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1 Glossary

Abbreviation / Acronym | Description/meaning

AB Advisory Board

AMC Acceptable Means of Compliance
App Appendix (C, O)

ARAC Aviation Rulemaking Advisory Committee
CS25/29 Certification Specification

EASp European Aviation Safety Programme
FAR25/29/33 Federal Aviation Regulations
FzDz Freezing Drizzle

FZRA Freezing Rain

MS Multi-Step first order calculation
MSPC Multiple-step higher ordepredictor-corrector
PC PredictorCorrector scheme

SLD SupecooledLarge Droplet

AGC AupoixGrigsonColebrook

ALE Arbitrary Lagrangiattulerian

AMR Automatic Mesh Refinement
DNS Direct Numerical Simulation
EMVD Effective Mean Volume Diameter
h* Nondimensional film thickness

B Immersed Boundary

IBM Immersed Boundary Method

IDW Inverse Distance Weighting

LES Large Eddy Simulation

LWC Liquid Water Content

MST Marginal Stability Theory

MVD Mean Volume Diameter

PDE Partial Differential Equation

Ra Mean roughness

RANS Reynolds Averaged Navi€tokes
RBF Radial Basis Function

RHS Right Hand Side

RMH Roughness Maximal Height
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VOF Volume Of Fluid
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2 Executive Summary

This document takes part to the first steps of the project as it describesttte of the art and the
expectations for all the workflow which is foreseen on computational improvements for Liquid
droplets modelling in App C and App Qslorganized in twonain parts.

The first part is a literature review for liquid icilmgnditions. The aim is to perform an exhaustive
review on the existing models, numerical techniques and experimental data that are currently
available for the development of 3D numerical tools for App C and O. Four main topics have been
identified:
1) Numeri@al methods for meshing. Different techniques are studied: immersed boundary
methods (IBM), mesh deformation and automatiemeshing.
2) Roughness characterization for App C and O. Characterization of boundary layers on rough
walls is proposed too.
3) Supercoold large droplets (SLD). Models for the partial deposit of impacting droplets and
characterization of the secondary {emitted) droplets are proposed.
4) Ice density.

The results of the previous EU projects (EXTICE, HAIC, STORM) are reviewed as wellaarnhe Ge

(SFB TRR75 and SFB TRR150) and French (PHYSICE and PHYSICEZ2) projects. The objective is to provide
the main conclusionas well as thgaps and future objectives to be achiewedhin the framework

of ICE GENESIS

Regarding numerical methods for mesfy IBMliterature on the iceaccretion topic is relatively
young As far as automatic remeshing is concerned, restrictions are observed with confined
geometries and complex ice shapes. The objective in ICE GENESIS is to generate grids in a robust way.

Regarding roughness, main models are tested on several test cases. A large dispersion is observed
among the different models. One of the main difficulties is the definition of typical length scales: the
roughness thickness in the definition of the coeffitiégnor a reference length relevant to define a
dimensionless roughness height. Another point to be addressed within ICE GENESIS is the
laminar/turbulent transition for a rough boundary layer.

Regarding SLDs, although numerous studies on drop impactgpghisig have been performed in

the past, secondary droplets originating from SLDs have not been investigated exhaustively. The
influence of properties of the surrounding gas still remains a point. The existing investigations on drop
impacts with temperattes above freezing, which can be classified into impacts on dry or wet surfaces,
have to be extended by possible effects due to supercooling. As far as sticking efficiency coefficient

is concerned, miversal trendsareobserved for severaxperiments an increase of with the droplet
diameter and velocity, followed by a threshold. Different substrates were investigated like cold solid
substrates including superhydrophobic and partially wettable substrates.

This bibliographic review is a startipgint for WPYNumerical capability development for liquid icing
conditiong where the models and the dedicated numerical tools presented will be improved and
validated with respect to Appendix C and O conditions. Taking into account the conclusions of the
report dedicated to the requirements for the 3D numerical tools, the models and methods presented
here will then be integrated and validated in industrial environment (WP11).

The purpose ofhe second parts:

ICE GENESIB2020- 824310 © ICE GENESIS Consortium Pagell
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1 To specify 3D numerical tools requiremenkatt are needed by aerautical industries to
certify their products with validated and reliable numerical tools in the scope of Super Cooled
Large Droplets (SLD)

The main idea about these requirements is not only to give a list of requirements that baee t
achieved by the final release of the computational tools, but also to provide more information like the
expected level of accuracy any level of priority. As these requirements have to be used by code
developersfrom Researchinstitutes andAcadema which are notfully aware of industrial context
attention is paid to deliver the most pertinent information for each requirement, together with
guantitative and qualitative data like orders of magnitude or other practical fact (time for
O2YLJzi I GA2yas Xo

These requirements keep thieacks backirom previous project in ing (HAIC, STORM)e also
identify essential features that will have to be included in sdoldeal with thefull icing Appendices
envelope but that are not in the scope of ISEENESIBY the way, specific requirements addressed
for ICEGENESIS are highlighted in order to ease the understanding of what is expected in the scope
of the project.

This workwill serve as inputfor:

1 WHP9 for numerical tools improvements and basic experiments
1 WP11 for numerical tools integration and validation in industrial environments

All topics in the document are related to liquid droplets only.
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3 Literature review

3.1 Introduction

This reportis a literaturereviewof the works prior to the ICEENESI&oject Results of previous EU
projects (EXTICE, HAIC, STORM) are reviewed as well as German projects (SFB TRR75 & SFB TRR150)
and French projects PHYSICE and PHYSICEZ2 notably. The addressed topics are:

- Numerical methods for meshing. Different techniqaes studied: immersed boundary methods
(IBM), mesh deformation and automatic-neeshing;

- Roughness characterization for App C and O. Characterization of boundary layers on rough walls
is proposed too;

- Supercooled large droplets (SLD). Models for the padéposit of impacting droplets and
characterization of the secondary {egnitted) droplets are proposed;

- Ice density.

The objective is to providehe main conclusionas well as thegaps and future objectives to be
achievedwithin the framework of ICE GESIS
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3.2 Literature review on the existing models, numerical techniques and
experimental data available for Appendices C and O

3.2.1 Numerical methods for meshing
3.2.1.1 Conclusions from STORMNERA

3.2.1.1.1 Main results

In-flight ice accretion modelling isased on sequential calls ®everal solvers: aerodynamic field

solution around the icing surface, droplet trajectory calculation and mass and energy balance for the

water deposited on the surface. This sequential approach produces the amount of icefreleizbs

locally, from which an update of the ice shape is inferred. In the European project STORM work
package 4, ice accretion modelling was addressed for the purposes eéagirte icing predictiofi].

The key capabilitiesf icing suites investigated in the STORM project were thus: ttieensionality,

inertial forces for rotating parts, droplet femission model from one row of the engine to the
subsequent one. Amongther achievements, such asuletmodelling multi-layer modelshave been
implementedinrh b 9w! Qa O2RS /95w9X /Lw! QdF @SNAAZ2Yto2F hLIS
account for water accretion andinbackthroughshallowwater approach.

Particular attention has been paidto the-6ol f f SR ¢ Qdtathade de\&loped iISTORM WPA4,

in the Cranfield University icing wiridnnel. The experiment consisted in investigating the ice
accretion on two consecutive static rowsaigine inletblades (a row of struts followed by a row of

variable stator vaned/SVFigurel). The geometry is mainly 2D and could be computed with both the

05 O2RS&a RS@OSt2LISR Ay {¢thwa YR Y2NB [@aWwihf H5 A
approach. In the last case, only two steps are necessary, amgs@ing is thus used only once. In the

former casethe aerodynamic and droplet trajectory solutions must be computed around the updated

ice shape during the course of the simulation. On the contrary, only the predictor approach is available
F2NJ 6KS O2RS& dzLJANY RSR RAZNAY3I2RES/ 98Wwha CILINE 28R
version of OpenFOAM, which means that the retroaction of the ice growth on the aerodynamic and
droplet fields is not modelled: only one aerodynamic field computation is performed around the clean
geometry.

Figurel - Grid used for the cascade rigtg3tt &S A UK hbow! Qa O2RS /95w9 6adN

Figure2 and Figure3 show that the codes FILM and OpenFOAM fail in capturing both the rime and
glaze ice shapes on the strut blade row. Regarding the rime ice shape, there is quite good agreement

This document has been produced under Grant AgreerB2iB810 This document and its contents remain the property of the
beneficiaries of the ICE GENESIS Consortium and may not be distributed or reproduced without the express written aphe ¢Cal of
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0SG6SSy (GKS &LINBRALCOI2hNEH 54 OGSy Ra KGLLPSaa> 26 KSNBI a (GKS
thick. However, all codes predict ice shapes which are much too thick compared to the experiment.

¢ KS & LIOZ RNG D2 RINgtep (1§ Repsyapgiraadhes partly solve that problem, although

the predicted ice shape is not fully satisfactory yet. It must be mentioned that the time step setting

was defined arbitrarily, and that there is no best practice to set it (impact on the ice shape calculation)

at the moment.

—Experimental (struts n°3)

Experimental (struts n°4)
-+-IGLO02D ——Experimental (struts n°4)

2 ——Experimental (struts n°3)

15 - :.a:'; == FILM -= IGLOO2D (predictor/corrector)
RGeS -~ FENSAP -+-1GLO02D (10 steps)
I -+ CIRA L —=—FENSAP (10 steps)
P . — P
os ¢f s
S 4 0.5 : 1"
\ 3 )
$ o o !
= ) > L.
-0.5 1y .05 w b
n e sens
-1 ‘\\_ -1
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Figure2 - Ice accretion calculation with predictor approach around the cascade rig rim§l¢ase
Regardingthe glaze 0S OF 84Sz G(KS F3INBSYSyild o0Si6SSy (GKS O2RS
because there are discrepancies on the heat transfer coefficients predicted by the various codes. More
interestingly, the impact of reneshing and espediaf & @& LANBSNRNMBOQGIRANNE | LILINE I OK
while employing IGLOO2Bigure3 shows that it is indeed possible to produce a correct ice shape
with this approach although parametric study on the LWC was necessary, in a range compatible with
the experimental uncertainties.

2 —Experimental (n°3) 2
Experimental (n°4) —Experimental (n°3)
15 -~ |GLOO2D 1.5 Experimental (n°4)

-~ FILM
-~ FENSAP

-+ 1GLOO2D (LWC = 0.6g/m3)
—-1GLO02D (LWC = 0.7g/m3)
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1 = = 0
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Figure3 - Ice accretion calculation with predictor approach around the cascade rig glazgltase

3.2.1.1.2 Lessons learned, limitations, recommendations

Results from STORM project demonstrate that the predictor approach is not really satisfactory either
for rime- or glazeice 2D simulations while the predictaorrector and the multstep approachetend

to improve the results. Rmeshing is also a good candidate for improvements. In any casefdhe

main conclusions of the STORM projiscthat there is a strong need for muttiep methods in 3D ice
accretion toolqd1].

