observed that the impact outcome is significantly influenced by the drop deformation 
before wall collision, as shown in Figure 7Error! Reference source not found.. The left image 
corresponds to a CU condition with Vair=89m/s / Tair = 0°C / angle=0° / Do = 1.236mm. One of the 
important parameters is the drop local curvature at the instant of impact. The image processing has 
been applied for the estimation of the curvature 𝜅 and for the measurements of the evolution of the 
drop spreading radius 𝑟(𝑡).  

Figure 7: Droplet deformation close to the wall. Left: CU experiment; Right: TUDA experiment with 
the definition of the curvature 𝜅. 

 

3.1.2 Modelling/Numerical activities 

TUDA has investigated the droplet deformation prior to the impact. Spreading radius of a 
liquid drop at the initial stages of drop deformation due to the wall impact follows the dependence 

𝑟 ∝ √𝑡 [6] [7]. In order to characterize the spreading of a deformed liquid drop, the spreading radius 
is expressed in the form 

𝒓 = 𝒃 √𝑹𝟎𝑼𝟎𝒕 (1) 

where 𝑅0 and 𝑈0 are the initial drop radius and impact velocity, respectively, and 𝑏 is a dimensionless 
parameter which depends on the dimensionless curvature 𝜅𝑅0.  

𝜅 

𝑅𝑙𝑜𝑐  



D9.5  PU 
  12/03/2024 

 

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

 

 

Figure 8: Constant b vs. the dimensionless curvature (green line: fitted value b0 = 2.12) (TUDA) 

The dependence of b on the dimensionless curvature is shown in Figure 8 [5], indicating that b 
decreases for increasing values of the dimensionless curvature 𝜅𝑅0, i.e. when the drop lower surface 
flattens before impact, the spreading of the drop on the surface after impact increases in velocity. A 
first-order model for the quantity 𝑏 is proposed as  

𝒃 =
𝒃𝟎

√𝜿𝑹𝟎
 

(2) 

where 𝑏0 corresponds to the proportionality constant of a spherical drop marked with a vertical 
dashed line in Figure 8. The value 𝑏0   =  2.12 is obtained by fitting the experimental data. This value 
is very close to the measurements in [6]. The scatter in Figure 8 is probably due to the fact that the 
experimental values were acquired from a single projected side view of the hitting drop from the high-
speed recordings. A top or bottom view of the spreading would probably provide more consistent 
data on the average spreading velocity. However, Figure 8 clearly shows a relationship between 𝑏 and 
the local drop curvature. 

A correlation as precise as possible for the spreading kinematics, taking into consideration the local 
drop curvature, is required for a better description of the conditions for corona production and splash, 
and thus, the fluid volume remaining on the surface. The parameters considered are now introduced 
in accordance with the hypothesis proposed in [8]. 

On its part, CIRA has proposed an empirical model called DFC based on TUDA experimental data [2] 
to consider deformation of the droplet before its impingement on a surface in its own numerical tools. 
Figure 9 shows the experimental values and the regression curve as a function of the impact velocity 
𝑈0. The regression function is here proposed in the form: 

𝜅(𝑈0) = 𝐶0 ∗ [𝐶1 + 𝐶2 tanh(𝐶3𝑈0)],   𝜅 = min(𝜅(𝑈0),  715), 
while the values of the constants are listed in Error! Reference source not found.. 

. 

𝑪𝟎 𝑪𝟏 𝑪𝟐 𝑪𝟑 

𝟔𝟎𝟎 2 −1 0.28 

𝑪𝟎 𝑪𝟏 𝑪𝟐 𝑪𝟑 

𝟔𝟎𝟎 2 −1 0.28 
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Figure 9: Front curvature - Symbols: experimental data; Solid line: model (CIRA) 

Another regression function has been proposed under a dimensionless form and writes as: 

𝜅 𝑅0 = min[1.05, 𝐶0(𝐶1 + 𝐶2 tanh(𝐶3𝑈0))] 
with constant values given in Table 1. 

Table 1: Constants for kr0 model (CIRA) 

 

 

 

 

To assess the influence of the DFC correction model, some simulations have been performed on test 
cases issued from the EXTICE database as presented in Table 2. The two test cases present a water 

droplet MVD of 215m, typical of SLD conditions. 

Table 2: EXTICE cases 

The results relative to the collection efficiency are shown in Figure 10 and, in these plots, the legends 
refer to: 

• “SLD_CIRA” for the Wright model modified by CIRA; 

• “SLD_ONERA” for the ONERA model; 

• “SLD_ONERA_DFC” for the ONERA model with the “Drop Front Curvature correction”. In 
particular, the DFC modifies the droplet diameter which is used to compute the Weber 
number and thus, the Mundo and Cossali parameters. The latter are used to estimate the 
splashing onset into SLD empirical models. 

 At least for this benchmark, the DFC has little effect on the collection efficiency and is even negligible 
in terms of ice-accretion as shown in Figure 11. 

𝑪𝟎 𝑪𝟏 𝑪𝟐 𝑪𝟑 

    

𝟎. 𝟖𝟖 2 −1 0.28 

Run  Mach T [°C] Z [m] MVD [m] LWC [g/m3] AoA [°] Time [s] Aim 

E19  0.2 -25 0 215 0.22 2 616 Splashing effect 

E20  0.2 -10 0 215 0.22 2 616 Splashing effect 

 EXTICE database 

NACA0012 airfoil 

Chord = 0.800 [m] 
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Figure 10: Effects of the DFC correction model. Left: modified Wright model;  
Right: ONERA model (CIRA) 

Figure 11: One step numerical solutions vs. experiments (CIRA) 

 

3.2 Impact regimes 

3.2.1 Experimental activities 

Additionally to the droplet shapes study, CU has characterized each splash event recorded for further 
comparisons. The type of splash generated has been categorised as follows: 

a) Prompt splash; 

b) Rebound (complete); 

c) Rebound (partial); 

d) Corona splash; 

e) Dome splash; 

f) Deposition (no visible splash). 

Figure 12 to Figure 16 show typical example for each category of splash apart from the deposition 
type. 
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Figure 12: Example of prompt splash (CU) 

 

Figure 13: Example of complete rebound (CU) 

 

Figure 14: Example of partial rebound (CU) 

Figure 15: Example of a corona splash (CU)  

Figure 16: Example of dome splash (CU) 

 

 

The shape of the droplet strongly influences the type of splash obtained. As shown in Figure 17, 
spherical and flat disk produce a variety of splashes. On the contrary, oblate spheroids, bell shaped, 
spearhead and flat bulge produce almost exclusively prompt splashes. 
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Figure 17: Type of splash observed for flat disk and spherical droplet (CU) 

Similarly, to the droplet shapes, the type of splash is highly dependent on the normal Weber number 
and this dependence is influenced by the target angle. For instance, for a 0° target angle, corona 
splashes have been observed below 25000 and are predominant below 10000. Between 10000 and 
15000, splashes are mainly corona or prompt with some depositions and mixed splashes. Between 
20000 and 30000, prompt splashes are predominant with still a couple of corona and mixed splashes. 
Above 30000, only prompt splashes have been observed (Figure 18). 

Figure 18: Distribution of the type of splash vs. Weber number with a target angle 0° (CU) 

CU has also very often observed during the post-processing of the droplet splashes a sort of “cleaning 
effect” on wet surface due to the impacting droplet. This phenomenon is very visible for the high end 
of the droplet size, typically larger than 400-500 µm. Figure 19 provides a clear example of such a 
cleaning of the surface after a large droplet impact. This example is for a normal impact angle with a 
droplet size of 832 µm. The tunnel speed is 88m/s with a tunnel temperature of -4.8°C. In the first 
image, one can easily see the small water depositions present on the surface before the impact of the 
droplet. After the impact, it can be seen that the surface has been cleared of all the water depositions. 
From these observations, it can be concluded that, in these conditions, most of the mass deposition 
onto the surface, either comes from the small droplets (<400-500µm) or from secondary droplets from 
nearby impacts. 

Figure 19: Cleaning effect from a large droplet impact (CU) 
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TUDA, in cooperation with TUBS, has investigated experimentally and theoretically a high-
speed impact of a liquid drop onto a dry solid substrate [9]. One example of an SLD drop impacting 
onto a cold rough substrate is shown in Figure 20. In this case the impact leads to the drop prompt 
splash. It corresponds to the impact of a supercooled 2.6 mm drop onto a polished or rough aluminium 
substrate at -10◦C. The impact velocity is 9 m/s. The axial air velocity in a wind tunnel, normal to the 
target is 22 m/s. Of course, under other impact conditions and surface properties drop deposition or 
drop corona splash can be observed [10].  

 
Figure 20: Impact of a SLD onto a polished or rough aluminium substrate at -10◦C (TUDA) 

It is obvious that these results are extremely relevant to the topics of ICE Genesis. In these 
experiments, relatively high impact velocity was achieved by a moving target. The outcome of drop 
impact has been observed using a high-speed camera. Among the results of the study is the 
determination of the threshold conditions for corona splash and prompt splash.  

Finally, ONERA has observed two unexpected features when performing experiments in its 
vertical IWT. The first one is present at rather high velocities (above 150 m/s) and corresponds to an 
erosion of the ice layer under a drop impact (Figure 21). A dependence of the impact angle have been 
also exhibited. In some cases, ice accretion is even precluded by this erosion effect. The second effect 
is associated to some tests performed when reproducing altitude effects (Figure 22).  

Figure 21: Erosion effect for two gas velocities (ONERA) 

Figure 22: High-altitude effects on a drop impact (ONERA) 

 

 

 

𝑽𝒂𝒊𝒓 = 𝟏𝟖𝟎
𝒎

𝒔
;  𝑻𝒂𝒊𝒓 = −𝟐,  − 𝟏𝟎°𝑪 ;  𝜽 = 𝟎° 𝑽𝒂𝒊𝒓 = 𝟏𝟓𝟎

𝒎

𝒔
;  𝑻𝒂𝒊𝒓 = −𝟏𝟎°𝑪 ;  𝜽 = 𝟒𝟎° 

𝑫𝟎 ≈ 𝟑𝟐𝟓 µ𝒎 ;  𝑽𝒂𝒊𝒓 = 𝟏𝟒𝟎 𝒎/𝒔 ;  𝑻𝒂𝒊𝒓 = 𝟏𝟓°𝑪 

𝑷𝒂𝒊𝒓 = 𝟏 𝒃𝒂𝒓 𝑷𝒂𝒊𝒓 = 𝟎. 𝟔 𝒃𝒂𝒓 
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3.2.2 Modelling/Numerical activities 

Using the previous experiments, TUDA has developed a theoretical model based on the stability 
analysis of the corona, generated by drop impact. The height (the breaking length) of the corona is 
estimated from the stability analysis which accounts for the viscous, capillary and inertial terms. If the 
predicted corona height is smaller than the lamella thickness at the wall, the impact leads to the 
prompt splash. The conditions for the prompt splash are: 

𝑹𝒆 > 𝟐𝟐𝟕. 𝟑 𝑾𝒆𝟏/𝟐, 𝐚𝐧𝐝 𝑾𝒆 > 𝟑𝟒 𝑹𝒆𝟏/𝟒, 𝐩𝐫𝐨𝐦𝐩𝐭 𝐬𝐩𝐥𝐚𝐬𝐡  (3) 

The diagram of different drop impact outcomes is shown in Figure 23. This diagram clearly shows that 
the threshold conditions (3) indeed limit the window of impact parameters associated with the prompt 
splash. Besides, the type of splash is a rather important quality of drop impact. It determines the size 
of the secondary drops. It is found in [9] that the diameter of the secondary drops correlates well with 

the thickness of the viscous boundary layer which is scaled as 𝑅𝑒−1/2, where the Reynolds number is 
defined as 𝑅𝑒 ≡ 𝜌𝐷0𝑈0/𝜇, with 𝑈0 denoting the impact velocity. The average diameter of the 
secondary drops is obtained in the form 

〈𝑫𝐬𝐞𝐜𝐨𝐧𝐝𝐚𝐫𝐲〉 ≈  {
𝟐𝟒𝑹𝒆−𝟏/𝟐𝑫𝟎, 𝐜𝐨𝐫𝐨𝐧𝐚 𝐬𝐩𝐥𝐚𝐬𝐡
𝟐𝑹𝒆−𝟏/𝟐𝑫𝟎, 𝐩𝐫𝐨𝐦𝐩𝐭 𝐬𝐩𝐥𝐚𝐬𝐡

 (4) 

 

Figure 23: Regime map of prompt splash/corona splash based on equation (3) (TUDA-TUBS) 

3.3 Mass deposition 

3.3.1 Experimental activities 

In this test campaign, the drop mass remaining on the surface after a corona splash has been measured 
[5]. While numerous studies in the past were directed towards the characterization of splashing 
thresholds, the proportion of fluid leaving the surface during the splash, or the amount of fluid 
remaining on the surface is seldom quantified. The experiments conducted for this purpose take place 
in the TUDA icing wind tunnel shown in Figure 6 and the experimental procedure regarding the impact 
has been outlined in [2]. 