Three options will be investigated during the {GENESIS project to cope with the need for the
retroaction of the ice shape growth on the aerodynamic and droplet fields: automatiweshing to
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provide a new grid to the aerodynamic and droplet solveresh deformation to update the initial
grid, and immersed boundary method to tag the grid cells in which ice deposition

ICE GENESIB2020- 824310 © ICE GENESIS Consortium Pagel6



3.2.1.1 Immersed Boundary methods (IBMCJRAONERA, TUDA]
3.2.1.1.1 Objectives and issues

Immersed boundary (IB) methods hakaegely developed in the last decade mainly thanks to their
intrinsic fast and automatic meshing capabilitydeed, this approach relies on Cartesian grids which
are, by nature, very easy to build and/or to modify. Of course, accounting for the presérare
obstacle necessitates developing ad hoc algorithms. For instance, in the direct forcing approach, the
presence of a wall is modelled through a forcing term, which appears in the flow governing equations.
However that may be, using Cartesian galtbws high flexibility in analysing the fluid dynamics of
complex threedimensional configurationdike FluidStructure interaction or bialynamics flow.
Actually, the IB approach represents a valid alternative to classic-tmuprming structured or
unstructured methods whose main quality is the neweall accuracy but at the cost of a huge
manpower and a high turaround time required for developing complex handhde meshes. On the
other hand, IB methods have reached a good level of sophisticationviidearange of engineering
applications. For example, the reliability of IB solutions is comparable to that offiitat)/ solutions
especially for laminar incompressible/compressible flows. High Reynolds number applications remain
a challenging goal faveryCartesian methodBM or cutcell). Indeed, even if anisotropic refinement
plays, the classéd integration to the wall approach requires a huge amount of Cartesian cells that
fatally affects the available computational resourceewever, latest deMepments suggest the use

of wall-modelling to compute the correct wall shestress at high Reynolds numbers

One of the natural IB targets is teecretion. In particular, the Eulerian approach for water droplet
impingement does not represent a challengiproblem for the actual capabilities of IB methods.
Encouraging results of different research groups in Europe and worldwide demonstrate a viable road
for robust and timeaccurate iceaccretion simulations. Indeed, the ability of accurate predictor
corredor analyses is an essential prequisite for iceaccretion. In this sense, the automation and
speed qualities of IB meshing tools represemogentially promisingvay for a complete and robust
two-phase flow/iceaccretion simulation chain.

In the folloning subsections, a neexhaustive review of different IB developments/applications is
carried out in order to focus on the potential developments in the GENESIS Project framework.

3.2.1.1.2 Literature review
3.2.1.1.2.1 Phasefield method with IB points for freezing of superoted water
3.2.1.1.2.1.1 Description

In the scope of the German collaborative research project BHB 75, solidification of supercooled
water has been numerically studied employing a phéiskel approach for the propagation of the salid
liquid interface[3]. The melting temperature as one of the couplings between the temperature fields
in the solid and the liquid phase is imposed at immersed boundary points usedctmstruct the
phase interface. The computational model has been validasgdguthe analytical solution for the
two-phase Stefan problem, and has been extended to incorporate conjugate heat transfer between
the fluid phases and a neighbouring solid substrate.

3.2.1.1.2.1.2 Main results, progress and limitations

The presentedmodel has a good capabilityr the computation ofthe solidification in the absence of
walls, or far froma wall. Ata wall, the problemformulation imposes a singuligy, indicated by
This document has been produced under Grant AgreerB2iB810 This document and its contents remain the property of the
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diverging velocities at thevater-ice-wall contact line The heat fluxsingularity at the contact line
presents a fundamental difficulty for modellijhase change within the finitgolume cotinuum
mechanics. New understanding of the underlyingygics must be acquired, inder to formulate
plausible moels which would rerave the sigularity and provide means faising them within the
convertional continuum frameworkThe present modehas not been, but coulte, easily extended
towards acurvaturedependent temperaturat the phase interface yeEigured4 shows the computed
solidtliquid interface shape with the developed temperature field and the velocity field at
18t 11 ms for a mesh with 200x400 cef8.

T.K
2.731e+02

§ 270.65
268.15

§ 265,65
2.631e+02

vnY, m/s
4.963e-02

§0.037222
0.024815

£0.012408
0.000e+00

Figured - The computed temperature field and the
In terms of velocity field within the diffused interface band ~ computational costs,

the model will by definition perform
faster than the leveket methodfor capturing the phase interfagsincere-initialization of the phase
field variable and computation of the extended velocity field, required for thaitealizationin the
entire computational dmain, is not necessary in the present model.

3.2.1.1.2.2 LevetSetmethod with IB points for freezing of supercooled water
3.2.1.1.2.2.1 Description

In the scope of the German collaborative research project-TB#HB 75, dendritic freezing of
supercooled water has been numerically studied using a t®®®(LS) approach for capturingeth
solidliquid phase interfacd4] [5] [6]. It has been implemented in the opeource frame work

OpenFOAM and employs immersed boundary points to impose the boundarytioasdit the phase

interface.

3.2.1.1.2.2.2 Main results, progress and limitations
ICE GENESIHE2020- 824310 © ICE GENESIS Consortium Pagel8
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The basic computational model has been validated by means of a comparison wilatigeal
Stability Theory(MST) introduced by Langer and Midkerumbhaar[7]. Its performance has been
assessed based on the computation of dendritic freezing of supercooled watdip Vekcity of two
dimensionaldendrites growing in supercooled water has bedgterminedand the computational
resultscompared withcorresponding experimental results and theoreticalgiotions in the range of
supercooling betweerDT = 1K andDT = 3K [4] [5]. As shown ifFigure5, the computational results
follow closely theheoretical predictions for the tip velocity of a single dendrite over the entire range
of supercooling. However, the theory and the numerical model in its basic fouatdefrom the
experimenal observations for supercooling higher than approximately &, since the theoretical as
well as the basic computational model do not account for kinetic effects. To overcome this deviation,
a term accounting for kinetic underctiog of the phase interface has been implemented into the LS
approach[6]. With this extension, the computational model well predicts dendritic freezing also for
higher supercooling up to approximatddf = 20 K.

107 T
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Exp. by Shibkov et al. & -
Exp. by Furukawa and Shimada =
L ‘ ) CFD e
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Figure5 - Ice crystals freely growing from supercooled pure w
with tip velocityd as a function of the initial supercoolingY
Comparison of the resultbtained bythe LevelSetapproachwith
available experimental data artle marginalstability theory
(MSTYf Lanaer and MulleKrumbhaar 71.
3.2.1.1.2.3 Water Droplet Impingement in the framework ahe CIRABM Method

3.2.1.1.2.3.1 Description

The numerical simulation of ie&ccretion on aerodynamisurfacesis as amultidisciplinary process
whose main elementsare aerodynamicstransport of multi-phase flows and heat transfer.The
interest on this topic is demonstrated by the launching of differEuropean Projects (e.g., EXTICE,
HAIC, STORMvhose principhactors are aeronautical industriesesearch centers and academic
laboratories Icingwind tunnel experiments and numerical approaches are used in a complementary
way to improve the understanding of the ice accretion physical phenomanzarticular, duing the
EXTICE Project, a research activity dealt with the study, development and validation of a three
dimensional Cartesian method able to estimate the water collection onto aircraft forward surfaces by
using an immersed boundary (IB) technique. Thadmiea was to take advantage of the fast and
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robust SIMBA simulation system based on an IB method, developed at CIRA by Capizzano et al. in the
last years, which is able to simulate Euler/RANS flows around complexahdahreedimensional
configurationg8] [9]. The longterm objective is to develop a numerical tool able to investigate ice
accretion. Indeed, a high level of automation and a certain flexibility in treating arbitrary geometries
characterize Cartesian grid methods. Thus, they are good candidatisatbiceshapes. A user
friendly automatic grid generator allows local mesh refinememithout restrictions on the number

of refinement levelshanks to the adoption of a fully unstructured data managenié@j. The SIMBA
method is based on a discrefercing and is similar to many other approaches in literature (see for
example Fadlun et gl11], Tseng et al12], Yang et al[13]). A discete-forcing term is added to the
right hand side of the momentum equation in an indirect way by means of a direct boundary condition
(BC). Proper neawall fluxes are used to satisfy the desired BCs by using different reconstruction
schemes involving swunding known values (cetkenters, wall points) and the IB local unit normal
vector. Though Eulerian methods proven successful on Hdsodjorming meshes, it is shown that
satisfactory results can be obtained by using immersed boundary methods too as bih@apizzano

et al.[14]. Comparisons with experimental data drawn from literature point out a significant potential
towards accurate prediction of impingement characteristics on real aircraft components. Other
research groupare following analogous approaches with promising results. For exaileschitz

et al.[15] extended a cutell AMR Cartesian method, developed for themiase, towards a droplet
phase model around icelodies in an Eulerraframe of referenceA oneway waterair coupling is
assumed in the Euleriaghost cell immersed boundary technigbased on a levedet formulation
(IBMLS) discussed in-KEbsi et al[16].

3.2.1.1.2.3.2 Main results, progress arlimitations

Comparisons with experimental data drawn from literature points out a significant potential towards
accurate prediction of impingement characteristics on real aircraft componéntparticular, he
Eulerian methodprovidesexcellent results for threglimensional water droplet fields if compared
with both experiments and other bodgonforming data (see, for example, the case showRigure

6). Generally speakinghé developed methogrovides a more fast and flexible way to compute water
droplet impingement while preserving the robustness of classical {ood§orming toolsThe latter,

on the other hand, require skilled specialists to usesiageneration tools. A tim&onsuming activity

is often spent to generate proper thredimensional grids especially when treating complex 3D
geometries. On the contrary, a robust and highly automatic Cartesian mesh solver allows to save up
to 90% of thewhole turnaround time for the entire meshing process. The refinement of +vealt
regions is guaranteed by proper engines based on recursivepiting procedures (see for example
the mesh refinement on the right part of the figurgigure6). In particular, the tool allows treating
very complex configurations, as the statmywl one shown irFigure?, in a very short CPU time
without human aid.
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Figure6 - Example of a phase volume fraction on a 3D tad=@°(left) ;
example of water colleatn efficiency at a tail section (right)
The applicationio the treatment of the disperseghhase set of equations represents a novelty, as 1B
techniques traditionally applto NavierStokes simulationDifferently from the latter, he particle

phase equations are highly hyperbolic and, after due simplificatm$\ot contain pressure/viscous
terms but rather involve sources to model the interaction with the gas phase.

Figure7 - Example of an AMR Figure8 - Example of phase | Figure9 - Local view of a collectio

Cartesian mesh around a volume fraction distribution on g efficiency distribution with droplety
complex 3D cowdtator 3D cowistator configuration trajectories
configuration

Moreover, a proper treatmet of the sharp change in the boundary conditions across the
impingement limits helps to improve the overall tool robustness and convergence qualities. Once
solved, the model set of equations give access to the both the volume fraction and the droplet
velocities throughout the computational domain and allow a direct computing of the water collection
efficiency on the wall surfaces as shown qualitativellyigure8 and Figure9.

At the moment, the SIMBACE tool involves a rirdee accretion module which however limits the
application to only a narrow range of icing conditions. Future impneents are envisaged towards a
more sophisticated icaccretion model in order to allow the simulation of glaze conditions too.
For example, a first development would couple the finitdume IBmethod with a classic -D
Messinger code able of compnog iceaccretion along streamlines and/or skin friction lines once the
collection efficiency is known.

ICE GENESIH2020- 824310 © ICE GENESIS Consortium Page?l



D3.4Definition of Numerical Capability Requirements for Liquid Icing Conditions <PU>28/05/2019

A higher level of complication is represented by Bi&/3DLeveiSet (LS) methodroposed byOsher

et al.[17] and the 2DBLS Beaugendre et gl18] whose main goal is to track the iedr interface by
means of a timeaccurate PDE of a passive scalar funcfldms function is set to zero at the interface,
positive outside and negative insid&2D multi-step ice accretion simulation ppoposed in AKebsi

et al.[16] for rime and glaze ice wherein the wall boundary is treated coupling the ghost cell immersed
boundary technique with the levedet formulation (IBMLS).An IBM-LS2D/3D Eulerian approach
similar tothat of [14] and[18] is developed by Pena et §9]in which droplets are allowed to impinge

on a layer of cells defined byeh.S dnction.C NB f | 2alg20Pprogdse a2D-LSframework for
evolving the computed icaccreted wall surface. In particular, the validation campaign deals with
several test cases whose results are in good agreementtivthiterature. In general, multiayers
approaches seem to give interesting results due to their major physical content if compared to simpler
one-equation PDE models (e.g. the shaleater one)[18].

In conclusion, the CIRAIMBAICE 2D/3D Eulerian method is a good candidate for future
developments towards complete ice accretion estimation especially if considering the automation and
the short turnaround time required for the mesh generation process. In principle, the cayplith

an ice accretion modulee(g. the 1D Messingemodel) is straightforward once a distribution of
collection efficiency is available. Otherwise, the film simulation would be developed internally to the
IB code in order to have an integrated typbase flow and icaccretion framework. For example, a
PDEbased multilayer model could be solved in proximity of the wall by exploiting thexyistent
solver data management. Once the water film is solved, the new iced surface wouhdedand
re-meshed automatically by running the SIMBMMESH AMEartesianmesher. The whole process
would run timeaccurate, thus allowing a complete simulation ofimdflight icingphenomena.

3.2.1.1.2.4 IBM approach in ONERA ice accretion codes
3.2.1.1.2.4.1 Description

In a paper proposed to SAE Icing Conference 2019, Lavoie employs the penatigdiiod, which is

2yS 2F GKS LlRaaAirofS FLIINBIOKSa Ay (RS Itimeaas YSUG K2
that the Euler equations are penalized in the inviscid solver EULERRIPe(0). This method solves

GKS aryS SldzZ tGA2yaqQ aSit Ay 020K (GKS a2ftAR FyR ¥Ff
cells (walisurfaces). Itliffers from the CIR&pdzNB L . ¢ | LILINIh¢ flDid celés Kr€ doBed 2 y £ &
and a forcing function implicitly added to the momentum equations to account for solid walls.

In the ONERA example, a slip condition is prescribed at the ice surface splitting the computational
domain into two parts, theexterndi f 26 | YR GKS Fft2¢6 GAYAARS GKS AO¢
solved in both parts of the flow with their respective boundary conditions. At the end, the external

flow solution corresponds to the usual Euler solution while the internal flow is discafdedfigure

shows the streamlines and the pressure contours in the external flow as well as the pressure contours

in the internal part. The Eulerian trajectography solver TRAJ2D is also penalized to capture the effect

of the growing ice on the water colléon (Figurell). The goal is to make it possible to use the clean

geometry grid all along the ice accretion computation during a rstép computation (no

remeshing). fie extraction of the surface data is also required to communicate rtkeessary

information to the surface solvers (boundary layer and ice accretion solvers).

The scope was restricted to 2D [@1]. However, it is worth mentiogid G KF G F2NJ hb9ow! Q
accretion suite IGLOO3D, there are also other tools available at ONERA, based on IBM techniques. In
particular, the ghostell directforcing IBM method is made possible through the use of the pre
processing tool CASSIOPEE calpi¢h the aerodynamic solver FARP] [23].
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3.2.1.1.2.4.2 Main results, progress and limitations

It was shown that the Penalization method using a simple-éirder boundary condition is an
interesting candidate for ice accretion softwd@d]. It was able to capture rime ice and glaze ice with
good accuracy for several icing simulations (one example is givegurel2). Howeverthe issueof

mesh refinemenin the vicinity ofthe iced area arisesThe problem is more seriousr the Navier
Stokes approachwhere the boundary layer requires a dense mesh wherever the boundary is. For
inviscid computations, althougthé refinement is less important, a refinedesm may be expected in

the whole region where ice is expected. Otherwise, ¢péimization of thecomputationalcostwould
considerthe automatic mesh adaptationechniquesin orderto automatically refine higlgradient
areas as they appealuring the icegrowth.

Immersed Boundary

Figurell - Example for the Penalized trajectography (Traj2D), volume fraction of emadedroplet velocity
streamlines
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Figurel2 - Example of calculations with IGLOO2D on a glezease: comparison of immersed boundary
method (IB) against the standard befiged (BF) approach (based on remeshing). Matkp agroach
employed with 10 layers.

3.2.1.1.3 Conclusions

The IB literature on the ieaccretion topic is relatively young. This implies an open research field that

is prone to new ideas, physical models and numerical schemes able to work within the current IB tools.

Pure immersed boundary and embedded ledeS i YS(iK2R&a KI @S GKS 1KR2GSYdAl
in2 y S &acckeloB systems able of automatize and spegcthe entire icesimulation chain. The IB

simulation of water droplet impingement seems a minor issuee do recent and successful
developments. The key research area, for IB tools, seems the -flatetiopic. Multilayer approaches

are promising but they are currently in the early stages of research and only developed in the
framework of bodyconforming mehods.

Likely, during the ICEENESIS Project, the major IB developments will come from the coupling
between the IB watedroplet impingement and existent/new multilayer film models.
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3.2.1.1 Mesh deformation POLIM] CIRA, TUDA]
3.2.1.1.1 Objectivesand issues

Ice accretion over realistic aircraft geometries over long ice exposure times usually results in complex
ice shapes, whose influence on the aerodynamic flow field is key to determine the further accretion
of ice over the aircraft surface. Ittiserefore necessary to modify the computational mesh, including

the surfacemesh, to comply with the new geometry. The new computational surface and domain
meshes can be produced from scratch, similarly to the initial mesh for the clean surface. Mesh
genegation is quite a difficult task in this case, due to both the complexity andsmamothness of the
accreted surfaces and the complex topology of the same, which can be multiply connected or
scattered over the surfac@-igurel3, Figurel4).

As an alternative, one can take advantage of the existing computational mesh and modify it ty compl
with the new geometry. A typical technique is to deform the mesh from the initial geometry to the
new one, possibly allowing some changes in the mesh connectivity or adding/deleting mesh points to
comply with quality constraints. Similar techniques carapplied to the numerical simulations of the
impact of particles on a liquigaseous interface and the modelling of crystallization and evaporation
processes.

In the present section, a literature review is carried out moving from the EXTICE, HAIC BM STO
projects, to investigate recent advancements in mesh deformation techniques

Figurel4 - Mesh deformation in 2D /
over the leading edge of an airfoil us

the IDW scheme of Shepard. The g

lines represent the initial mesh, the

black ones the final mesh including
accreted ice shape.

Figurel3- Typical ice accretion
regions over a complete aircraft
configuration

3.2.1.1.2 Literature review

3.2.1.1.2.1 Mesh deformation formulti-step ice accretion on 3D surfaces
3.2.1.1.2.1.1 Description

Different technigques can be used to alter the mesh geometry and connectivity to comply with the
new, accreted geometry in complete 3D aircraft configurations. For relatively smooth ice accretion
shapes tlat do not alter the topology of the geometry, simple mesh displacement techniques, based
on e.g. the elastic analogy, can be applied in a straightforward manner. As an exankjgirel3,

the Inverse Distance Weighted interpolation (IDW) technique of She@dids used to alter the initial
mesh on the leadingdge mesh of a 2D airfoil to comply witthe accreted ice.The weightsare
inversely proportional to the ® power of the distance d between grid points. The technique can be

This document has been produced under Grant AgreerB2iB810 This document and its contents remain the property of the
beneficiaries of the ICE GENESIS Consortium and may not be distributed or reproduced without the express written aphe ¢Cal of
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applied to 3D geometries as well, though in the latter casere care imecessaryto avoid invalid
meshed25].

Ice thickness [m]

Figurel5- 3D ice accretion over the stem of a pitot tube. The 3D mesh was mi
to comply with the new iced geometry using the IDW method.

3.2.1.1.2.1.2 Main results, progress and limitations

Figurel5shows the 3D ice accretion over the stenmagditot tube. The resulting ice geometry is quite
complex and the corresponding computational// /R
grid is obtamed by applying the IDW technlque tc N

nodes. This approach presents strong Iimitationﬂ@
for complex 3D geometry and often fails tofl; KX
preserve the validity of the mesh. A more genera’ -

swapping, local nmeshing) similarly to whais
done for dynamic mesh simulatiof36].

An example is given Figurel6, where theMMG
mesh alteration too[27] is used to displace a8
mesh around a wingsection of one chord &x
forward [28]. Mesh displacementdeformation

and adaptation can be used to create a high"
guality mesh around complex geometry, though
the computational complexity can be quite higt Figurel6- Mesh deformation and adaptation c:

The availability of mesh alteration tool like MM(Pe used to comply with large domain deformati
greatly simplifies the task Here a 3D wing section is displaced by one ct

,7‘,&
K

RV AVAVar.

3.2.1.1.2.2 Mesh deformation for the im@ct of particles on a liquiejaseous interface
3.2.1.1.2.2.1 Description

In the scope of the European collaborative research project HAIC the impact of solid particles onto a
liquid gaseous interface is studied numerically with OpenFOAM, using the dynamisoléx-
InterDyMFoamwith an implemented mesh motion and deformatiof29] [30]. Within the
computational domain the solid particle is not part of the discretized domain, instead its dynamic
imposesa bounday velocity on the domain and initiates a mesh motion. The dynamic of the particle
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is determined by the momentum and the momeoft-momentum equations which take into account

the forces and torques acting on the particle boundary due to surface tensioousgisand inertial
effects from both fluid phases and gravity. For this purpose a dynamic mesh library is implemented in
the InterDyMFoansolver which executes mesh motions (stretching and compressing of the mesh)
due to the particle dynamics.

The numericaktudy [29] [30] is performed for the water impact of nerotating and rotating rigid
spheres for various impaetnglesand impact Weber numbernsased on the velocity, diameter and
density of therigid sphereand the surface tension of the liquid interfadeor the axisymmetric nen
rotating case the mesh deformation is applied on a{wmensional mesh, while for the rotating case
a threedimensional mesh is employed since it is no longer axisymmetric

3.2.1.1.2.2.2 Main results, progress and limitations

The numerical simulation in combination with the mesh deformation works finbdtr nonrotating

and rotating cases. The simulation results are validated by experimental data and found to be in very
good agreement both qualitatively (evolution of cavity shapeated by the motion of the sphere in

the liquid) and quantitatively (tragctory of the particle). Even for low Weber numbers, where the
influence of capillary forces is much more dominant, the results of the numerical simulation agree
very well with experimental data for different type of wettability. For this reason, the egolver

with implemented mesh deformation is a valid method to simulate the impact of particles on a liquid
gaseous interfacdrigurel7 shows the oganization of the rash and its local refinement. Gréiges
correspond to the mesh before movemeand one can see five meshing zones from the sphere sur
face up to the farthest boundary (large rectangldadglines represent the mesh altered to account

for the particlemovement. Refined areas, shown as gsagdedsurfaces, are movelout not distorted

while the white areabetween the gray regions and the boundary of the boundingiba@ompressed
andstretched.