Figure 24: Rotatable impact surface for the investigation of the residual mass  
of a sessile droplet (TUDA) 
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The remaining mass on the surface is determined after the impact by a custom three-dimensional 
reconstruction of its shape. For this purpose, the drop has to recede to the shape of a truncated 
sphere. In case of a solidification of the drop, the target is heated up in order to melt the drop and 
allow it to recede and form a spherical shape. Subsequently, the drop is captured in side view images 
from multiple angles. In order to achieve different angles without changing the camera setup, the 
surface is mounted on a turntable. This way, a different viewing angle is achieved by simply rotating 
the surface. The setup of the impact surface is sketched in Figure 24. 

The drop shape from the different images is recognized by an edge detection algorithm and afterwards 
adjusted in a three-dimensional representation according to its viewing angle. This method offers high 
accuracy determination of the remaining drop volume. A reconstruction of metal spheres 
manufactured with high precision (𝐷0 ± 0.01mm) yields an accuracy of ±0.2μl for our method. 

The experiments conducted in this campaign involved different temperature as well as several airflow 
velocities resulting in corresponding drop impact velocities. However, the drop size and the angle of 
attack are not varied. While the temperature and the airflow velocity are directly controlled, the drop 
impact velocity is dependent on the airflow. It increases with airflow velocity, since the flow 
accelerates the droplet during its fall. The test matrix of the impact parameters investigated in this 
campaign are given in Table 3. 

Table 3: Test matrix for campaign investigating the residual mass after impact (TUDA) 

Drop Diameter 
(µm) 

Drop Velocity 
(m/s) 

Drop 
Temperature 

(°C) 

Air Velocity 
(m/s) 

Air Temperature 
(°C) 

Angle of Attack (°) 

3000 4.8-10.5 -13 to -5 0-25 -12 to -5 0 

In all of the experiments executed in this campaign, the impacting drops developed a corona splash. 
During a splash, secondary droplets are emitted from the impacting drop, which reduces the mass 
deposited on the surface after the impact. In the experiments, this remaining mass is determined with 
the method described above. The change in deposited mass shows similar dependence on impact 
velocity and change in fluid viscosity as the corona width of supercooled drops impacting without 
airflow. Figure 25 left shows the residual volume fraction Vres∕V0 plotted in relation to the capillary 

number 𝐶𝑎 = 𝜇𝑉
𝜎

. It is apparent that the highest the capillary number is, the lower the residual 

volumes become. However, the large scatter for higher Ca leaves great uncertainty in a clear 
decreasing trend. Hence, the residual mass are examined with respect to changes of the splash 
parameter 𝛽, introduced in [8]. Some details in calculation of the values of the parameter 𝛽 can be 
found also in [5]. This dependence is seen in Figure 25 right, where the residual mass decreases for 
increasing values of 𝛽.  

Figure 25: Residual volume fraction of supercooled drops in relation to the capillary number Ca =
 U0 μ/σ (left) and residual volume fraction of supercooled drops with Oh >  0.055 in relation to 

splashing parameter 𝛽 [5]. The yellow square symbols represent data obtained in [9] (TUDA) 
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In this graph, the residual volume 𝑉𝑟𝑒𝑠 is referred to the drop volume before impact 𝑉0. Note, that the 
values of 𝛽 include the curvature correction introduced in section §3.1, since especially the drops with 
high impact velocities exhibit the deformation described in the same section. The data of the present 
study is supplemented with data obtained in [9]. Their data agree well with the decreasing trend 
visible from the present findings. Considering flight conditions, the present data represents values for 
the lower range of impact velocities of small drops. For instance, a drop with 𝐷0 = 200μm impacting 
on a surface with a velocity of 𝑈0 = 70 m/s  would correspond to a value of 𝛽 = 0.4, for which a loss 
of approximately 35% is expected. However, following the current trend to higher values of 𝛽, a total 
atomization of the drop is expected for 𝛽 > 0.7 which still represents realistic flight conditions where 
SLD icing is reported. Hence, the current trend might not be universally applicable for higher values of 
𝛽 and further experiments are required for a correlation covering this regime. 

Figure 26: Residual volume fraction of supercooled drops with the impact parameters  
corresponding to β ≈  0.24 as a function of the Ohnesorge number Oh (TUDA) 

Moreover, the general scatter in the data and the standard deviation of the data from [9] indicate that 
the parameter 𝛽 does not include all influences determining the amount of fluid remaining on the 
surface. In fact, in this data, a change in residual volume is visible even for constant values of 𝛽. In 
Figure 26, this change is shown as a function of the Ohnesorge number. For higher values of Oh, i.e., 
well in the corona splash regime, the residual volume decreases although 𝛽 ≅ 0.24 for all shown 
values. Thus, some influences covered by the Ohnesorge number are not included or are 
underestimated when determining 𝛽. Nevertheless, the strong dependence of the residual volume on 
the parameter 𝛽 represents a significant step towards predicting the amount of fluid remaining on the 
surface and therefore improving ice accretion models when considering the impact of supercooled 
drops. 

A semi-empirical model for the deposited mass ratio 𝑚deposited/𝑚initial has been developed based 

on the experimental data in [9] and [5]. It is found that this parameter correlates well with the 
dimensionless parameter 𝛽 proposed in [8] for the description of the splashing threshold. The best fit 
is obtained in the form 

 𝒎𝐝𝐞𝐩𝐨𝐬𝐢𝐭𝐞𝐝

𝒎𝐢𝐧𝐢𝐭𝐢𝐚𝐥
≈ 𝟏 − 𝟐. 𝟔𝟓 𝜷𝟐.𝟑𝟕 (5) 

3.3.2 Modelling/Numerical activities 

CIRA has two icing suites partially presented in Chapter 6. For the drop-impact model, these 
tools make use of the Lewice splashing/bouncing approach [11] [12].The Trujillo splashing model [13] 
is also available, which is combined, in particular cases with the Lewice bouncing model for optimal 
performance in both regimes [14]. The activation of SLD modelling into the CIRA codes led to 
remarkable improvements in icing predictions, both in low temperature/high MVD and high 
temperature/low MVD conditions. In particular, the SLD model implemented into the SIMBA-ICE code 
modifies the impinging mass due to bouncing/splashing even if it does not consider the mass loss due 
to secondary droplets: 

𝜷𝑺𝑳𝑫 = [𝟏 − 𝒇𝒎]𝜷 = 𝜺𝜷 (6) 
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where fm is the mass loss factor due to splashing/bouncing and 𝜀 is the sticking efficiency  

𝜺 = 𝟏 − 𝒇𝒎 (7) 

The model considers the Mundo parameter  

𝑲 = (
𝝆𝒅

𝟑𝑫𝒅
𝟑𝑽𝒏,𝒊

𝟓

𝝈𝒅
𝟐𝝁𝒅

)

𝟏
𝟒

= 𝑶𝒉 ∙  𝑹𝒆
𝟓
𝟒 

(8) 

where 𝜎𝑑 is the surface tension, 𝜌𝑑 the droplet density, 𝑉𝑛,𝑖 the local droplet velocity normal to the 
surface, 𝐷 the droplet diameter and 𝜇𝑑 the water dynamic viscosity. The Mundo parameter can be 
expressed in terms of the droplet Ohnesorge (Oh) and Reynolds (Re) numbers and is used to compute 
the splashing onset: 

𝑲𝑳 = √𝑲(𝑭∗)−
𝟑
𝟖 

(9) 

where 𝐹∗is the non-dimensional droplet frequency: 

𝑭∗ =
𝟑
𝟐

(
𝑳𝑾𝑪
𝝆𝒅

)

𝟏
𝟑

 

(10) 

The splashing condition is met when 𝑲𝑳,𝒏 > 𝟐𝟎𝟎 and 𝜽𝟎 < 𝟗𝟎°, where 𝜃0 is the droplet impact angle 

w.r.t. the surface and 𝐾𝐿,𝑛 is the normal component of the splashing onset 

𝑲𝑳,𝒏 = 
𝑲𝑳

[𝒔𝒊𝒏(𝜽𝟎)]𝟏.𝟐𝟓 
(11) 

The bouncing model is activated when 𝑲𝑳,𝒏 > 𝟐𝟎𝟎  and 𝜽𝟎 < 𝟑𝟎°. In both cases, a unified formulation 

is used leading to the mass ratio: 

𝒇𝒎 =
𝒎𝑺

𝒎𝟎
= 𝑪𝟑[𝟏 − 𝒔𝒊𝒏(𝜽𝟎)][𝟏 − 𝒆−𝟎.𝟎𝟎𝟗𝟐(𝑲𝑳,𝒏−𝟐𝟎𝟎)] (12) 

where the parameter 𝐶3 is given in Table 4. 

Table 4: Wright model constant 

The ONERA deposition rate model [15] consists in determining also the sticking efficiency 
defined in Eq. (6). It is an empirical model, which relies on the assumption that the impact outcome 
mainly depends on the impinging droplet characteristics. Thus, it neglects the influence of other 
parameters such as the wall contact angle or the local aerodynamic flow in the vicinity of the impact 
location. This model is mainly based on the “normal Cossali number”, which is defined as: 

𝑲𝒏 = 𝑾𝒆𝒏. 𝑶𝒉−𝟐
𝟓 

(13) 

It represents the influence of the droplet kinetic energy, surface energy, and viscous dissipation under 
a dimensionless form. The normal Weber number 𝑊𝑒𝑛 is written as: 

𝑾𝒆𝒏 =
𝝆𝒅𝑽𝒏

𝟐𝑫
𝝈

 
(14) 

where 𝜎 is the surface tension coefficient, 𝜌 the impacting droplet density, 𝑉𝑛 the normal droplet 
velocity and 𝐷 the droplet diameter. The Ohnesorge number 𝑂ℎ is defined as: 

𝐎𝐡 =
𝝁𝒅

√𝝆𝒅𝝈𝑫
 (15) 

where 𝜇𝑑 is the impacting droplet dynamic viscosity. 