(8

Stretched/

compressed

No relative movement

Figurel7 - Meshdeformationand its local refinement:
deformation die to stretching and compressing.
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Nonetheless, the mesh deformation performed in these simulations is limited by various criteria. One
limitation is that only the impact of solid particles can be treated with this method, since the particle
is not part of the discretized domain. Therefodeformation of the particle cannot be resolved with

the present method. Furthermore, the particle must be spherical due to symmetry aspects. For
different types of norspherical particle, the dynamic mesh Library must be expanded.

3.2.1.1.2.3 Mesh deformation for the modelling of crystallization and heat transfer in an
evaporating ureawater drop

3.2.1.1.2.3.1 Description

In the scope of the German collaborative research project SFRL3RRe evaporation and deposit
formation of ureawater drop on an initially smooth surfaée numerically modelled if81] by using

the finite element method (FEM) in a moving mesh framework. The deformation of the-tiasid
interface is resolved using an ArbitrdrggrangiarEulerian Method (ALE). The models werdthn

the COMSOL Multiphysics program. The heterogeneous crystallization of the urea on the wall is
implemented by the deformation of the computational grid, so that the reaction of the deposits on
the droplets is reproducedr{gure18). When the mesh distortion exceeds a threshold value, the
calculation is stoppednd the deformed geometry is remeshed automatically. The big advantage is
that the computation&grid follows the shape of the phase boundary and the deformation of the grid
finally represents the deposition (crystallization) of the uveater drop.

3.2.1.1.2.3.2 Main results, progress and limitations

The present computation allows describing the evaporationmidticomponent system. In addition,

the concentrations and temperatures at the phase boundary are known, so that a reconstruction of
the values at the phase boundary can be omitted. Due to the exact resolution of the phase boundary,
an implementation of Mrangoni flows is possible. The evaporation behavior of the droplet in the
model was successfully validated on the basis of values from the literature and of experimental
measurements.
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Figurel8- Obtained by[31]in the framework of the SFBRR150: "Drop shape during the process of
evaporation and deposit formation. The mesh is refined in the vicinity of interface. Theshapgad wall
deformation corresponds to deposit. The colmap represents the temperature fieldReprint).

3.2.1.1.2.4 Mesh deformation by Radial Basis Function
3.2.1.1.2.4.1 Description

Radial Basis Functions (RBFs) are e e 7 ¥
powerful mathematical tool for data @ [==3ac 44&
interpolation/regression. Three mair | :
branches of application can be }
identified: RBFs for approximation o =
given functions (time series predictior . N
and control of nodinear functions), - . . . . . . . . L ...
RBFs for meshless approximate - _
solution of PDEs and RBFs for | 1 » —
computational mesh deformation in T, i L

support of fluidstructure interaction, 3 ‘\ L] il &
shape optimization and muiphysics. | e il e
With reference to the latter ~ 2 Lo

application, in Computer Aidec * . .. . . . . oL Lo
Engineering (CAE), RBFs are used 1m0 v

modify (deform) the discized Figurel9- Example of RBF mesh morphing with fully accreted
domain  according to the literature ice shapes

displacements of a set of source poifi2] [33] [34]. The deformed mesh will be then driven by and
consistent with the imposed displacentefield. The main features of such methodology are here
listed [35] [36][37] [38]:

1 meshless method,e.does not require connections between nodes and can be applied to any
mesh structure;

y(in)

Y(in)
v
4
4

= = -MIPSPro 72 (SGI|
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1 mesh consistency, i.e. the deformed mesh will have the same topology than the original mesh
and the mesh points will move in relation to their distance from the sourdatpolf a mesh point
coincides with a source point, it will move exactly as the source point;

1 avoidance of noise typical ofaeshing techniques;
1 easy to integrate into a computational chain;
i capability to treat large meshes with high performance and me@mory usage

Figure20 - Mixed accretion on a 3D wing shape

Recently, the RBF mesh morphiteghnique has been the major technology of the RBF4AERO Project
(European Commission, 2013) whiaimed at developinghe RBF4AAERO Benchmark Technology,
namely an integrated numerical platform and methodology to efficiently face the most demanding
challenges of aircrafts design and optimizatj8f] [40]. Within thisproject,the use of RBFs has been
extended to icing applicatiorjg1] as an ideal tool for the grid generatignoblem.

3.2.1.1.2.4.2 Main results, progress and limitations

Within the RBF4AERO project, two approaches were developed for icing mesh morphing procedures:
GKS O2yaiNIAYSR 2NJ FNRIT Sy HheJEINB & OKLILINRI OKS® B@2 K
ice growth profiles are computed before the morphing phaseg.(eby using an ice accretion tool or

literature shapes) and applied to the CFD model at specific simulation times. The latter, instead,
foresees that the CFD model is coupled with an ice accretion model which drives the source points
displacements accoidg to the CFD results in an-ine manner.

Characterized by a high level of automation, verification tests were focused on checking the correct
functionality as well as the capability of local control and high accuracy, which is a fundamental
requiremert in ice accretion studies. Compared with the standard adopted appr@iachremeshing

of each configuration)in the preprocessing phase of the most challenging case (3D icing in
constrained mode) the RBF4AERO procedure allowed a time saving of 3#theie is no need to
prepare a CFD model for each configuration, only the baseline one is needed and, of course, the RBF
solutions to morph the mestkigurel9 and Figure20 show some examples oBR morphing on 2D

and 3D cased:igure19 depicts theRBFbased mesh deformation applied to literature icing cases,
including thick ice accretions and horn shapEgure20shows a deformed thredimensional mesh
around an iced wing section with different icing conditions along the spae. geometry is 2D
(extruded), but the accretion is 3D as icing conditions have been varied along the span, so also the
mesh deformation iSD.
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3.2.1.1.3 Conclusions

In this section, a review was presented on mesh deformation for ratdp ice accretion on 3D
surfaces, to study the impact of particles on a liggaseous interface and fomodelling of
crystallization and heat transfer in an evaporati ureawater drop. Both unstructured and
structured-grid approaches were presented, the latter relying on Radial Basis Function deformation
techniques. For unstructured meshes, differently from the simpler-tivoensional case, it is
apparent that mesh mvement involves also the introduction and/or the deletion of the grid nodes
and elements, to preserve the local mesh qualities. Therefore, in three spatial dimensions, mesh
deformation algorithms do not differ from those required to perform mesh adaptetj@as discussed
below, and they entails the same computational complexity.
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3.2.1.1 Automatic remeshing DNERATUDA]
3.2.1.1.1 Objectives and issues

Ice accretion calculations are based on successive calculations of the airflow and the tregeotori
water droplets around the iced obstacle, and finally of the mass and energy balance of the water
deposited on that surface. Then, the ice growth changes the fluid volume, which in turn affects the
airflow and the water droplet trajectories. To takiig effect into account, it is possible to-neesh

the fluid volume. The automatic mmeshing approach is often used in 2D ice accretion slies
However, in 2D codes, there is a gain in geometric simplicity cordpar@D codes. Also, aerodynamic
calculations are often based on an inviscid code, which is not very restrictive for cell quality in the
vicinity of walls (there is no need for orthogonal and very fine cells like in boundary layers).

In 3D, it is sometimepossible to use methods of the same type as in 2D. But the issues of the
robustness of the methods, the number of cells generated and the quality of thewahmesh for
NavierStokes approaches are to be discussed.

3.2.1.1.2 Literature review
3.2.1.1.2.1 Methods generallyused in 2D icing suites
3.2.1.1.2.1.1 Description

There are many meshing methods, both structured and unstructured, in the literature. The
unstructured methods should allow to automatically generating 3D grids rather easily, at least on the
basis of tetrahedral elementSuch methods are often used in 2D icing suites like IGL2D&bDere

the grid generation code GMSH is used to make grids for inviscid computations. 3D ice accretion
calculations are often based on the resolution NédivierStokes equations. For these calculations,
structured grids are often used oripmaticlayers are included near the walls. A method allowing to
make unstructured grids for Navi&tokes simulations, which has not yet been used for ice accretion
applications, will be discussed in secti@2.1.1.2.1.2

Hasanzadeh's Bhthesis[42] presents a literature review on structured mesh generation methods
used in 2D icing suites or that can be used. In particular, it apgbat several methods used in 2D
icing codes are based on parabolic methods (e. g. the meatised in Thompson and Soni's ICEG2D
solver in LEWICRE3], or the method used in NSGRIDA]). The parablic method consists of
iteratively propagating the grid from the body. The grid is often smoothed by solving a Poisson
equation with wellchosen source terms (elliptic method). Besides, a hyperbudithod is available

in IGLOO2[[?] (for inviscidcalculations however). The hyperbolic method solves a hyperbolic system
of equations for the coordinates of the grid nodes (the equations are inferred from conditions on
orthogonality and cell size). Conformal mapping methedsh as the isparametric mapping are
other solutions proposed in IGLOORDfor instance. A mapping between the Cartesian coordinates
of a parametric space and the curvilinear coordinates of the real space i2defihe grid quality of
such a method is not always ensured in the vicinity of boundaries with large curvature.

Among the aforementioned approaches used in 2D, some were extended to 3D. The parabolic method
described hereafter was indeed used for 3D icapplications with NSMB3LECE (and the grid

generator NSGRID3D, sp#b)). It should be noted that it is also possible to extend the hyperbolic
method to 30{46].

3.2.1.1.2.1.2 Main results, progress and limitatisn
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shock like inFigure21) and in the outer boundary definition. Adiinally, the grid quality may be

altered near sharp corners. Handling mglement bodies as well as mulilocks is also an issue. The

method proposed and implemented in NSGRIPibganzadels also based on the parabolic method.

But elliptical methodsare added for grid smoothing (a blended approacmbining Sorenson (RLS)

and Spekreijse (SPS) methpf#l]. The method thus allows to improve the treatment of concave

areas and to better control the grid quality in the wholeld. It was also used in a multiock

approach. It is interesting to note that the method was also used in 3D, as illustrafaglire2?2.

Figure21: Grid shock obtained with parabolic method in the concave area between two horns. Picture
extracted from42]

v [z
! I$

Figure22: Example of automatic mesh generation with NSGRID3D (blended parabolic/elliptic method
combining Sorenson and Spekreijse approaches for elliptic smoothing)

However, there may still be issues about the robustness of hyperbolic and parabolic 3D methods for
internal geometries for example (or applications with outer boundary conditions other thainefer
conditions).

3.2.1.1.2.2 DRAGON and ctgell methods present in Cassiopee software
3.2.1.1.2.2.1 Description

In reference[47], Vuillot et al employed th Cassiopee software to create unstructured grids for
aeroacoustics simulations around a landing gear. Although the purpose of this study is not icing, there
are several interesting points to be noted. The method allows automatimesghing. The studied
geometry is 3D and relatively complekigure23). NavierStokes calculations are performed. The
guestion of a reduction in the number of cells is addressed. Finally, twmagipes are compared.
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Additionally, solvers used by ONERA like CEDRE were yd&teand ONERA will be working onre
meshing in the ICBEENESIS project.

Figure23: The secalled LAGOON landiggar nodel investigated by Vuillot et p7]

The first method is the soalled DRAGON method, originally developed by Kao anfd8p surface
geometry or a surface mesh is first read by Cassiopee. Phismatic layers are generated from the
surface mesh, which allows refined higbality grids in the boundary layer. In the fizeld, an octree

grid is automatically created by Cassiopee, which allows for coarse grids in regions where gradients
arelow¢ KS aYSNHAYy3I¢ 2F (GKS (g2 ({AYyRa 2F INRRA Aa
the prism layer and, second, filling the hole with tetrahedra (the epearce TetGen tool is integrated

in Cassiopee). Finally, the whole mesh is convertemlantonformal polyhedral representation.

The second method employs the ecell approach to merge the prism layer and the octree njdSh
The intersection of octal cells and prisms generates new cells. Some cleaning mosieb® a@void
poor quality cells (complex cell shapes, very small cells, etc.).

3.2.1.1.2.2.2 Main results, progress and limitations

The articlg47] showed that there are three kinds of grids which can be generated by Cassiopee, and
it is posible to perform complex manipulations and combinations of these three types of meshes.

The DRAGON method proved efficient and rodgi. Very good quality cells were obtained in the
vicinity of the walls (with ¥1). Figure24(a) shows an illustration of the kind of grids which was
generated. The major flow structures were well captured with the automatically generated grid with
a number of cel almost reduced by two, compared to previous simulations with classical
unstructured grids. However, it is worth mentioning that there are numerous tetrahedra in the
assembled mesh (around 30% of the cells in the LAGOOMasstinvestigated if#7]).

(a) DRAGON method (b) method based on cut cells
Figure24: Grids obtained with the DRAGON method and the method using cyé@glls
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¢ KS -@®fié | LILINE | €ave ort tileice woludil 18/ Remdévidg the tetrahedra. Some grids
could be generated with this metho&igure24(b)). However, the mesh could not be used efficiently
with CEDREVery small timesteps were indeed required. The method generates some very small
polyhedral cells, some concave cells and some very high asgéctcells which reduce the code
efficiency. Most of the problematic cells could be fixed (around 90%). Henwsome work was still
needed to completely eradicate the-fbrmed cells. These problems have been addressed in a very
recent article[50].

Additionally, it is worth mentioning that the CEDRE solver deals with generalizdadml grids. This
allows the use of cut cells with any number of faces, but not all N&t@kes solvers are compatible
with this approach.

3.2.1.1.2.3 2D and 3D adaptive mesh refinement in combination with dynamic load balancing
3.2.1.1.2.3.1 Description

In the scope of a Geram research collaboration of different groups (SFER 75 & SFERR 150) at

the TUDA, 2D and 3D adaptive mesh refinement in combination with dynamic load balancing has been
implemented in the opersource CFD package OpenFOAM [52] [53] [54]. The dynamic adaptive

mesh refinement (AMR) technique allows increasing locally the mesh resolution at the interface and
thus reducing the overall numbef cells in the domain as well as the total computation time. The
AMR in OpenFOAM is based on the class hexRef8 which performs mesh cutting operations to split the
original hexahedral cell in each direction and thus into eight cells of equdbgi4é4].

3.2.1.1.2.3.2 Main results, progress and limitations

Due to the dynamic load balancing, a significant increase of the spe&dcomparison to the speed
up without load balancing has been achieved and demonstradydamic load balancing means that

thereRAAGNROdzGAZ2Y 2F (GKS Y SRkeKimuation. RgungZ schetgticallyK S F €

processor 0 processor 1
= processor 0: 12 cells
original grid ~— 2 — processor 1: 12 cells
@ imbalance I: 0%
AMR
cells to processor 0: 30 cells
refined grid be moved processor 1: 12 cells
imbalance I: 43 %
load
balancing
processor 0: 22 cells
re-distributed grid processor 1: 20 cells
imbalance I: 5%

Figure25 - lllustration of the load balancing procedure in a parallel computation with AMR
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illustrates the automatic mesh refinement with the dynamic load balancing procedure. The
developments are of relence for OpenFOAM's transient tégvel solvers for incompressible flow.
Due to its modular design, the implementation can be readily used for various applications.

3.2.1.1.3 Conclusions

There are many methods in the literature regardingmeshing. The presentdirature review is far

from comprehensive. This review mainly presents some techniques usually used in 2D and some
recent advances (made especially with tools developed at ONERA). It seems possible to extend the
methods used in 2D to 3D. However, there nimey some restrictions when dealing with confined
geometries rather than fafield environments. There could also be limitations for Na@tkes
approaches around very complex ice shapes.

Some methods may be tested as part of the-GREEINESIS project. Enagsis will be placed on the ability

to generate meshes in a robust way, in order to allow easy use in automatic icing suites. The issue of
the number of cells generated may be addressed, so as to allow reduced computational costs. As 3D
NavierStokes solver are targeted as a priority, the quality of the nearface mesh should be
ensured by the use of prismatic layers. Some issues regarding the nature and quality of the grid cells
generated by the method(s) studied will need to be discussed. The targetes of the ICEEENESIS
project have their own restrictions in terms of required quality and accepted cell types. The re
meshing techniques selected will have to be adapted to these restrictions. Tioeltajpproach for
instance may not be accepted byyahavierStokes solver although solvers like CEDRE or elsA may
however be available.

Finally, some robustness issues for theweshing of very complex ice shapes may need to be
addressed during the project.

ICE GENESIB2020- 824310 © ICE GENESIS Consortium Page36



3.2.2 Roughness

3.2.2.1 onclusions fom STORM [ONERA]
3.2.2.1.1 Main results

As already described earlienSec3.2.1.7), the work-package 4 of the STORM project was dedicated
to the development of 3D numerical ats suitable for simulations of ice accretion in aerngines.

Besides, the usual approach in icing codes is generally based on integral boundary layer methods. For
instance, this method was employed in HETEMS. Itis also available in codes like LEWI@E202D

[2]. It consists of computing the integral boundary layer quantities and relating the heat transfer
coefficient to these quantities and the equivalent sag@in roughness heigh (section 4.2.4.2.2

In the STORM project, the integral boundary layer method was replaced by an unstructured RANS
code both in CEDRE and OpenFOAM. Some models are available in the codes for the impact of
roughness on heat transfesg¢esection 4.2.4.2.3or the model availald in CEDRESome simulations
performed with CEDRE during the STORM prgjeduced a level ofheattransfer coefficient similar

to that produced by the integrahethod of IGLOO2D. One tesise was investigated for that purpose
(Figure26). However, the easiest way to achieve this objective was to dighbléhermal correction

and use the same value kg=c/1000as in IGLOO2D (for an airfoil of chajdAdditionally,ks=c/1000

is often employed in IGLOO2D, but itis a rough estimate of the equivalengsamdoughness height

(which often produces rather correct ice shapes, as shoviigare26 (a)).

0,05 4
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(a) ice shapes (b) heat transfer coefficient

Figure26 - NACA0012 testase of the STORM D4.8 public refpbfitparameters of the roughness model for
the RANS code CEDRAtK: thermal model disabled, wth: thermal model enabled), comparison against
IGLOO2D run with the integral boundary layer method fed kyitty1000

3.2.2.1.2 Lessons learned, limitations and perspectives

Several issues were reported regarding the impact of thdaserroughness on the ice accretion
process but not resolved during the STORM prdjgtin particular, the impact of roughness on the
heat transfer only was considered, whereas roughness can also affect the water runbackick/n
(wall skin friction, development of rivulets, retroaction on roughness heights and airflow, etc.). Very
detailed approaches such as DNS or the nrudéile approach of Rothmaygs5] are necessary to

1 For theroughness characterizationefer tod / K NI OGSNAT F GA2y 2F adaNFIlF OS5 NRddZAKYyS&aé
OoMpy MO 2NJ awz2dzZaKy Saa EeflalNburhil ofndridlsPoesshgblechnobdy R2S (200R)4 |
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capture all phenomengimplified models could be inferred from these simulations, which requires a
huge effort and could not be made in the framework of the STORM project.

Concerning the RANS approach, there is less experience in the use of such models for icing. Firstly, the
laminarturbulent transition should be modelled, which is more complex than in integral boundary
layer methods. Secondly, the model séction 4.2.4.2.3s more evolved than the one &ection
4.2.2.22, but there are three parameter&{ the mean roughnesheightk and the corrected surface

Son) instead of onelg). The new parameters must thus be characterized.

A finer assessment & and a characterization dfand the corrected surfacg&.r are expected in the
ICEGENESIS project makethe RANS approadivailable with thermal correction enabled.
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3.2.2.2 Roughness characterization for ApgGNERACIRA, TUDA, TUBS, POLIMI]
3.2.2.2.1 Objectives and issues

The ice roughness has a major impact on the convedteat transfer, which is a key parameter for
ice accretion modelling. Thus, it is important to characterize the roughness size and distribution to
feed the ice accretion codes.

The following sections will give an overview of the roughress models avkable in the literature.

There are several types of roughness size models in the literature. The simplest models, such as the
ones successively implemented in LEWICE by Ruff, Shin and Bond and Wright or the one implemented
AY hbow! Qa O2 Radtia unifind dughinéss thickii@8sydapending on icing conditions.
The Han and Palacios, and McClain models provide a spatial and temporal evolution of the roughness,
always in relation to global icing conditions.

3.2.2.2.2 Literature review

3.2.2.2.2.1 Constant roughness ndels: Equivalent sangrain models

¢KS AAYLI Sad NRdAKySaa KSAIKG Y2RSt Aa GKS hbow!
(as well as in ONICE2D and ONICES3D). Since the experimental characterization of roughness size is not

complete, a constant ahuniform value is employed for the equivalent sagr@in roughness height
ks, which is related to the chord lengtbas followg56]:

Q T ETA@ mml | pai i Equationl
The models of Ruff, an&hin and Bond anthe investigations of Andersoconfirm the trend that
obstacle size is indeed a firstder parameter (forchord lengthsstudied in the range of 0.267 m to
0.8 m).
Ruff[57] proposed the fdbwing model for the equivalerdandgrainroughness heighih LEWICE

Q mimppR A& L TH &Y A Equation2
whered, , 7# ™MYptmm@Tuy 7# pguX M wo
A4 TETEYp @ Tmoy
A 6 TMUEBiTT T 0w

This model was obtained by retengineering in order to best reproduce the ice shapes of a database
generated by Gent and eauthorswith LEWICE (mainly NACA0012 profiles of 0.88ard lengthand
possibly RAE profiles). In addition to ttleord length it takes into account the effect of thieuid
water contentLWCand the static temperaturd» as well as thair velocity V..