The general form of the model is expressed in terms of sticking efficiency as follows:  
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𝜺 = 𝒈(
𝜽
𝜽𝒄

) . 𝒇(𝑲̃𝒏) 
(16) 

with  𝐾̃𝑛 = 𝑚𝑎𝑥 ((𝐾𝑛−𝐾0
𝐾0

) ; 0) ;  𝐾0 = 657. The two values of the constants 𝐶1 and 𝐶2 are given in 

Table 5. 

Table 5: Constants of the ONERA model 

 

 

 

 

 

 

The threshold value 𝐾0  separates the full deposition regime (𝐾𝑛 < 𝐾0) from the splashing regime 
(𝐾𝑛 > 𝐾0). The parameter 𝜃𝑐 is the critical angle of incidence, below which the mass deposition of the 
droplet decreases with its angle of incidence. This critical angle depends on the capillary forces and its 
expression is based on the capillary number 𝐶𝑎 such as: 

𝜽𝒄 = 𝜽𝟎 𝐭𝐚𝐧𝐡[𝑪𝒂𝟑/𝟐] (19) 

with 𝐶𝑎 = 𝜇𝑑.𝑉𝑛
𝜎

 and 𝜃0 = 25𝜋
180

 . 

 

During ICE-GENESIS, ONERA has firstly checked the consistency between TUDA data, a 
previously acquired ONERA data (French-funded project PHYSICE [16]) and the original version of the 
ONERA mass deposition model. This comparison is given in Figure 27. The PHYSICE data has been 
obtained at higher Weber numbers than the TUDA one and they fit quite nicely in the intermediate 
region around 5000. On the other hand, the original ONERA model fits also quite nicely with TUDA 
data for the lowest values of the Weber number. Regarding the comparison with the PHYSICE 
experiments, the ONERA model overestimates the deposition rate. The fact that the PHYSICE 
experiments were performed on an aluminum substrate whereas the ONERA model is based on the 
Papadakis experiment [17], performed with heavyweight blotter paper, could explain the 
discrepancies. Indeed, the deposition rate on aluminum may be less important than on a heavyweight 
blotter paper, which tends to retain water. An adaptation of the coefficients 𝑪𝟏, 𝑪𝟐 leading the 
threshold value of the deposition rate has been considered in ICE-GENESIS (Table 5), but is not obvious 
due to the high variability of the PHYSICE experiment results.  

 

with 𝒇(𝑲̃𝒏) = 𝟏 − 𝒄𝟏
𝑲̃𝒏²

𝑪𝟐
𝟐+𝑲̃𝒏²

     

 

 

(17) 

 

 
and       

 

𝒈(
𝜽
𝜽𝒄

) = {   
𝜽
𝜽𝒄

  𝒊𝒇 𝟎 ≤  𝜽 ≤ 𝜽𝒄

𝟏  𝒊𝒇  𝜽 ≥ 𝜽𝒄     

 

 

(18) 

 

 

 
Original Modified 

C1 0.15 0.25 

C2 10 40 
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Figure 27: Comparison between the experimental and numerical results 
for mass deposition (ONERA) 

CIRA has also performed a similar assessment accounting for the Wright model. The Wright model for 
the mass deposition is evaluated, comparing the results with the available experimental data from 
TUDA [2] and the ONERA model [15] as shown in Figure 28. Square symbols are the results of the 
ONERA model (blue) and Wright model (orange) in the original formulation and agree with the 
experimental data (black dots) in the region of the lowest Weber numbers. The ONERA model 
overestimates the deposition rate from the PHYSICE experiments (Figure 27), thus it has been 
recalibrated (blue triangles) for a closer match with a modified value of its two coefficients (Table 5). 
Accordingly, the Wright model has been also recalibrated (orange triangles) for the higher Weber 
numbers (Table 4). 

Figure 28: Mass deposition – Wright and ONERA models vs. TUDA experimental data (CIRA) 

 

 

 

3.4 Accretion 

3.4.1 Experimental activities 

ONERA has performed some accretion experiments on a cylinder with SLD in its vertical IWT (Figure 
29). Such a device has been initially built to study the SLD droplet, avoiding any stratification effects 
due to gravity. This is a research device and its mains characteristics are briefly described in Table 6. 
Liquid injection is realized through monodisperse droplet generator and spray system.  
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Figure 29: ONERA Icing Wind Tunnel 

 

Table 6: Characteristics of ONERA IWT 

The description of the experiments and of the associated experimental results are available in [18] 
and [2]. The test rig consists in a quasi-cylinder obstacle, flattened on the top (Figure 30). 

Figure 30: Details of the mock-up (ONERA) 

 

3.4.2 Modelling/Numerical activities 

On its part, ONERA has performed simulations on seven of the experimental cases. The numerical 
simulations have been done with the ONERA 2D icing suite IGLOO2D and compared to the 

experimental results. The ONERA deposition mass model, described previously, has been used. The 
operating conditions for the cases studied are displayed in Table 7. The local LWC is evaluated 
experimentally in a region just above the observation area in Figure 30Figure 30: Details of the 

mock-up (ONERA) 

 

Test section 
Size 

H (m) x W (m) x L (m) 

Max. Air speed 

(m/s) 

SAT 

(°C) 

Altitude 

(m) 

Vertical 0.5 x 0.2 x 0.1 190 m/s -40 to +30 0 -> 10 000  
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. This observation area (or impact area) corresponds to the flat part of the cylinder located in the 
center and is 5.6 millimeters long. 

Table 7 : Test conditions used for ice accretion 

Run 

name 

Velocity 

(m/s) 

Temperature 

(°C) 

MVD 

(μm) 
Local LWC 

(𝒈.𝒎−𝟑) 

RH ∆t (s) Average Weber 

number 

N2 67 -2 374 0.18 0.84 180 21787 

N7 100 -5 322 0.194 0.82 180 41786 

N10 67 -10 368 0.164 0.49 180 21437 

N11 100 -10 314 0.21 0.52 180 40747 

N12 150 -10 326 0.22 0.56 180 95185 

N22 100 -10 275 0.11 0.70 180 35686 

N23 150 -10 260 0.163 0.42 180 75914 

Figure 31: Location of the observation area in the test section (ONERA) 

The ice thickness obtained numerically is in an overall good agreement with its experimental 
counterpart for cases at a low temperature (-10°C) with a relatively low velocity (67m/s and 100m/s). 
It is illustrated in Figure 32 which shows the comparisons between the experimental and numerical 
ice thicknesses with respect to time for cases N10, N11 and N12. Concerning the relatively high 
velocity cases N12 (150m/s), the computed ice thickness is much larger than the measured one due 
to, possibly some erosion or higher total temperature effects. As a consequence, one can try to lower 
the mass deposition rate when the airflow velocity and/or the Weber number are rather large. To test 
this hypothesis, the threshold of the deposit rate at high Weber number has been set at 0.75 by fixing 
the constant 𝐶1 to 0.25 in the ONERA mass deposition model. Recomputing case N12 with this 
modification provides a numerical ice thickness curve (Figure 33), in red, which is closer to the 
experimental one and agree quite well with the experimental result as the time increases. Such a 
result demonstrate that the constants of the model may be adapted on a case-by-case basis, but such 
a feature is not satisfactory. Besides, the possible erosion effect exhibited during some experiments 
are not accounted for in the models. 

For the N2 case, with a relatively high temperature of -2°C, the numerical ice growth, observed in 
Figure 34, is in good agreement with the experimental result during the first half of the ice accretion 
time, but both results differ later on. Moreover, the ice shape does not look like the experimental one 
as it can be seen in Figure 35. Indeed, in the experiment, one observes a glaze ice accretion with ice 
fitting the cylinder shape and some frozen rivulets on the side. In the numerical result, two small ice 



D9.5  PU 
  12/03/2024 

 

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 29 
 

 

horns apart from the flat part of the cylinder are present and there is a thin ice layer onto the flat part. 
This lack of accuracy for relatively high temperature cases is possibly associated to a poor calculation 
of the aerodynamic boundary layer, leading to bad HTC values. Besides, CIRA and TUS have also 
contributed to this activity on accretion comparing numerical simulations performed with their own 
numerical icing suite to experimental data. Their results have been presented in the Deliverable [3]. 

 

 

Figure 32: Ice thickness comparison with the 
initial mass deposition model (ONERA) 

 

Figure 33: Ice thickness comparison with the 
modified constants of the mass deposition 

model (ONERA) 

 

Figure 34: Ice thickness comparison in cases N2 and N10 (ONERA) 

 

Figure 35: Qualitative comparison between experimental (left)                                                                             
and numerical (right) ice shape for case N2 (ONERA) 
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3.5 Secondary droplets 

3.5.1 Experimental activities 

ONERA has performed its experimental characterizations on its IWT using a Phase-Doppler Particle 
Analysis measurement technique to retrieve the diameter and the components of the velocity of the 
secondary droplets above the obstacle. 

The experimental set-up and the test-rig have been shortly presented in the previous section 3.4.1 
and further details can be found in [2], together with the operating conditions. 

3.5.2 Modelling/Numerical activities 

3.5.2.1 Modelling part 

On ONERA side, a short description of three secondary droplets models is given hereafter, the 
first one being pre-existing to ICE-GENESIS project while the last two have been developed during ICE-
GENESIS.  

For the first model, the diameter distribution of the secondary droplets is based on a determination 
of their mean diameter 𝐷10 and using a log-normal law for the probability density function. Concerning 
the mean diameter, its determination relies on the normal Cossali number 𝐾𝑐𝑛 and a power law. The 
main idea is to tend toward an asymptotic value for high values of the normal Cossali number, leading 
to: 

𝑫𝟏𝟎

𝑫𝟎
= 𝑨𝟎 +

𝑨𝟏

𝟏 + (𝑲𝒄𝒏
𝑲𝒔

)
𝜶 

(20) 

where A0, A1 and α are constant values fixed respectively at 0.049, 0.29 and 0.9, and 𝐾𝑠 is the 
threshold value of the Cossali number set to 657. For the p.d.f., it is written as: 

𝑷(𝑫) =
𝟐

𝝈√𝟐𝝅.𝑫
𝒆𝒙𝒑 [−

𝟏
𝟐𝝈𝟐 (𝒍𝒏(

𝑫
𝑫𝟏𝟎

))
𝟐

] 

(21) 

where 𝝈 represents the standard deviation of the law, fixed at 0.29 in the model. 

The next step consists in determining the velocity of the secondary droplets which is computed 
according to a model proposed in [19]. It is based on the normal Cossali number 𝐾𝑐𝑛 and on three 
terms 𝑞𝑛𝑛, 𝑞𝑡𝑡 and 𝑞𝑛𝑡. These terms represent respectively the restitution of normal velocity 𝑉𝑛, the 
restitution of tangential velocity 𝑉𝑡 and the conversion of normal velocity into tangential velocity. The 
model expression is presented in Equation (22) as: 

𝑽𝑺⃗⃗ ⃗⃗  = −(𝒒𝒏𝒏𝑽𝒏)𝒏⃗⃗  + (𝒒𝒕𝒕𝑽𝒕)𝒕  + (𝒒𝒏𝒕𝑽𝒏)𝒆𝒕⃗⃗  ⃗ (22) 

with  

𝑞𝑒 = 1 − ( 𝐾𝑠
𝐾𝑐𝑛

)
𝛽

 ; 𝑞𝑛𝑛 = 𝑞𝑒 √𝛾 ( 𝐾𝑠
𝐾𝑐𝑛

)
𝛼

 ; 𝑞𝑛𝑡 = 𝑞𝑒 √𝑚𝑎𝑥 (1 − 𝛾 ( 𝐾𝑠
𝐾𝑐𝑛

)
𝛼
; 0) ; 𝑞𝑡𝑡 = 0.95  

    𝐾𝑠 = 657 ;  𝛼 = 1
6
 ;  𝛽 = 1

7
;  𝛾 = 0.28 

 

The vector 𝒆𝒕⃗⃗  ⃗  represents any tangential direction to the wall and a random sampling is performed on 
the azimuthal angle to fix its direction for each secondary droplet. 

The next two models have been developed during the course of ICE-GENESIS and are based on the 
Riboux-Gordillo model [8] [20] and the subsequent work done by Burzynski and his colleagues [9]. In 
the sequel, we will use the acronym RG to refer to Riboux-Gordillo model. Basically, the RG model 
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considers that the secondary droplets are ejected from the spreading lamella located on the surface 
and enables to determine the mean diameter as well as the normal and tangential components of the 
velocity of these droplets. 

Figure 36: Splashing of an impacting drop and its lamella. Quantities used for the Riboux-Gordillo  
model are represented [9] 

The mean diameter corresponds to the thickness of the spreading lamella and the velocity 
corresponds to the velocity of this lamella. In order to determine the outcome of the impact of a single 
droplet, the idea is to determine the ejection time 𝑇𝑒, the initial tangential velocity of the lamella 
𝑉𝑡(𝑇𝑒) and the initial thickness 𝐻𝑡(𝑇𝑒) where the meaning of these quantities is given in Figure 36. 
The mean diameter and velocity components of the secondary droplets are deduced from them. 
However, the approach of Riboux and Gordillo focusses only on the first ejected droplets at the 
ejection time 𝑇𝑒 and does not provide any information on the mean diameter and velocity of all the 
ejected droplets. To extend the RG model, Burzynski et al. [9] estimated the duration of the splashing 
𝜏𝑑. To determine the mean diameter and the mean velocity components of the secondary droplets, a 
uniform sampling in time of these values has to be performed  between the ejection time 𝑇𝑒 and the 
final time 𝑇𝑒 + 𝜏𝑑. Averaging these diameters provide a mean diameter value. In the following, this 
model will be called the BBR or extended-RG model. By construction, the non-dimensional splashing 
duration depends on the Reynolds and Weber numbers of the flow according to: 

𝝉𝒅 ≈ 𝑹𝒆
𝟏
𝟒 𝑾𝒆−𝟏

𝟐  (23) 

Next, the thickness and tangential velocity component of the lamella can be estimated adapting the 
RG model as: 

𝒉𝒍 =
√𝟏𝟐
𝝅

𝝉𝒅
𝟑
𝟐  

(24) 

𝑢𝑙 =
1
2
√

3
𝜏𝑑

  
(25) 

An improved estimation of these quantities, accounting for the shear force effects has been proposed 
by Riboux-Gordillo later. This force affects the tangential component of the velocity and the lamella 
thickness of the rim leading to: 

𝒉𝒂
+ =

𝒉𝒂

(𝟏 − √𝟐
√𝑹𝒆𝑹𝒖𝒂𝒉𝒂

)
  

(26) 

𝑢𝑎,𝑥
+ = 𝑢𝑎 (1 −

√2

√𝑅𝑒𝑅𝑢𝑎ℎ𝑎
) 

(27) 

where 𝒉𝒂 = 𝒉𝒍/𝟑 and 𝒖𝒂 = 𝟐𝒖𝒍. The droplet size and tangential component of the velocity can be 
estimated as: 

𝒅𝒎𝒐𝒅𝒆𝒍~𝑹𝒉𝒂
+ and 𝒖𝒙,𝒎𝒐𝒅𝒆𝒍~𝑼𝒖𝒂,𝒙

+  

Finally, the vertical velocity of the lamella is given by :  
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𝒖𝒚,𝒎𝒐𝒅𝒆𝒍~𝟐√ 𝑭𝑳
𝝆𝑯𝒕𝑽𝟐 𝑼   with   𝐹𝐿 = 𝐾𝑙µ𝑔𝑉𝑡 + 𝐾𝑢𝜌𝑔𝑉𝑡

2𝐻𝑡 

where the reader is referred to the original paper of Riboux-Gordillo to get the meaning of the 
different terms of 𝐹𝐿. Finally, to determine the direction of the secondary droplets ejected, a random 
selection of the azimuthal angle has to be performed. This is similar to what is presented for the initial 
ONERA model. 

On its part and based on its experimental data, ONERA has proposed a “simplified model” to define 
the arithmetic mean 𝒅𝟏𝟎 of the droplet diameter. At first, we consider only the splashing duration 
time to define this value. An adapted correlation on the splash duration has been built to obtain a 
better fit between the model and the experimental results. This leads to the following relationship: 

𝝉𝒅 ≈ 𝟑. 𝟓𝟒 𝑹𝒆
𝟏
𝟒𝑾𝒆−𝟏

𝟐 

and using this formula provides the mean diameter 𝒅𝟏𝟎. In a second time and based on the Phase 
Doppler measurements, an “empirical model” for the secondary droplet mean diameter and Sauter 
diameter has also been proposed: 

𝒅𝟏𝟎 = 𝟏𝟓. 𝟐𝟐𝟔 𝑾𝒆−𝟎.𝟓𝟕𝟖 𝒅𝟎  and    𝒅𝟑𝟐 = 𝟕. 𝟎𝟒𝟔 𝑾𝒆−𝟎.𝟒𝟎𝟕𝒅𝟎 

where 𝒅𝟎 stands for the incoming droplet diameter. These two mean values enable to define a 
secondary droplet size distribution, based in our case on a log-normal law. 

Finally, since the principle of energy conservation might not be respected, ONERA has derived a last 
model combining the “empirical model” for the droplet diameter distribution and the initial ONERA 
model for the droplet velocity and it will be called “hybrid model” in the sequel. 
Prior to any numerical simulations, ONERA has performed pre-assessment of the extended-RG and 
“simplified model” on the diameter using the ONERA experimental measurements (Phase Doppler 
Particle Analysis). Figure 37 demonstrates that the extended-RG model and the ONERA “simplified 
model” predict with a good accuracy the arithmetic mean diameter of the secondary droplets.  

Figure 37: Comparison of the reduced mean diameter of the secondary droplet vs. Weber number 

3.5.2.2 Numerical part 

On CIRA side, the model implemented for the secondary droplets assumes that any interaction 
between the rebounding droplets and the particles that travel on their impingement trajectories can 
be neglected, the pre- and post-impact trajectories can be computed in different simulations with 
different boundary conditions. This assumption avoids the dualism of BCs when the surface is 
modelled as both inlet and outlet simultaneously, and allows a satisfactory prediction of wetted area 
over the aircraft surface. The procedure can be summarized according to these steps: 

• the impingement is computed solving the current Eulerian method; 
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• the solution is post-processed to compute the mass to be removed due to bouncing and then 
the droplets properties (diameter, angle, velocity, concentration) to be re-injected; 

• the particles in the bouncing regions are re-injected converting the related boundaries in inlet 
boundaries.  

• the far-field inlets are set to zero so that the secondary cloud does not interact with the 
primary one; 

• the above procedure can be reiterated several times. 

The procedure substantially consists in re-using the particle size bins, defined by a sampling method, 
to re-inject emitted particles produced by the droplet that bounce on the solid wall. Thus, groups of 
secondary particles are re-injected into the proper bin, considering that the sizes of secondary 
droplets are always equal or smaller than the size of the impinging ones and that a discrete set of 
particle sizes is already available from the impact model. When an ejected mean volumetric diameter 
(MVD) is available, a pre-defined size distribution can be reconstructed. Often, a Gaussian or Rossin-
Rammler distribution of a mass frequency function is used. 

The procedure starts from the largest bin and it is repeated for each smaller one obtaining the re-
injected mass flow for each bin. Once the total mass flow to be re-injected in the generic bin is known, 
two Eulerian computations are performed: 

• a direct computation to compute the collection efficiency of the bin and the impact 
parameters to be used for re-injection in the smaller bins; 

• a post-impact computation to solve the transport of the mass flow due to re-injection of mass 
from large bins into the secondary bin. 

This procedure allows to separate the computation of the primary cloud which impacts on the airfoil 
surface, from the secondary cloud evolution solved after collecting the mass contributions falling in 
each bin.  

In general, there are very few studies in the literature that deal with the reinjection models. One of 
more recent is by Bilodeau et al. [21] who developed a decoupled model into the DROP3D code. Based 
on Bilodeau et al. simulations, CIRA has tested several two-dimensional cases, two on the MS(1)-0317 
airfoil  and one on the NACA23012 case from the Papadakis NASA database. In the latter case, the 

following free-stream conditions: Ma∞= 0.232 and Re∞= 4.57∙106 based on the chord length of Cref = 

0.9144m and the angle of incidence is  = 2.5deg. The MVD is 111μm and the Liquid Water Content 
(LWC) is equal to 0.73 g/m3. This case is analysed by the ZEN-IMP3D tool on the same 4-block 
structured mesh mentioned above. Free-flight conditions are assumed and a far-boundary extending 
120*Cref away from the body is set. Steady RANS solution is obtained by using the k-omega TNT 
turbulence model and coupled with wall adiabatic no-slip BCs. 

Figure 38 shows local contour maps of the estimated primary and secondary water-fields. In particular, 
the major mass contribution from the secondary droplets is focused on the suction side rather than 
the pressure one. Quantitative comparisons between numerical data and experimental 
measurements are shown in Figure 39 for the collection efficiency. The SLD mass deposition model 
itself (here the Wright model is used) is able to account for the 1st order effect with significant 

improvements on the  estimate. Besides, the plots confirm the qualitative discussion on the droplets’ 
secondary effects. Indeed, the major contribution comes from the suction side even if the effects on 
the pressure side are not negligible. 
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Primary field Secondary field 

Figure 38: Droplet fields obtained with the structured branch IMP3D (CIRA) (NACA 23012) 

Numerical  vs. Experimental data CIRA code vs. LEWICE code 

Figure 39: Collection efficiency of the primary and secondary computation – Structured branch 
IMP3D (CIRA) 

 

Secondary droplets trajectories 

 

Deposition due to secondary droplets. 

Figure 40:  Secondary droplets results – Structured branch IMP3D (CIRA) 

A local view of the trajectories followed by the re-emitted drops is shown Figure 40 left. Again, the 
deposition due to the 2nd order effects are not negligible as shown in Figure 40 right. The contribution 
of secondary droplets with respect to the maximal value of the collection efficiency is about 3%. 
However, considering the area where the secondary droplets contributes (around impingement 
limits), this contribution can reach 30% with respect to the local collection efficiency value. Overall, 
the developed approach is consistent and in line with the outcomes of the cited research from NASA 
[21]. 
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On ONERA side, several secondary droplet models have been tested on EXTICE cases and on the three-
element airfoil cases from the Ice Prediction Workshop [22]. The models under consideration are the 
usual ONERA’s secondary droplet model (ONERA SD model), the simplified Riboux and Gordillo’s 
model (RG SD model) and the hybrid model combining the ONERA model for the droplet ejection 
velocity and the Riboux-Gordillo model for the droplet diameter (Hybrid SD model). These secondary 
droplet models have been also used with the deposition rate model activated. The collection efficiency 
computed is compared to the one obtained performing the same run, but with the secondary droplet 
models deactivated (Initial DR model) and to the experimental measurements. 