Shin and Bond used a similar reagineering approach based onetite shapes obtained b@lsen

et al[58] on a NACA0012 of 0.53 chord They also relied on the few photographic observations of
the latter about the shape of the rougilements In particular, Olsen et al confirmed the inflenof
temperature, minimized that of velocity and pointed out that the diameter of ithpingingdroplets
(MVD:) could have an influenc&hin and Bon{b9] therefore proposed to correct the Ruff model as
follows:

Q myowdimppxX A . TH#H &Y A DO Equation3
where/ 4 1@t 4 p R X
S pRQ ¢ma
ppoxm@ro b OEAOXx EOQA
Since the order of magnitude dfie¢ functionsfyLwe fk 7, fkvandfkpis 1, the magnitude dEquationl
is well respected.
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However,Equation3 seems to hae limited validity in terms of LWC (it was built for LWC less than
1g/m3). Shin[60] studied the influence of LWC, temperature, flow velocity and the accretion time on
the shape of the roughness (height, diameter, spacing,amaone extent) for droplets 20 um in
diameter. He confirmed that velocity has a negligible influence on the roughness size. He also showed
that Equation2 significantlyoverestimates the roughness size, even for LWC less than’lg/m

As shown in sectio.2.2.2.2.2 Andersonret al. proposedto correlate theroughness sizeo longer

with dimensional parameters but with the "classical" dimensionless icing parameters, in particular the
freezingrate fo near the stagnation poirdnd the accumulatioparameterA.. They found that, could

have little influence on the roughness size. Wrigll] maintained the use of nodimensional
parameters but, contrary to Anderson, Ineade the equivalent dimensionless sand gragughness
heightdepend onfo in LEWICE 3.2:

0 WP ™ L TFQ Equationd
p T TGTT

This dependence maké&s35% greater fof;=0.2than forf;=0.4 which is a greater influence than that
observed byAnderson and Shif62].

3.2.2.2.2.2 Constant roughness models: experimental characterization
In order to gain iphysical representatiorAnderson and Shii62] used experimental characterization
60 YSNI | OljdzAh aA G A 2y 0 @ [60] Kk Hére detdilgBopasing3d cor@lRte thelA y Q& |
no longer withdimensional parameters but with the "classical" dimensionless icing parameters, in
particular thefreezingrate fo and the accumulatioparameterA..
W 0wot Equation5
” C‘l
T is the exposure time to the icing cloud,is the radius of curvature at the leading edge dnd

w pkg/m3is the ice density. Since most of the investigated data correspond to glaze ice accretion, this
value is representative of the ice density.

&

The authors reported that, depending on the size of the drops on the wall relative to the thickness of
the boundary layer, and depending on the rate of solidification, the shear stress applied to the sessile
droplets could affect the roughness size. Bugytmeglected this effect in the papd@2] and[63], by

not considering any dimensionless numbers related to the boundary layer.

Since there were too few data from Shin's campaign, Andersor{@8tompleted this study in 1998.

They performed a parametric study on the chord lendandf, still investigating a NACA0012 with

angle of attack AOA=0Thechord lengthinvestigated ir62] was0.5334m whereas it was varied in

the range0.267 m to 0.8 m ifi63]. For several sets of LW\, MVD. and T, Anderson also made a

variation ont. There are similar conclusions in both test campaigns. In particular, abovenavglue

of A, 06 0 ,a constant value of the roughness diameter is reached (as well as the size of the
aY220K 1T2yS YSyiA2ySR 0St260d ! yRSNEA2Y AY(iNRRdzOS
diametery (which is therefore reached after a given accretion time determined by 6 ; and

measured on picturess:

B mrg cO p& pm A E mdyppm A Equation6

wherek s the rough element thickness, which was found toddated to the rough element diameter

asE 1@ p v.Bhe correlationfokA & (G Kdza @SNE &AA YA I NIki{Euatioik)S hb 9 w!
although their definition is not the same.

However, with Shin's data.M=0.15[62] while with more recent data, A~=0.4[63]. Inaddition, in

[63], fo has no impact on the geometry of the roughness, while the diameter is 20% lardexGa2

ICE GENESIB2020- 824310 © ICE GENESIS Consortium Page40



D3.4Definition of Numerical Capability Requirements for Liquid Icing Conditions <PU>28/05/2019

than forfo=0.4with Shin's data. However, it should be noted that there is a large dispersion of results
and someepeatability errors in the results §3].Note that if the size of the rough elements depends
only on A, the velocity and LWC will have more effect than temperature on the rough element size
60STF2NE GKS aLX | GSI dz oo

Finally,to draw a parallel with McClain more recent work, it should be noted that McClain refers to
the notion of "glazece plateau” to describe anything other than Anderson plateau: the slightly rough
area near the stagnation point where the instability of thanback film seems to be the cause of
roughness. In addition, McClain et[@#] report that for fairly high values ok, quite close toAc im,

ice accumulation is no longer considered as "eatage" (very thin ice thicknesbt the ice shape
starts initiating horn or scallop shapes when the conditions are met.

3.2.2.2.2.3 Nonruniform roughness models

More recently, noruniform roughness size models were developed to account for the fact that
roughness size is not constant along the ice shape and over time, which has been experimentally
observed by[65], [60], [63], [64], [66], [67].

1 mm ",

< ~

Smooth-Zone Width, w

Roughness &

s Elements —>

Figure27 - Spatial distribution of rough elements, af@&ndersor{63]

Regarding spatial evolution, an almost smobntimeis often obtained near thetagnationpoint (Figure
27). Then, the roughness size increases significadipsman and Turnodk5] report that isolated
drops (formed by gradual coalescencae observed on the surfaand can remain stationary. The
different authors therefore generally rely on a distinction of different regions, as showigure27,
valid for both wing profiles rd cylinders. In particular, they all model the possible existence of a
smooth zonefollowed by a rough zoneektherscan be considered downstream the rough zone but
aregenerally not explicitlynodelled althoughHansman et d68] specify that they are obtained in all
rime regions (me conditions but also dry areas of thaze shapes, especially on horns).
Regardinghe evolution over time, the roughness sinereases during the first moments of accretion
then it stabilizs, according té\nderson62].

3.2.2.2.2.3.1 Description

Two global models are available in the literature to describe the spatial and temporal evolutions of
roughness size. They were both derived from experimental characterizations. Thgiobal in the

sense that they depend on global icing conditions and not on local conditions on the icing surface (only
numerical models offer the possibility to predict the roughness height but were not included in the
present literature review since wiecused on the roughness characterization).

Han et al[69] developed a noruniform roughness model on 2D airfoils with AOA=0°. The model is

based on a set of 74 cases, very differently investigated:
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1 10 experiments of Han and Palacj66] on a NACA0012 profile of 0.5334 m chord length, for
air temperature in a range 610.2°C t63.6°C, LWC ranging from 0.25 to 1.7 3/air velocity
from 44.5 to 66.7 m/s and MVD from 20 BO um. The spatial distribution of roughness size
was measured (in 8 positions from s/c= 0 to 0.08) at short accretion times included between
45 seconds and 2 minutes,
1 Anderson and Shif62] and Anderson et §63] experiments (height of rough elements were
considered as quasiemispheric),
1 the Ruff correlationEquation2, built so that LEWICE can best reproducgeat experiment
database. Hereksis "measured".
On the other hand, everal studies have been carried out successively at Baylor University on
NACAO0012 profilesyith chord lengthin the rangefrom 0.5334 m to 1.8288 nir0], with a sweep
angley 0°or 30° [71] (the chord lengthis 0.9.44 m). The angle of incidengealways AOA =°0
Another model was inferred from these investigations.

3.2.2.2.2.3.2 Main results, progress and limitations
Hanet alexpressed their correlation in the following form:

v 0 ‘ T7§’2 : a o Equation7
a v q
where— TBInMYgc T T8O X LE

0
O i ¢ wrQ 8

TELX L

e o

The general form of the correlation as a function of the curvilinear abssissaonsistent with the
measurements of66], as shown irFigure28(a). A smoothzone lengthws and a rougkzone length
are thus defined in accordance with common observations in the literature.

1.2 A
—©— Exp. measurement

£ 14 . ~-—- LEWICE roughness k
£ SN~ New prediction
£ 08 XK max
o
% 0.6
3
c
% 04+
3
~ea kain

O : 4 L 4 4

0% 2% 4% 6% 8% 10% w l I t

Dimensionless surface wrap distance, s/c ce iimi
(a) Model derived from experiments (b) simplified model used for feeding the

Makkonen model

Figure28- Han and Palacios models, pictures extracted fjé@h

The correlation on the maximum roughness heidht reached at the top of the parabola was
established by using the 3 types of data described above. It is not surprisingctisaan important
parameter since it was observed by Anderson.fBista parameter of the same order As while[63]
neglects its impact (most authors nevertheless §eas an important parameter). In addition, the
correlation proposed foku has a high dispersion, especially for lafgéo. Besideskw has a maximum
in 0 7Qe v. It therefore does ot seem recommended to use the model fAgfo > 5 (it is not
believed that the roughness size should decrease over time).
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For the smooth zone lengtiyx G KS LINPLJI2AaSR O2NNBflGA2y A& ol &SR
There is less dispersion. Again, the two parametersfaeadfo, although Anderson did not note any
dependence orfp in the 1998 study. Note that with this expressionvef the smoothlength tends

towards O when the accretion time increases. Finally, the iced length is based on Han and Palacios'
observations. In additionRa has been limited to a minimum of 0.05 mm to adapt to LEWICE
constraints.

The model was used for comparisons whhkat flux measurements on one side and accretion
calculations for 0.25 m and 0.61 m chord lengths on the other side, which were quite representative
of the model development range. However, it should be noted that in Han calculations with the
Makkonenmodd exposed in section 4.2.4.2.the distribution of roughness is nk=Ra As the heat
transfer coefficienty. gradually increases, the too abrupt variationrRdprovided byEquation7 leads

to an overestimation of the exchange coefficient. So Han adopted a more gradual varidtiplinetr

from O tokw in s = I(Figure28(b)). The reults seem to rather agree with the measurements by doing
so. But there is no real justification. In addition, the calculations presentg&®]mwere performed for

final accumulation factor valuek up to 4.26, which raises the problem of limitiAgto Acim.

It would be interesting to feed the codes with experimental data as modelleBduation7. The
transitional area should then probably be taken into account to more physically smooth the variation
of h.
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Figure29 - Model and experimental characterizations of McClain ardutbors, pictures extracteddm [64]
and[72]

wS3IFNRAY3I GKS Ay@SadArarairzya 2F aO/ fFAyQa 3INRdL
inferred from the successive studies:
2-( o8ty )3
where) 6¢i o1 AT

®QM 8 o R
P = e = @ p OAIlpHt f
WQx D T vh ™ C
w0 'Qth Q 2w Q 7 Equation8

bo and by, are the collection efficiency at the stagnation point and at the liefilid breakdown
location, respectively andl is the sweep angle. The model was developed using Langmuir and
Blodgett's approach to assebs[64]. Asinusoidal evolution assumption was also used to obtain a
distribution of the collection efficiency:

r r AT®o6r Aiv¥O Equation9
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[ is the angle that the normal makes to the surface of the wing at the curvilmescissa sHgure
30). TheG coefficient was assessed @s-0.5for the straight and swept wings testd64]. Some
possible adaptations are proposed f@rin [71]. Weiis the Weibull probability density function.