Regarding the case E19 from the EXTICE database in Table 2, Figure 41 shows that the influence of the 
secondary droplet models is very limited in these cases. Indeed, the droplet collection computed with 
the secondary droplets models is very similar to those from the simulation without secondary droplets 
re-emission. Besides, Figure 42 highlights the low contribution of these models on the collection 
efficiency for these cases. This contribution is way lower than the one CIRA observed previously. In 
addition to the fact that the cases are not identical, a difference in the models used and in the 
numerical approach could explain the difference found concerning the secondary droplet 
contribution.  

 

Table 8 : Test conditions used for the 3-element airfoil from IPW 

 
Figure 41: Influence of the secondary droplet 
models on the collection efficiency - case E19 

(ONERA) 

 
Figure 42: Contribution of the secondary 

droplet models on the collection efficiency - 
case E19 (ONERA) 

Simulations have also been run on the three-element airfoil cases from the IPW, using the different 
secondary droplet models, together with the deposit rate model. The operating conditions of the case 
122 considered are presented in Error! Reference source not found.. The results obtained, for this 
case, on the three elements for the different models are displayed in Figure 43, Figure 44 and Figure 
45. The collection efficiency obtained for all the secondary droplet models on the slat and the main 
element are almost the same as the one obtained without these models. Therefore, these models do 
not influence the mass deposition for the first two elements. However, the collection efficiency 
predicted on the flap with an activated secondary droplet model improves the result which is closer 
to the experimental data (mainly around the leading edge). One can deduce that the re-impinging of 
the secondary droplets is important on the flap and has to be taken into account. It can also be noted 
that all the secondary droplet models provide similar results. 

Run V [m/s] T [°C] P [Pa] MVD [m] LWC [g/m3] AoA [°] Time [s] Aim 

Case 
122 

78.2 4.85 95640 92 ND  4  Splashing effect / NB / Optional 

Chord = .9144 [m] 



D9.5  PU 
  12/03/2024 

 

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 36 
 

 

3.6 Dendritically Frozen Droplets 

3.6.1 Experimental activities 

TUDA has realized some experiments for Dendritically Frozen Drops, i.e. droplets containing 
dendrites in the liquid phase. The initial stage of solidification of a free supercooled water drop 
consists of the formation of a cloud of dendrites surrounded by liquid water. Although the impact of 
such mushy drops onto solid surfaces can significantly influence the process of ice accretion, neither 
the dynamics of impact of such mushy drops, nor their material properties have ever been investigated 
in detail. In this study [2] [23], the kinematics of spreading and the geometry of the residual splat have 
been characterized for the impact of dendritically frozen water drops prepared under well-defined 
conditions. Afterwards, he impact process has been modelled theoretically, assuming plastic flow in 
the mushy drop. The model provides a description of the flow development near the impact axis and 
allows estimation of the values of the apparent yield strength of the solid-liquid mixture for different 
initial temperatures of the water drop, i.e. for varying solid-liquid ratios. 

 
Figure 43: Collection efficiency on the slat using 
secondary droplet models - Case 122 (ONERA) 

 
Figure 44: Collection efficiency on the main 

element using secondary droplet model - Case 
122 (ONERA) 

Figure 45: Collection efficiency on the flap using secondary droplet model – Case 122 (ONERA) 
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The experiments involving mushy frozen drops have been carried out in a vertical, open return wind 
tunnel. The drop trajectory during the acceleration phase was aligned with the vertical airflow. A 
schematic of the tunnel is shown in Figure 46. The left part of the figure describes the forced 
nucleation procedure for the reproducible generation of mushy frozen drops. The air enters the tunnel 
through a nozzle, passes a flow straightener and accelerates in an additional nozzle until it reaches the 
test section. The section has a square cross-section with a side length of 140 mm. Throughout the 
experiments, the airflow reaches uniform air velocities across the test section from 0 to 15 m/s with 
a turbulence intensity of 0.5%. At the lower end of the test section, an aluminium target is placed on 
which the mushy drop impact occurs. The entire wind tunnel is placed inside a cooling chamber, which 
maintains ambient temperatures down to 15 ◦C. The airflow temperature, impact target temperature 
as well as the drop temperature before freezing are therefore controlled entirely by the ambient 
conditions inside the chamber. The drops are suspended from a needle above the wind tunnel, where 
they are protected by a shroud pipe. After detachment, the drop is accelerated by gravity inside of the 
shroud pipe until entering the airflow just before the second nozzle, where aerodynamic forces further 
increase drop acceleration until it impacts onto the target. The impact is recorded with a high-speed 
camera (Phantom SA-X2) using backlight illumination. In order to obtain a mushy phase inside a free 
falling drop, the dendritic freezing has to start and finish during the drop descent towards the impact 
target. For this purpose, several small ice crystals are pinned to the end of the shroud pipe in a loose 
cluster as depicted in Figure 46 left. In this manner, the drop makes contact with some of the ice 
crystals when leaving the pipe, which immediately results in dendritic freezing of the supercooled 
drop. 

Figure 46: Impact of mushy drops. Left: Forced nucleation procedure for the generation of mushy 
drops; Right: two image sequences of an impacting mushy frozen drop (TUDA) 

Figure 46 right presents two sequences of images for two different mushy drops. The left column 
corresponds to an impacting mushy frozen drop of diameter 𝐷0  =  2.7 mm, with an ice 
fraction 𝜉𝑖𝑐𝑒  =  10.7% while the airflow speed is equal to 𝑈0  =  3.18 m/s. For such a low ice fraction, 
the impact results in a nearly cone shaped ice agglomeration near the impact axis, as seen in Figure 
46 right (left column). The mushy frozen state of the drops is already recognizable from their 
appearance prior to the impact in the first images. A pure liquid drop exhibits a bright spot in the 
middle of the drop, resulting from first-order refracted light passing through the drop in the forward 
scatter direction. However, in the mushy particle, the dendrites cause diffuse light scattering within 
the drop, prohibiting the undisturbed light passage through the drop. Hence, an evenly distributed 
grey level in the image is an indicator for a fully developed dendrite structure inside the mushy 
particle. 

During the first moments of impact, the mushy drops behave similar to an impacting liquid drop in its 
kinematic stage. The drop will spread on the surface, yet not under the development of a thin lamella 
or a distinct rim at its edge. The remaining ice-water mixture in the drop is decelerated, causing the 
characteristic cone shape, which is incidentally also observed for the impact of wet granular drops 
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[24]. The granular character of the phase also prohibits any receding caused by surface tension of the 
contained water. Hence, the drop remains on the surface in this cone shape and the remaining water 
freezes solid. Besides, from these images, it is also apparent that the spreading of the drop is not 
axisymmetric, but exhibits some fluctuation in spreading as well as in the height distribution. Note 
that especially at the edge of the spreading mixture, this effect can be intensified by water separating 
and leaving the mushy phase during impact (𝑡 =  1.20 ms). After separation, this water possibly 
freezes even outside of the mushy splat. However, this phenomenon only occurs locally and the 
general dynamics of the impact are unaffected by any water separation. 

The plastic flow characteristic of the mushy drop impact becomes even more evident with an 
increased ice fraction ξice. The impact of a drop of diameter 𝐷0  =  2.77 mm originating from a 
supercooled drop with 𝑇0  =  13.8 ◦C, i.e. 𝜉ice  =  17.8%, at an airflow speed 𝑈0  =  3.12 m/s is 
pictured in the right column of Figure 46 right, where the increased ice fraction is already visible before 
impact. 

3.6.2 Modelling activities 

The impact of a mushy frozen drop is a highly complex phenomenon since the fluid inside the 
drop interacts with the solid ice dendrites, whose nature depends on the initial supercooling of the 
drop. Furthermore, the continual disintegration of the dendrites during the impact results in changes 
of bulk properties, which are difficult to predict. An impacting mushy drop exhibits both characteristics 
of a liquid drop impact as well as those of a rigid, perfectly plastic flow, as seen in the experiments. 
Hence, approaches to modelling the impact dynamics of a mushy drop must reflect both states. 
Representing the plastic flow behaviour, the model [25] has been used to predict different aspects of 
the flow.  

In Figure 47, the evolution of the dimensionless drop height ℎ̅ = ℎ/𝐷0 with respect to time is shown 
for two sets of impact conditions. The first experimental case corresponds to an impacting drop of 
diameter 𝐷0  = 2.9 ± 0.08 mm, an ice fraction 𝜉𝑖𝑐𝑒 = 9.6 ± 0.3% and an airflow speed 𝑈0 = 4.4 ± 0.1m/s. 
The second case corresponds to an impacting drop of diameter 𝐷0 = 2.6 ± 0.02 mm, an ice fraction 
𝜉𝑖𝑐𝑒 = 17.5 ± 0.4% and an airflow speed 𝑈0 = 4.4 ± 0.02 m/s. The model is represented by a solid line, 
the experimental cases by circular markers, respectively red (a) and blue (b).  The yield strength values 
determined from the experiments are respectively case (a) 𝑌 = 3.3 ± 0.3kPa, case (b) 𝑌 = 6.3 ± 0.3kPa. 
The model values are obtained with the average values [23] and the resulting height exhibits good 
agreement with the experiments. A variation in experimental values for case (a) is evident especially 
in the deceleration of the flow at 𝑡 ≈  2. However, the model agrees well within the range of the 
experimental values. The variation in the values of (b) is generally lower and the agreement with the 
model is similarly good. 

Figure 47: Time dependent evolution of the dimensionless height 
of a mushy drop during impact (TUDA) 

Finally, the theoretical model for impact of a plastic particle [25] has been applied for the estimation 
of the yield strength for different values of 𝜉ice by fitting the theory to the experimental data for the 
residual drop height. The results of the estimations of 𝑌0(𝜉ice) are shown in Figure 48. They reveal a 
clear trend of increasing Y0 for an increased portion of ice in the mushy phase. Thus, a mushy frozen 
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fluid originating from a higher supercooling exhibits a stiffer flow behaviour. The increase in yield 
strength for higher ice fractions is attributed to both the increased amount of solid and a more even 
distribution of the dendrites in the bulk phase. Significant scatter in the determined yield strength is 
still visible in this data. One possible reason for this scatter is a remaining dependence of yield strength 
on the shear rate. The marker color indicates a measure for the involved shear rates (𝛾̇ ∝ 𝑈0/𝐷0) 
acting during the impact [23]. 

Figure 48: Static yield strength Y0(ξice) vs. the fraction of ice in the mushy phase ξice (TUDA) 
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4 Roughness 

4.1 Experimental activities 

TUBS has been in charge of the experiments done during the ICE-GENESIS project. These experiments 
have been performed to highlight the influence of the global icing conditions over the resulting ice 
shape and roughness. The tests have been carried out at the Braunschweig IWT, using the HMDI airfoil  
(this airfoil is taken from the LuFo project “Hybrid Moveable De-Icing Systems”). The icing conditions 
have been chosen based on the ones stated on the Appendix C and the Appendix O of the Certification 
Specification CS-25 for Large Aeroplanes [26]. This resulted in tests with an airflow at 40 m/s, airflow 
temperatures ranging from -5 °C to -16 °C, and accretion times between 1.5 and 9 minutes. Appendix 
C tests correspond to a droplet cloud with an MVD of 19 μm and a LWC of 0.88 g/m³, while, for 
Appendix O tests, we have considered an MVD of 70 μm and a LWC of 0.56 g/m³. 

The tests have involved generation of several ice shapes at specific icing conditions, which then have 
been digitized using the photogrammetry method, which reconstructs a 3D object based on several 
photos (between 50 and 100 photos, usually) taken from it at different perspectives. The ice is painted 
to facilitate the overall process. An example of such a reconstruction is shown in Figure 49 and Figure 
50. A study of the method can be found in Baghel et al. [27]. 

Figure 49: Example of sets of photos taken for an ice shape (TUBS) 

Figure 50: Digitized ice shape (TUBS) 

TUBS has developed a post-processing tool to analyse the experimental data. Each ice shape has been 
subsequently analysed using a statistical approach, from which the mean ice shape and values such 
as the ℎ𝑟𝑚𝑠 (also known as 𝑅𝑞) and ℎ𝑘 (distance between maximum peak and minimum valley of 
roughness) have been extracted. Plots of the mean ice shape for appendix C and appendix O conditions 
at -8 °C are presented in Figure 51 and Figure 52, respectively, while obtained values of ℎ𝑟𝑚𝑠 are 
presented in Figure 53 and Figure 54. 



D9.5  PU 
  12/03/2024 

 

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 41 
 

 

Figure 51: Comparison of mean surfaces for appendix C cases at -8 °C (TUBS) 

Figure 52: Comparison of mean surfaces for appendix O cases at -8 °C (TUBS) 
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Figure 53: Comparison of hrms for appendix C cases at -8 °C (TUBS) 

Figure 54: Comparison of hrms for appendix O cases at -8 °C (TUBS) 

Post-processing tools to analyse the ice shapes have also been developed by ONERA and POLIMI, and 
are respectively based on the statistical approach (ONERA) or on the Self-Organizing Maps (POLIMI), 
see [28]. Figure 55 provides an example of comparison of the different methods. The reader will find 
further details in [2], for instance. 

1.5 min 3 min 

6 min 9 min 

No cases for -8 °C 
and 1.5 minutes 

3 min 

9 min 6 min 
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Figure 55: Assessment of the post-processing methods 

4.2 Modelling activities 

At first, using the experimental data, a comparison between the ratios of ℎ𝑘 and ℎ𝑟𝑚𝑠 has been 
performed by TUBS and some results are shown in Figure 56 and Figure 57 for cases of Appendix C 
and Appendix O, respectively. Distributions of ℎ𝑘 look qualitatively similar to the ones of ℎ𝑟𝑚𝑠,  and 
the relation ℎ𝑘 ≈ 6.0 ℎ𝑟𝑚𝑠 can be appreciated. 

Figure 56: Distribution of hk/hrms for appendix C at -5 °C (TUBS) 

Figure 57: Distribution of hk/hrms for appendix O at -12 °C (TUBS) 

On its side, ONERA has proposed a theoretical development. Roughness plays a major role in the 
convective heat transfer on ice. There is a direct effect on the heat transfer coefficient htc, but the 
surface roughness also makes the laminar-turbulent transition happen earlier. In icing computational 
tools, the transition is often modelled as sharp, based on Braslow’s criterion Rek >Rek,crit=600 (where 
Rek is a Reynolds number based on the roughness size). There are clues in the literature that the 
extension of the transitional region is relatively significant [29]. Additionally, the roughness height is 
not uniform, although the roughness size has been modelled as a constant equivalent sand-grain 
roughness height ks in many icing computational suites for years. New models have been developed 
jointly for both aspects (equivalent sand-grain roughness height and intermittency in the transitional 
region, Figure 58). However, the models are dependent on each other (in particular, the transition is 
very sensitive to the roughness height). Additionally, there are no experimental database directly 
available to derive proper models for each issue separately (for instance, the equivalent sand-grain 
roughness height cannot be a direct output of experimental campaigns, although it is the main input 
of most heat transfer coefficient models).  
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As shown in Figure 58, the equivalent sand-grain roughness height ks is defined as a function a several 

non-dimensional parameters (Weber number 𝑊𝑒𝜏 = 𝜌𝐿𝑢𝜏
2

𝜎𝑤
, Reynolds number 𝑅𝑒𝜏 = 𝐿𝑢𝜏

𝜐
, 

accumulation parameter 𝐴𝑐 = 𝐿𝑊𝐶 ×𝑉∞×𝑡
𝜌𝑖𝑐𝑒×2𝑟0

, r0 being the radius of curvature at the leading-edge) and 

wetting properties (contact angle θ, hysteresis Δθ). While the latter ones depend on the ice 
temperature, both the Reynolds and Weber numbers depend on the reference length L, the density 
ρ, the kinematic viscosity 𝜈, the surface tension 𝜎𝑤 as well as on the friction velocity 𝑢𝜏(𝑘𝑠) which 
depends itself on ks. An iterative approach is thus necessary. It is worth mentioning that the formal 
expression of the roughness height model has been derived after considering the forces that drive the 
setting in motion of sessile droplets (which is one approach retained in the literature for estimating 
the size of rough elements in the “rough zone” of the ice, for instance in [30]).  

Regarding the intermittency factor γ model, the same kind of expression as the one proposed in Abu-
Ghannam and Shaw’s model [31] has been kept, for the sake of simplicity and the factor γ is defined 
in terms of the local Reynolds number. The onset of the transitional region depends on the critical 
Reynolds number Rek,crit, while its extension is driven by a parameter ΔRe. 

The fixed parameters (black in Figure 58) have fixed values, found in the literature (they could still be 
improved since the parameters of the literature are not necessarily determined in rough conditions, 
for instance regarding the transition modelling). The critical value of Ac, Ac,lim, has been set equal to 
the highest value of Ac investigated by Han and Palacios: Ac,lim =0.69. A linear growth of the roughness 
height is indeed consistent with all of the test-cases addressed (and has been also observed in TUBS 
experiments for Ac up to 0.64 at least). The free parameters (in red) have been determined after a 
numerical optimization (using a BLUE algorithm – Best Linear Unbiased Estimation) based on three 
test-cases of Han and Palacios’s experimental database, gathering htc measurements on iced surfaces 
[32]. The optimization has been run with IGLOO2D [33] using a simplified integral method for the 
boundary layer. Thus, the model is better suited to the use of this kind of boundary layer approach for 
the computation of htc. 

Figure 58: Iterative coupled model of equivalent sand-grain roughness height                                      
and transition modelling (ONERA) 

The model has been first assessed against the htc experimental measurements of Han and Palacios’s 
database (composed of 11 cases, 3 of them having been used for the determination of the model 
constants, the red parameters). Figure 59 shows that the model improves the results compared to the 
original model (green line, Default IGLOO2D) considering a sharp transition in ONERA computational 
suite IGLOO2D. Note that case R10 is one of the three cases used to train the model. Case R4 is very 
satisfactory while there is still some improvement expected, as shown for instance by the R0 case, for 
which the new model is, at first, “too laminar” and then “too turbulent” for s>0.06 m. Additionally, 
one issue observed with the model is that the evolution of ks has not the bell shape often observed 
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(see Figure 53, for instance: the roughness height is very low in the vicinity of the stagnation point, 
then increases and finally, decreases in the furthest downstream areas of the ice shape).  

The model has also been assessed on the TUBS database. It is a more indirect validation, with a 
comparison between the experimental and numerical ice shapes. Figure 60 provides an example for 
T=-8°C, in Appendix C and an exposure time of 3 minutes. The ice shapes are rather well captured and 
the new model slightly improves the ice thickness prediction. However, the ks evolution is still not 
satisfactory wrt the experiments. 

Areas for improvement are to enlarge the set of free parameters to be determined (the parameters 
𝛼1 to 𝛼6 and 𝛽1 and 𝛽2 can be changed), improve the experimental characterization of transition and 
roughness independently, investigate a larger number of test cases and study the influence of 
Appendix O. 

Figure 59: Assessment of the ks and transition model on Han and Palacios’s database.                      
Left: R0 case; Center: R4 case; Right: R10 case (ONERA) 

Figure 60: Assessment of the ks and ice thickness on TUBS database (ONERA) 



D9.5  PU 
  12/03/2024 

 

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 46 
 

 

5 Liquid Film Runback 

The shape of an ice layer formed by SLD impacts onto a solid substrate is determined at the early 
stages of icing, by a liquid flow formed at the substrate even before the inception of ice accretion [34]. 
The influencing phenomena (Figure 61) include, on one hand, drop impact onto a solid wall, its splash 
and deposition, and, on the other hand, air-driven drop propagation on the substrate and its freezing, 
and formation of the rivulets and thin liquid films. 

Figure 61: Phenomena determining SLD icing: (a) drop impact;                                                                 
(b) air driven drop propagation on the substrate 

The work performed by TUDA encompasses experimental investigation and theoretical modeling of 
these two phenomena. The model for the deposited mass ratio, diameter of secondary drops 
produced by splash, typical velocity and size of drop propagation on a substrate, and freezing position 
are among the major results. A numerical code that can describe the initial stage of icing and predict 
the evolution of the initial ice profile has been developed. In the sequel, we will focus on the air-driven 
drop propagation along the surface and its freezing. 

5.1 Modelling/Numerical activities 

The trajectory computation is based on the critical attack velocity of the gas (at a distance from the 
wall equal to the half drop height), associated with the inception of the drop motion. The drop starts 
to propagate if the aerodynamic forces exceed the tangential adhesion forces of the drop at the 
substrate, as shown schematically in Figure 61 right. A typical shape of the propagating drop is shown 
in Figure 62. This shape is determined by the balance of the aerodynamic pressure and capillary forces. 
The formation of a thin tail behind the drop (appearing in Figure 62 on the left side of the drop) is 
mainly governed by the viscous stresses. If the attack velocity is smaller than the critical value, the 
drop will remain pinned at the substrate. 

Figure 62: Shape of a 10 μL drop on a smooth aluminum substrate exposed to an airflow,         

directed from left to right [35] 

The shear driven propagation of the drop at higher attack velocities on the substrate is determined by 
the aerodynamic pressure, viscous stresses in the drop trail and capillary forces associated with the 
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substrate wettability. The capillary number, based on the drop propagation velocity, 𝐶𝑎 = 𝜇/𝜎𝑉𝑝𝑟𝑜𝑝, 

is a function of the dimensionless attack velocity [36] [37]. The drop path along the substrate is 
determined not only by the propagation velocity but also by the freezing delay. The supercooled drop 
remains liquid during a certain time after impact. The rate of nucleation per unit area, 𝐽𝑠, depends on 
the temperatures of the drop and of the substrate, as well as on the material and morphology of the 
substrate. In this study, the values of 𝐽𝑠 are determined from the statistics of the freezing times of the 
impacting drops at different ambient temperatures and impact velocities. 

5.1.1 Drop dynamics simulations 

Drop Dynamic Simulations (DDS) is used to model a liquid flow on a wall and the initiation of ice 
accretion due to SLD impingement. To model the run-back water flow and the onset of ice accretion, 
an in-house code has been developed. The DDS code predicts the formation of a pattern on the solid 
airfoil surface: description of the dry wall region, liquid regions, and solidified water regions. It is based 
on a simplified Matlab model of bounded Lagrangian drop/film/rivulet flow. For a given distribution 
of the mass flux of the impacting drops and the air flow that model allows to compute the trajectories 
of single drops on a substrate. 

The computations take into account not only the path of a single drop, but also accounts for the drop 
interactions. Interaction of a liquid SLD drop with a second, already frozen drop, leads immediate 
freezing of the first drop. The method allows to predict the distribution of the liquid, accounting for 
the shedding of the liquid drops, at the substrate at the initial stages of a wall interaction with a cloud 
of SLDs, leading to the inception of icing. 

In Figure 63, the liquid flow and ice accretion onto a NACA 0015 airfoil is shown computed with the 
in-house DDS code. The images shows a top view of the airfoil surface with the dry wall, liquid (blue) 
and solidified water (red) regions. Airflow is parallel to z-axis from left to right. The state has been 
plotted at different instants after the first impingement. The emergence of the first frozen drops, 
creation of the clusters of the frozen drops and their growth in time can be clearly seen in this figure. 
The predicted evolution of the average ice thickness is shown in Figure 64. 