The location of the film breakdown is probably the hard point of the model. We can imagine that the
previous Ha correlation forws could be used for example. However, for simplidiy0.45 is used as

in [71]. Besides, this model was developed for the rough area, where the roughness size is linked to
the droplet collectionFigure29(a)). Smooth zone modeling, where the roughness size is linked to film
runback instability, was designated as valuable further woik4f

Figure30 ¢Geometric evaluation of local surface collection efficigigy

No time limitations are reported for RMH. The roughness must therefore linearly increase over time,
viaA.. However, McClain studied rather short accretion tim&s0.348 i 70], Acranges from 0.061

to 0.408 in72] or from 0.03 to 0.484 ifi71]). As br Han, we can imagine a threshold&as observed

by Anderson, beyond which the size of the roughness no longer increasemg the limitéons,
McClain points out thaEquation8 was established for a reduced rangef@ffrom 0.19 to 0.25), for
symmetricwings with zereAOA.

3.2.2.2.3 Conclusions

The roughnesddistribution structure most often observed is that ohaarea in the vicinity of the
stagnation point where the roumess size is very smdthllowed by a area where the roughness size
significantly increasggorresponding to experimental observatidile in Figure27). Additionally, he

size of rough elements increasaver time. But an author like Anderson suggests that an asymptotic
value exists and is approximated for an accumulagiarametervalue ofabout A:=0.4

The main models in the literature have been tested on several test cases (an example is provided in
Figure 31, where the error bars around the experimentdhta are quite large because a 99%
confidence interval is given). The orders of magnitude are generally all the same. But the precise
comparison is made difficult by the fact that the different models are not necessarily based on the
same definition of tle roughness sizé&gfor uniform models, maximum height of roughementsfor
Anderson,Rafor Han and Palacios measuremeriigfor McClain).It must be noted thatR, was
favoured oveRMHT 2 NJ a O/ f I A y Q R, was 8hevnfof oa& 0.00deziiAg] (Figure29(b)).

It is worth mentioning that for the PHYSICE modes, tivo additional parameterk and Sor, have
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also tobe determired, and are not be necessarily linked to any of the parameters characterized in
the literature up to now.

Besides, the crossomparisons between the various models also pointed out that a large dispersion

Ad 20aSNIBSR o0F2NJ Ayaillily ONSILINRARSIFOS!I Hyada | ¥Y/RAE RRAIG 2
that not all models have the same driving parameters and that there are inherent weaknesses in the
construction of the models (for instance, the usé&ofuatiord9A & I NBa i NAXA OGA GBS | aadzylL
model).

The models generally need to make the roughness heightdimensional. The chord length is
generally used for this purpose. The agreement with the experiment seemect for a range of

chord lengths in the range of 0.2 to 2 m. But the experiments are almost all done on NACAO0012 airfoils
without zercAOA. This is the case for the exampl&igure31. One key issue is thus to know if using
another reference length for nedimensional roughness height would be relevant. The radius of
curvature at the leading edge would be an example of alternative reference length. A model of this
type could generate very different roughness sizes for profiles with very high curvature at the leading
edge. Experiments on profiles whose leading edge curvature is not that of a NACA0012 would be
interesting to answer to this question.

Glaze conditions dve been extensively studied the literature In colder conditions, it seems that
the roughness sizes are expected to be smaller, but the characterization dfrieeconditions still
needs further investigation.

The onset of thelaminarturbulent transtion depends on the roughness anagay havea significant
effect on theice shapes. It will therefore be necessary to make progress on the modelling of the
smooth area at the stagnation poiaind the transition to the highly roughened area. Models have
beenproposed in the literature, but there are still contradictions that need to be addressed.
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Figure31- Roughness size produced by several models of the literature on the R3 case in Han and Palacios
databas [66]
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3.2.2.1 Roughness characterization for App[DUBSONERA, CIRA, TUDA, POLIMI]
3.2.2.1.1 Objectives and issues

Roughness characterization of icing formations under the conditions established on Appdi8ix O

is an early step needed to be done for the development of numerical tools for CFD. As well known,
roughness on a surface has a strong effect on flow characteristics of the boundary layer: shear stress
is altered[74], as well aghe closeto-the-wall turbulent characteristic§75], which also result in a
change on the local rate of heat transfer.

The alteration of flow characteristics due to roughness can influence the way ice is accreted over a
surface, as well as the shapes of the resulting ice structures. But, the formation of the roughness itself
depends on the current state of the flow and the physics of drop impingement and wall film dynamics.
Therefore, numerical tools need to calculate the wayghness evolves in an iced surface according

to the current flow characteristics and then evaluate the way the flow characteristics change due to
this roughness. In this section, we will make comment on the way roughness is developed.

3.2.2.1.2 Literature review
3.2.2.1.2.1 Selforganizing map approach
3.2.2.1.2.1.1 Description

Appendix O deals with Supercooled Large Droplets which can have MVD values above of 40 microns
[73]. In this topic, we comment about the works of McClain, Vargas and Tsao, which, witil thie

some other authors, have published several research papers about the current topic. In their work,
roughness is characterized with a parameter designated as RMH (Roughness Maximum Height) using

I YSGK2R -ONBKE $RT &3t ¥FI LI, which iNdadedoi éebiral BeNdorfés]. &or

ice shape applications, the SOM analyses clusters of fRrkeY Sy a A2y | f ay2Aaeéé RIQ
laser scans of ice shapes in order to generate adinensional representative mdoid or curve.

Figure32 shows a generated manifoldfrom several sets of data.

A
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The generated manifold is composed of connected points, designated as codebook vectors. The
generation of the codebook vectors is done through a method that refines an initial random
distribution of vectors. The refinement process moves the vectors iditieetion of clusters of points,

finally describing a representative manifold, as showrrigure33. Since this method is based on
neural networks, a training processé&juired.

Figure33 ¢ SelfOrganizing Map example over point clouds

Once defined a manifold that describes the main ice shape, the height of the points towards the
closest codebook vector can be used to calculate roughness parameters. For example, the roughness
maximum height (RMH) in the location of the codebook vectorloa calculated as being three times

the root-meansquare of the height relative to that codebook vecfa6]:

YOO oY o

c-l©

With this method, a clean ice geometry can be generated with a roughtissibution associated to
it. With this, the analysis of aerodynamic effects over icing conditions can become more effective.

3.2.2.1.2.1.2 Main results, progress and limitations

Measurements have been carried in order to observe the evolution of ice shapes undgr icin
conditions stated in both appendix C and O (SLD cddgsye34 andFigure35aretaken from a study

from McClain et. al.77], showing evolution of ice roughness and thickness over time3tia. NACA

0012 airfoilfor a velocity around 67 m/s, static temperature-df6 °C and LWC of 0.6 g/m3. A particle
MVD of 30 microns was used for the appendix C test cases, while for appendix O a MVD of 150 microns
was usedThe SOM approach was applied to get sets of data fsoth appendix C and O conditions.
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It can be seen that roughness variations along the surface are different between both cases, as well

<PU>28/05/2019

as the ice thickness distribution, which show a wider plateau for appendix O cases.

Additional studie$78] were carried on a NACA 0012 for appendix O cases with different particle MVD

and LWC, which results are showrFigure36.
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From Figure 36, it can be noticed that the H on appendix O cases is directly related to the
accumulation parameter. In contrast, experiments for appendix C conditions (Shin, 1994) show that
the RMH tends to reach an asymptotic value as the accumulation parametsiincreased.

Although McClaimeported an equation for the temporal and spatial behaviour of roughness under
appendix C conditions, he states that the fiostler transient effects of SLD surface roughness are still
not well understood and further research is necessary for treseltions[77]. A limitation appears

as the lack of a proper model which will describe evolution of roughness under appendix O conditions.
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Figure36 - Airfoil RMH as a function of accumulation paramdi]

3.2.2.1.3 Conclusions

An introduction of the Sel®rganizing Map approach was given, which is used in order to characterize
the ice shapes, as well as to obtain values of ithigtion of roughness parameters over a surface.

With this method, ice shapes for cases under conditions of appendix C and O (SLD) were characterized.
Differences in the ice thicknesses and roughness distributions were found between these cases.

A model forspatial and temporal evolution of roughness for appendix C cases was proposed (check
Gw2dzaKySaa OKINFOGSNATIFGAZ2Y F2NJ LI / é &aSOGA2Y0
require further investigation.
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3.2.2.2 Boundary layers on rough walfONERACIRA, TUDA, TUBS, POLIMI]
3.2.2.2.1 Objectives and issues

Wall roughness has an impact on skin friction, heat transfer and lartuniawlent transition. By the

way, the latter also has an influence on the level of heat tranaifel skin friction. The iced walls are
highly rough, and convective heat transfer has a major effect on the accretion process. In particular,
glaze ice shapes, for which water runback occurs, are highly dependent on heat transfer and therefore
on wall rougpness.

Regarding the impact on the laminaurbulent transition, the classic approach is based on a critical
roughness Reynolds numbat'Q; — e @ 1 |T9)]. This model is implemented in most icing

suites, with varias assessments of the velocityin particular.A brief literature review shows that it
would be interesting to revisit this model, particularly by considering the effect of the airflow Reynolds
number, and by suggesting that an enlarged transitional region be taken into acf@@in31].
However, the present literature review will not focus on the impact of wall roughness on laminar
turbulent transition.

Regarding ice accretion simulations, the classic approach to model the impact of roughregs on
friction and heat transfer is Makkonen's integral approach, which is compatible with integral boundary
layer codes coupled with inviscid solvers. RANS models have also been developed, notably recently at
ONERA, as part of the PHYSICE project.

3.2.2.2.2 Literaure review
3.2.2.2.2.1 The effect of roughness on the boundary layer

Roughnesss a component of surface texture. It is quantified by the deviations in the direction of the
normal vector of a real surface from its ideal form.

Mean Line

Figure37 ¢ Sheme for surface roughness
w2dzaKySaa OFry 0SS O2yaARSNBR Fa GRAAGNRAROdzISRE AF
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The effect of roughness on a boundary layer strongly depends on the para;%tewherek is the

height of the roughnesand] is the thickness of the boundary layém. case of constant protrusion
height, his parameterdecreases with the distancedim the stagnation poinsince the thickness of
the boundary &yer increases with the distanc&his means that the flow can be completely rough in
the forward portion of a boundary layer and eventually become smootherlast part

Historically the resiis obtained byNikuradsg82] for rough pipes have been transposed to boundary
layers. Nikuradse[82] performed experimental studies for flows in smooth pipes and in pipes
artificially roughened wh sand of different grain siZ@ glued on the walls of the pipes$ie identified
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askey parameter the ratio between the protrusion height and the thickness of the laminar boundary
layer Qj . If this parameter is less than one, i.e. the roughness element is well inside the laminar
boundary layer, roughness has no effect. This parameter can be turned into a Reynolds number

considering that x 6 and henceQ,| x — can be considereds a Reynolds number based on the

roughness height and the friction velocity. Three regimes can be identified:

1 Hydraulically smootht  ——  v. All roughness protrusions are inside the laminar region
of the boundary layer;

1 Transition regime v —— X Tt Roughness protrusions partly go out of the laminar
sublayer;

1 Completely rough — X 1All the roughness protrusions are out of the laminar sublayer.

The loglaw of the velocity profile on smooth surface holds also for flows owegh surfaces as:
6 p. .0 .
5 "—a € % o 3Y
with 3"Y depending on the sand grain roughness following the different roughness regimes above
defined.