Figure 63: Modelling of liquid flow and ice accretion onto a NACA 0015 airfoil - DDS code - (TUDA) 
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Figure 64: Equivalent height 𝛹 of the predicted ice shape                                                                       
onto an airfoil over chord length (TUDA) 

5.1.2 Challenges of modeling of ice accretion 

At larger times, the effect of single drop dynamics can be neglected and the icing modeling can be 
treated as continuous process. Nevertheless, a physics of icing has to be accounted for, which includes 
drop impact and possible splash on a mushy layer formed by the SLD freezing at the wall, formation 
of the rivulets and thin wall film of the mixture of the liquid water and debris of the dendrites and ice 
crystals, formation of the solidification front and run back flow of liquid water, as shown schematically 

in Figure 65. These are challenging topics for the future modeling of icing. 

Figure 65: Challenging topics for SLD icing (TUDA) 
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6 Numerical methods 

 

6.1 Numerical methods developed during ICE-GENESIS project 

Efforts have been done by the different partners involved in WP 9 –namely, CIRA, ONERA, POLIMI, 
POLYMO and TUS- to assess their existing numerical tools or to develop some new numerical methods 
in order to meet ICE-GENESIS objectives. Concerning the meshing strategies themselves, they can be 
summarized as: 

− 3D Multi-step Immersed Boundary Method with a Lagrangian displacement of the surface 
mesh (CIRA); 

− 3D Predictor-Corrector with a remeshing strategy based on the DRAGON approach with a 
Lagrangian or a Level-Set displacement (ONERA); 

− 3D Multi-step on conformal meshes with Lagrangian (POLYMO) and level-set (POLIMI) 
displacement. 

More details on CIRA and ONERA approaches are given as examples in Annex 9.1. It should also be 
mentioned efforts of POLYMO on a morphogenetic approach and mesh regeneration methods, 
contributing in particularly to the TRL Reviews.  

6.2 Assessment of the numerical tools 

6.2.1 Appendix C conditions 

Some test cases have been performed to assess the numerical methods previously described. Error! 
Reference source not found. contains the operating conditions of cases 361 and 362 from the Ice 
Prediction Workshop [22]. While the upstream flow velocity and the characteristics of the water 
clouds are the same (i.e. LWC and MVD), the droplets temperature are different with a value of 257 
°K for the case-361 and 266 °K for the second one,  correspond respectively to “rime-ice” and “glaze-
ice” conditions. 

Run V [m/s] T [C] P [Pa] MVD [m] LWC [g/m
3
] AoA [°] Time [s] Remarks 

Case 361 103 -16° 92321 34.7 0.5 0° 1200 Rime ice 

Case 362 

(optional) 
103 -7° 92321 34.7 0.5 0° 1200 Glaze ice 

On CIRA side, both cases have been run with both structured (UZEN) and unstructured (SIMBA) 
approaches, and assuming a constant value of 0.7 mm for the equivalent sand-grain roughness height 
and a constant ice-density of 917 Kg/m3. Concerning the structured branch, RANS simulations with 

k-  TNT turbulence model have been performed with UZEN on a multi-block structured domain 
consisting of approximately 1.5M cells. The same computational domain has been used by the IMP3D 
code to compute the water-phase. Figure 66 left shows the pressure coefficient distribution on the 
wing and the trace of the reference cutting-plane (black solid-line). The comparison, in terms of 
pressure coefficient, between the experimental and numerical data is shown in Figure 66 right and 
results are quite accurate. The total collection efficiency β is compared with the experimental data on 
the same cutting-plane and shown in Figure 67. The agreement is also satisfactory for the water phase. 

 

 

Table 9: Operating conditions – Appendix C, swept wing  
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a. 3D view and cutting-plane 
trace (black solid-line) 

b. 2D cutting-plane normal to 
the leading-edge 

Figure 66: Pressure coefficient distribution – Case 361 – Structured branch (CIRA) 

Figure 67: Collection efficiency –Case 361 - Structured branch (CIRA) 

The iced geometry for case 361 is shown in Figure 68 left for the OS and MS analyses. The latter is 
obtained by dividing the total spray time of 1200s into two equal steps. A monodispersed cloud of 
droplets is considered. Both numerical results are in good agreement with the experimental data in 
terms of the maximum height and accretion limits. However, a slight loss of ice-volume is present for 
the MS case. Possibly, the use of a polydisperse droplets distribution could improve the MS outcomes. 
Figure 68 right shows the results for case 362. The multi-step analysis (Nstep=2), for this case, notably 
improves the ice geometry, proving a better match on the shapes of the horns compared to the OS 
analysis. The latter manifests an overall over-prediction of ice-mass around the impingement limits as 
well as around the horns. On the contrary, the MS analysis improves the estimates of the horns' 
angles and their locations. An underestimation of ice thickness, however, is present for both numerical 
approaches around the leading-edge region. This lack can be ascribed to different aspects such as the 
absence of an ice-density model (a constant ice-density of 917 Kg/m3 is applied) and/or an 
underestimation of local HTC. Here, a rough HTC method based on the simplified integral boundary 
layer method is applied. The Stanton number is computed starting from the RANS skin-friction. The 
laminar and turbulent regimes are distinguished by evaluating the local Reynolds number based on 
the equivalent surface roughness (here a constant value of 𝑘𝑠 = 0.7𝑚𝑚  is applied).    
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Case 361 - OS vs. MS. Case 362 - OS vs. MS. 

Figure 68: Ice-accretions shapes - Structured branch (CIRA) 

Concerning the unstructured branch, the two cases have been investigated using both OS and MS 
analysis. Both OS and MS solutions (with 10 steps of 120s each) are simulated. In order to limit the 
overall computational cost, a monodispersed cloud of droplets is considered. Figure 69 left compares 
the OS and MS accretions with the measurements at a local section normal to the leading-edge. As 
already discussed, the OS one is aligned with measurements whereas the MS solution shows a lack of 
ice-volume on both leading edge sides. At each step, the local ice-accretion loses mass and tends 
towards a streamlined and tapered shape. This is, in our opinion, a pure numerical effect which is 
often observed for swept wings. Other IPW contributors found the same issue when analysing the 
present case. Potentially, a local density modelling and the use of a multi-bin spectrum could improve 
the MS solution. Anyway, due to its simple shape, this case does not pose computational issues. The 
automated tool-chain run without failures in few days. 

Case 361 – OS vs. MS  Case 362 – OS vs. MS  

Figure 69: Ice accretion shapes – Unstructured branch (CIRA) 

On the contrary, the case 362 needs the use of a local smoothing technique to avoid mesh tangling 
due to the “glaze-ice” growth, especially at the wing-tip. Indeed, the Lagrangian approach used to 
modify the geometry does not account for potential surface entanglements. Figure 69 right shows the 
comparison among the OS, the MS and the experimental measurements in terms of ice-shape. The OS 
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data indicates an overall over-prediction of the ice mass around the accretion limits and horns areas. 
However, the ice height is underestimated along the front side of the leading edge. On the contrary, 
the MS analysis shows a more realistic accretion. It improves the estimates of horns angles and their 
location. Again, it underestimates the measured height around the stagnation region. 

On ONERA side, Figure 70 shows ice shapes generated with IGLOO3D on the two test-cases 
investigated during the Ice-GENESIS project. For both cases, the predictor-corrector method described 
in [38] have been used (more details can also be found in this article regarding the solvers used for 
the aerodynamics, the droplet trajectories, the Messinger balance, and as regards numerical 
parameters often used for this kind of simulations). This means that only one re-meshing step is 
required, but the surface deformation is large. The figure on the left shows that the use of the Level-
Set deformation method (LEVELSET3D) produces a very similar ice shape, compared to the use of the 
basic Lagrangian method available before the project (FRONT3D). The drawback of this basic 
Lagrangian approach is that it produces some non-compliant surfaces in the concavities (moreover, it 
does not deal with the boundary conditions imposed by adjacent surfaces, regarding FRONT3D). 
LEVELSET3D is thus expected to improve the results in situations that were not met here. The 
“predictor” ice shape produced by IGLOO3D on the case 361 has many similarities with the shapes 
generated by many participants of the 1st AIAA Ice Prediction Workshop. It is in quite good agreement 
with the experimental ice shape. However, the final “corrector” ice shape is worse because it is too 
sharp. There are two ways to progress: a better modelling of the ice density for 3D shapes (the ice 
density model used proved its efficiency for 2D shapes) and performing multi-step simulations. The 
same improvement expectations can be invoked for Case 362, even though Figure 70 right shows that 
the simulations already capture very well the flattened area of the ice shape around the separation 
line (the results are also better than with the IGLOO2D code used under the infinite-swept wing 
assumptions).  

Case 361 Case 362 

Figure 70: ice shapes comparisons on case-361 and case-362 – IGLOO3D (ONERA) 

On POLIMI side, Figure 71 displays ice shapes generated with PoliMIce for the two test cases 
considered. The automatic multi-step method described in [39] was adopted for both cases. 
Specifically, for the more streamlined ice shape associated with the rime case (361), 5 time steps were 
chosen, while 10 time steps were employed to promote the development of the classical double-horn 
ice shape associated with the glaze case (362). The initial mesh, common to both cases, consisted of 
approximately 8 million cells and 100K surface elements, while the final mesh included 17 million cells 
and 220K surface cells for case 361, and 20 million cells and 300K surface cells for case 362. 

Upon comparing the simulated ice shapes of case 361 with the experimental data, it appears that the 
single-step solution aligns better with the experimental data. A closer inspection reveals that the ice 
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thickness at the stagnation point and the accretion limits downstream of the wing are the same for 
both approaches. The multi-step ice shape is only more tapered and streamlined, as expected from a 
rime ice shape. Other contributors to the 1st AIAA Ice Prediction Workshop noted a similar trend when 
analyzing this case. Moreover, a slight overestimation of the total ice thickness at the stagnation point 
suggests a not purely rime ice shape in the experiment, with some water runback driven by shear 
stress and pressure gradients toward the aft of the wing, not captured by the simulations. 

Case 362 is instead characterized by the same nominal conditions but for a higher static temperature. 
As expected, this results in thin ice layers near the stagnation point and runback water driven by shear 
stresses. The angle of the horns is well predicted, although there is an underprediction in the overall 
mass of ice accreted at the stagnation point, probably related to the constant heat transfer coefficient 
adopted for these simulations. However, upon comparing the solution obtained with the single-step 
approach with the multi-step one, it is evident that the latter approach is required to correctly capture 
the glaze ice shape, accounting for the progressive modification of the flow field around the wing. 

Figure 71: ice shapes comparisons on case-361 and case-362 – PoliMIce (POLIMI) 

 

6.2.2 Appendix O conditions 

The case 252 from the IPW [22] is representative of a cloud of water droplets in SLD conditions that 
impinge on a finite straight wing based on the NACA23012 airfoil and Error! Reference source not 
found. gathers the operating conditions. The aim is to verify the SLD model implementation as well as 
the numerical methodology developed within ICE-GENESIS. Figure 72 shows a local view of the IWT 
arrangement at NASA-IRT. 

 

 

Case 361 Case 362 

Table 10: Appendix O operating conditions 

Run V [m/s] T [°C] P [Pa] MVD [m] LWC [g/m3] AoA [°] Time [s] Aim 

Case-252 103. -12.6 91700 21.5 1.64 2 398 

Combination 
of numerical 
methods + 
SLD models 

Ice Prediction Workshop 

Ice accretion on 3D geometry / 72-inch chord NACA 23012 Straight wing / Bimodal SLD 

M∞ = 0.32 /  Re∞ = 1.4∙107 based on the chord length of Cref = 1.8288m 
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Figure 72: case-252 WT arrangement at NASA-IRT 

On CIRA side, only the unstructured branch has been applied. The air-phase has been obtained by 

using the IBM in steady RANS mode with the k- TNT turbulence model activated. Simulations have 
been run in both wind-tunnel walls (WT_3D) and ‘free-field’ (FF_3D) conditions as there were no 
information about WT wall-corrections for the pressure measurements. In both cases, the final 
Cartesian mesh counts around 1M cells and includes local refinements near the wall as well as in the 
regions of large flow gradients as shown in Figure 73. Note that the straight wing counts 40 cells along 
the spanwise direction and a total number of 183,808 elements. The following results are based on 
the WT_3D simulation.  

Global view of the Cartesian mesh. View of the mesh around the leading-edge. 

Figure 73: Cartesian mesh with adaptive mesh refinements (CIRA) 

Several discretizations of the droplet distribution have been considered and a monodisperse 

distribution with an MVD value of 21.5 m has been finally retained to save up computational time 
since the main goal of these calculations was to assess the MS approach. The three-dimensional nature 
of the developed ice-accretion method is demonstrated by the slightly wavy shape of the accreted 
surface shown in Figure 74 and coloured by the static pressure. As expected, little deviations of mass 
and energy balances from two-dimensionality generate an irregular 3D accretion. 
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The OS solutions for the 3D and 2D analyses are compared in terms of ice-shape at the mid cutting-
plane in Figure 75 left. The 3D simulation reproduces almost the same 2D accretion de-facto 
demonstrating that the IBM works also properly for 3D applications. When compared to 
measurements, the ice-thickness around the leading edge appears correctly estimated in the average. 
However, the multi-horn shape is not captured. Figure 75 right shows a comparison among the 
numerical OS, MS and the experimental data. The use of a MS procedure, obtained by splitting the 
total spray-time into 10 steps, slightly improves the solutions in terms of accretion limits and main 
horns’ positions. The MS solution shows ice mass losses located around the accretion limits if 
compared to the OS data. The agreement with experiments is acceptable in terms of accretion limits 
and averaged ice-thickness around leading-edge. Anyway, for this particular case, the horn angles as 
well as their height are not correctly captured by both the numerical solutions. 

Figure 74: Local view of the 3D multi-step ice-accretion (CIRA) 

OS analyses: 2D vs.3D 3D analyses: OS vs. MS. 

Figure 75: Ice accretion shapes - Unstructured branch (CIRA) 
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On ONERA side, Figure 76 shows the ice shape produced with IGLOO3D solver in predictor-corrector 
mode, using the polydisperse droplet size distribution given in the IPW database. The agreement is 
quite good with the experimental ice shape, especially given the variations obtained experimentally 
(all the light grey points are experimental measurements, while the midspan ice tracing is specifically 
highlighted). It is worth noting that both predictor-corrector method and use of the ONERA SLD model 
[15] tend to improve IGLOO3D results by reducing the amount of ice further downstream. 

Figure 76: Ice accretion shapes (ONERA) 

On POLIMI side,  

Figure 77 illustrates the final ice shape obtained using both the single-step and multi-step approaches. 
Since the main goal of these calculations was to assess the MS approach, only a monodisperse 

distribution with an MVD value of 21.5 m has been used for computational reasons. In the case of 
the multi-step approach, the total icing exposure time has been divided into 8 equal time intervals of 
50 seconds each. The adoption of the multi-step procedure results in a more tapered ice shape, albeit 
with only marginal improvements in terms of accretion limits and the positions of the main horns.If 
compared to measurements, the ice-thickness around the leading edge appears correctly estimated 
in the average for both the single-step and the multi-step approaches. However, the multi-horn shape 
and the rear feathers are not captured. Perhaps, a multi-bin distribution for the computation of the 
collection efficiency and a more accurate heat transfer coefficient distribution could improve the ice 

shape prediction. 

Figure 77: ice shapes comparisons on case-252 – PoliMIce (POLIMI) 
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7 Conclusions 

This Deliverable presents a synthesis of the activities performed in the Work Package 9 of the ICE-
GENESIS project. The main activities were targeted towards the development of new physical models 
–or the improvement of existing ones- for SLD, on one hand, and the development of numerical 
methods into 3D numerical tools in order to extend their capabilities to Predictor-Corrector or Multi-
Step approaches. 

The first objective encompassed three different topics: drop impact, roughness and liquid film 
runback : 

• Concerning drop impact, basic experiments have been performed to characterize the drop 
deformation prior to its impact, the nature of the impact regime, the mass deposition, the ice 
accretion and the characterization of the secondary droplets. These experiments have also 
highlighted some potential new features like the high-altitude effect, the erosion effect and 
the impact of dendritically frozen droplets. As a perspective, some efforts are still needed in 
the physical modelling, especially on the characterization of mass deposition at high Weber 
numbers and, possibly, the secondary droplets. The new features also require further 
attention. For instance, characterizing the altitude effect would enable to know if it is worth 
considering it or not with respect to accretion at atmospheric pressure. On the numerical side, 
the activities have only led to marginal improvements, a statement consistent with the need 
for some additional experimental data. 

• Concerning roughness, an experimental database on the HMDI airfoil has been built under 
Appendix C and Appendix O conditions with an extensive characterization based on the 
photogrammetry method. The development of a new model, accounting for transition has 
been proposed and partially assessed on 2D cases. Further work is required to improve and 
extend this model to 3D calculations.  

• Finally, the liquid film runback topic has only received little attention due to the end of the 
Russian partnership. Nevertheless, modelling of drop motion and formation of a mushy layer 
have been investigated numerically. 

Predictor-Corrector or Multi-Step approaches imply using some meshing techniques to represent the 
iced surfaces and to build a volumic computational mesh. Within the ICE-GENESIS project, the partners 
have proposed and implemented different methods in their 3D numerical tools. These methods have 
been coupled to the SLD models available in the tools and assessed on several 3D test cases, like a 
calculation on a swept wing under Appendix C conditions and a calculation on a straight wing under 
Appendix O conditions. Using these methods in an industrial context is nevertheless challenging since 
the numerical process is not automatic and requires expert users. There are also some issues about 
the robustness of these methods and the associated computational times, but Predictor-Corrector 
and Multistep approaches are now available in the industrial context. Their extensive use will allow to 
progress in terms of maturity, robustness and user-friendliness. 
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9 Annexes 

9.1  CIRA and ONERA 3D numerical suites 

The CIRA methodology for ice-accretion consists in linking different modules, each of them addressing 
a specific function inside the ice-simulation suite. It has been specifically designed from the beginning 
with multi-step (MS) capabilities in mind. Indeed, such a feature plays a key role for studying the 
dynamic evolution of the icing process. The multi-layer approach assumes that the physical problem 
can be discretized by a series of steady-steps.  

Figure 78 depicts the developed suite with two different branches. The first one, labelled as 
“Structured”, involves a sequence of finite-volume (FV) codes based on body-fitted structured 
strategy. The second one, tagged as “Unstructured”, deals with a collection of codes sharing the same 
unstructured data management and a FV method based on locally refined Cartesian meshes and an 
IBM approach. 

Figure 78: CIRA suite for ice accretion simulation  

The suite is designed to perform multi-step (MS) analyses. The simulation process starts with the 
generation of a three-dimensional mesh around the clean geometry. In each branch, the air and water 
phases are solved with the same computational domain+grid by applying a one-way coupling 
approach. An interface is designed to pass proper surface quantities to a thermodynamic 3D module 
which solves the surface liquid-film balances of mass and energy.  

Indeed, part of the research effort is devoted to the implementation of the 3D Messinger model which 
main outputs are the equilibrium temperature and the mass of ice. The latter is used to compute the 
local height of ice. A Lagrangian modification of the geometry is applied at each step by moving the 
wall vertices along the local unit normal vector. The modified 3D surface is passed again to the volume 
mesher for a new computational loop.  

While details on the numerical implementation can be found in Ref. [40], the algorithm comprises the 
following steps: 

1. Input data, surface mesh and air-flow field are read. 
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2. Topological relations among vertices, edges and faces are built. Cells’ area and normal vectors 
are computed. 

3. Heat-transfer coefficient is computed internally or read from an external file. 
4. Water run-back distribution function is computed. 
5. Mass and thermal balances are computed by an iterative algorithm; compatibility conditions 

are applied accordingly: 
a. set the incoming-to-cell run-back (rbin) equal to zero at first iteration, 
b. compute outcoming-to-cell run-back (rbout) 
c. Evaluate rbin on the basis of the distribution function 
d. Check the norm of the difference of rbout in two consecutive iterations 

6. The mass of ice is computed. 

7. The local ice height is evaluated at each cell-center as  ℎ = 𝑚̇𝑖𝑐𝑒∙∆𝑡
𝜌𝑖𝑐𝑒∙𝐴𝑐𝑒𝑙𝑙

 where 𝑚̇𝑖𝑐𝑒 (
𝐾𝑔

𝑠∙𝑚2) is the 

ice-mass growth rate per unit area, ∆𝑡 (s) the time-step, 𝜌𝑖𝑐𝑒the ice density (
𝐾𝑔
𝑚3) and 𝐴𝑐𝑒𝑙𝑙 (𝑚2) 

is the local cell area. 
8. The accreted surface is computed by moving each triangle vertex along the normal to the wall 

direction. 

ℎ𝑣 = 1
𝑁𝑐𝑒𝑙𝑙𝑠

∑ ℎ𝑖
𝑁𝑐𝑒𝑙𝑙𝑠
𝑖   

Of course, this Lagrangian way of modifying the mesh vertices does not guarantee mass conservation 
on convex/concave areas. 

On ONERA side, In order to allow multi-step and predictor-corrector simulations with their ice 
accretion suite IGLOO3D, ONERA worked on the development of a Lagrangian Level-Set method for 
the displacement of the ice front and on an automatic remeshing method to update the fluid volume 
around icing surfaces. A brief description is given here, more details are available in [38]. 

Regarding the surface deformation method, a Lagrangian Level-Set method was thus developed. It 
consists of iteratively moving the mesh nodes of the iced surface along an ice-growth direction given 
by the derivation of the signed-distance (Level-Set) field (Figure 79, on the left). The Level-Set 
theoretical properties ensure that the displacement of a concave surface would not lead to self-
intersection in a pure Eulerian formalism. With the iterative Lagrangian approach, problems of non-
compliant geometries should also be avoided by using a sufficiently high number of iterations. 
However, the resulting surface mesh may have nodes that collapse when dealing with difficult 
configurations exhibiting highly concave features (“tails” in the concavities of Figure 79, on the right). 
A geometric post-processing may be necessary to remove these collapsing nodes. 

Growth direction given by the Level-Set field Ice shape deformation: Lagrangian approach 
(50 it.) vs. Eulerian Level-Set approach 

Figure 79: ONERA’s Level-Set method 
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Regarding the re-meshing method, a Dragon method [41] was employed. It consists of using a rapidly 
coarsening octree in the far-field regions, prism layers in the vicinity of walls and tetraedra in-between 
(Figure 80). The method implemented in CASSIOPEE [42] was originally adapted to simulations in 
genuinely far-field conditions (in which the octree saves a lot of mesh elements). It has been extended 
to constrained geometries (with symmetry plane(s) for example) or internal configurations. For the 
latter, the octree can be removed. 

Figure 80: Dragon method used for a swept-wing with a symmetry plane 

 

 