The relation between roughness and the tegfY has been achieved experimentally and the effect
of this term is shown in the following figure.
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Figure38 ¢ Effect of wall roughness on universal velocity profiles

The roughness impacts the transition. Tieight of the protuberaces that causes ansition ina
laminar boundary layeis defined as critical roughnes$his has a consequent effect on drag. For
bodieswhose main contribution to drag is frictipthe drag increases because thersition point
movesupstream.If the main contribution is due to the drag fornthe drag can decrease. The critical
value of the roughness nsidered tdbe [74] :
ol
, pu

The skin friction coefficient turns out to be a function of the Reynolds nurib@ — and also of

the relative roughnesg | with da characteristic length of the geometryhe drag of bldfbodies,

such agylinder, is very sensitive t@ughness. The critical Reynolds number for which the drag of a
cylinder has a sudden drop, decreases as roughness increases
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It is possible to define the admissible roughness as the maximum height of roughness elements which
does not cause an increase in draghaespect to a smooth wall. For a flat plate, this can be
summarized as:

Y ’
— prtw |l p ngi\x(—
This provides the maximum height of the roughness element that does not depend on the length of
the plate. It can be more convenient to introdu@ dependence on the length of the plate and in
general of the body. This can be simply achieved by introducing the Reynolds number and hence

pTT

I

A
The roughness of the experimentsNikuradsecan be considered of distributed type with maximum
density because the grains of sand were glued as closely to each other as possible. In practical
applications, the density is smaller and a correlation with the sand roughness should be made. The
correlah 2y A& GaAAYLI Sé¢ Ay (GKS O2YLX SGSfeé& NRdIdzZZIK NBIA
roughness at the value that gives the same coefficient of resistance.

Instead, alocalized roughness represents an imperfection concentrated in a given region of
hydraulically smooth surface. The effect of this kind of roughness hasebg¢ensivelystudied in the
framework of stability theoryA linearization of the roughness element is performed using a Taylor
expansion, leading to a ndmmogenous boundary cornibn at the wall. Large Eddy and Direct
Numerical Simulationare also employed to study the effect of local roughness on the boundary layer

Reviews ofurbulent flows over rough wallare presented if83] and[84]. Raupach et a[85] present

a review ofroughwall turbulent boundary layers, drawfrom both laboratory and atmospheric data.

The former apply mainly to the region above the roughness sublayerhiichwhe roughness has a
direct dynamical influence) whereas the latter resolve the structure of the roughness sublayer in some
detail. The authors affirm thathere is strong support for tle hypothesis of wall similarity.tA
sufficiently high Reynoldeumbers, rougkwall and smoothwall boundary layers have the same
turbulence structure above the roughness (or viscous) sublayer, scaling with height, boimgdary
thickness, and friction velocity.

The main conclusn of the paper from Jiménef84] is that roughnesss far from beingfully
understood. Tie experiments are often conflictingue to the industrial emphasi®n many
experimental investigationsyhich do not probe into the turbulent structures of the flowlsopart of
the problem is the variety of rough surfaces, which strongly influsetitedynamics of the roughness

layer.In flows wheré || is highthe effect of the roughness presumabilyaches the outer flow only
after a long series of chaotic interactioffheclassical result is that the buffer layer can be perturbed
without transmitting to the outer flow anything beyond a change in skin friction, but there are
indications of deeper interactior{84].

3.2.2.2.2.2 Integral boundary layer approdt

In most accretiorsuites used for certification, thealculations of the heat transfer coefficieht are
based on a simplified integrBbundary layer method, coupled with anviscidcalculation Since the
iceis rough the calculation takes into account the influence of @l roughness on thekinfriction
coefficientG and he. Generally, it is Makkonen's mod@6], adapted from the work of Kays and
Crawford[87], which is used in icing codes:

6 ™ @ Yp Equation10

S Tlwey @dou
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Q "0 w'YQwhere'Yo —— and Y . 5 . Equationll

where Pris the Prandtl number of airarfil' n ®dp A da GKS GdzNBdz Syd t NI yRG¢
air, G its thermal capacity at constant pressure. The main input data are therefore the flow velocity

Ue, the momentum i KA Ol ySaa Ay ( dzND gztafyaied WBgmootSlat-plate 6 3 Sy S NJ
assumptions) andhe equivalent sandjrain roughness heighks. This model is therefore very well

suitedtoA Y § SANI f 062dzy RFNB fF&@SNJ I LILINRF OKS&as 6KAOK LIN

3.2.2.2.2.2.1 Description

Regarding roughness parameters, the model only depends.orhe RANS approach derived in the

PHYSICE project accounts for two additional parameters, as shown in $e2tih2.2.3 The PHYSICE

model was thus adapted to an integral boundary layer framewo{&8h

¢KS Y2RSf O2yaradas f Hhrpcessiagrdyndndcyb8uyidary layércatchlations y LJ2 :
on smooth walls to derive theri€tion coefficient and k on rough walls. However, the whole

derivation process described[i®7] was reworked to account for the PHYSICE model. The new model,

integral AGC (for Aupoi@rigsonColebrook), therefore dependsnothe equivalent sangrain
NRdzZIKySaa KSAIKG FyR (GKS Y2YSyldzy GKAOlySaa fA
parameterskl’ hs&ndSor:

i ™ @ yYp Equation12
C wtargTp o0& FQ @ oy
o Equationl3
"YoO < A

6 .
. °© 5 b 4
0 i C V1%

¢

v —2 9~ 00— 00—,
®W T LTSI C Y

wheredis the boundary layer thicknedd,andD are constants for modelling the wake region of the
boundary layer.

3.2.2.2.2.2.2 Main results, progress and limitations

On the one hand, the study showed that the friction coefficient model derived from Grigetabrook
relationships did not provide any added value over the Makkonen model. On the other hand, the use

of Equation13 seems valuable. THg: model indeed allows to capture changes in Stanton St number

for cases wherds is unchanged buk and S, are different. For example, iRigure39, the integral

Y2RSt AYLX SYSYGSR Ay GKS hbow! Qa .[Lau5 AyidS3aNIT
the decrease ofSt whereas the standard Makkonen model ("BLIM2D KC") remains unchanged
(example of Dukhan flgtlate models 1 and [89)).
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Experiment . Experiment
; —————— CLICET , —————— CLICET
107 ——— BLIM2D,KC 10 ———— BLIM2D,KC
N ———— BLIM2D, AGC | ———— BLIM2D, AGC
5 — — — — KC from rough — — = — KC from rough
r — — — — AGC from roug — — — — AGC from roug
o 107 o 10°
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(a) Dukhan model 1sk2.51 mm, §=1.22,h=0.749 (b) Dukhan model 7sk2.25 mm, $.=1.08,n=0.48

Figure39- Assessment of the integrAlGC mpdel implementedjn BLIM2D5 dz‘lv KA I ynte madels 1L"|anvd
70 2YLI NRAAzZY FAlLAyald athdrRARSASH@el(impemBriet in thercodELICEY)R
Comparisorbetween using smootivall momentum thickness and rougball momentum thicknesgrom

rough) Pictures extracted frofi88].

The study also showed that the classical Makkonen model was built to be fed by the swadbth

momentumthickness which iseasily produced by simplified integral model. The exampleFigure

39(a) is typical: feeding the Makkonen model with rougall data "KC from rough" degrades the

results compared to the default approach "BLIM2D KC" using smwallidata. The same is true for

model 3 where the differences between models are more obvidligufe40). On the contrary, it
usually seems better to feed thiategratAGC model with the rougWall data. This is not obvious on
models 1 and 7, but other models such as model Bigure40 show a very clear improvement over
the experiment. Above all, the integrAlGC model then generally behaves more in accordance with
the AGC RANS model implemented in CLICET. This means tinteghed-AGC model will have to be
implemented in BLIM2D as a closure model that can change the boundary layer thickness.

Experiment
CLICET
BLIM2D, KC
BLIM2D, AGC
KC from rough
AGC from rough

10"

E;, 0° \
3 —
N RS
ST —— et

|~ - T FES- T — _-

10° I i R | L i

200000 400000 eooooon 800000 1E+06  1.2E+06

e

X

Figure40- Assessment of the integral D/ Y2 RSt A YLI SYSy (i SR -plat modglB.a H 5

2
ks=15.63mm, Sor=1.220=0.1964/ 2 YLI NA a2y | I+ Ayald athdRARYASGH@El Y2 RS

(implemented in the codELICETLomparisorbetween using smoottvall momentum thickness and rough
wall momentum thicknesgrom rough) Picture extracted frorf88].
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Finally, preliminary calculations were presented on a NACA0012 studied by Han and Phigies (

41). In addition to the fact thiathe integrabAGC modeshould be moreaccurate when used as a
proper closuremodel for BLIM2which was not done hergyeveral difficultiesvereidentified. First

of all, the roughness parametevgere measured by Han and Palacios, but only the evalutibRais
available, which does not allow to characterize the three parameters of the integral AGC model. In
addition, the problem of the laminaturbulent transition istricky. It seems that the transitionarea

is very large. Han and Palacios "solvé' problem by not directly using the roughness heights they
measured but by using a slower growth in roughness size. This approach does not seem satisfactory
because it is probably adapted to the case and the roughness model (Makkonen) used. It seems more
physical to reproduce a transition model based on intermitiefunctions. The test case therefore
remains to be investigated further.

——— Experiment
CLICET, AGC, 2 computations
400 ~ ; : | =———— BLIM2D, KC
L —— BLIM2D, AGC
| A —— SIM2D, KC
| — — — — KC from rough
N\ — — — — AGC from rough
300 \ \

h(W/K/m?)
/:{ C
/
4
/s
f
f
i
f
!

100

0 0.05 0.1 0.15 0.2
s/c

Figure41l - First test ofintegratAGC BLIM2Bimulationon Han and Palacios R3 caSmmparison against
experiment, RANS AGCLICES, | { | 2 Y S y BEM2D K& srhparisorbetween using smootvall
momentum thickness and rougtall momentum thicknesgrom rough) Picture extracted frorf88].

3.2.2.2.2.3 Roughnessffect model for RANS approaches

Several models were recently developed at ONERA to account for the effect of roughness on the skin
friction andh in RANS approach, especially during the PHYSICE project.

3.2.2.2.2.3.1 Description

In the PHYSICE projedypoix developedaughness corrections based on the equivalent sand grain
approach and applied to the-k (i dzND dzf S yhe Strategg &r€ablyddeveloped at ONERA to
extend a turbulence model to rough wallsasreapplied. The idea is that the shift in the logarithmic
law of the wall due to roughness must be reproducEtj(re42). It characterizes the increasé the
skinfriction. To do s the solution of the turbulence model is shifted. This leads to-nem values
for the turbulent scalars at thevall (in this casé, and- ), depending on the reduced height of the
equivalent sanegrain roughness heighis" [90]. The behaviour of the boundary layer can be
analyticaly modelledfor very low or very high valued ks". But the complete laws must be determined
numerically, withlow- and highks" behaviours providing guidiees for deriving an analytical
representation of the resultsSincethere are several representations in the literature of the
logarithmic region shift law as a function kf, two models based on Nikuradse and Colebrook
Grigson lawsvere developed. Compasors of the computationalpredictionsagainstexperimental
dataover a wide range dfs" and pressure gradiented to a preference for the second modegiven
hereafter, especially for veriargeroughness.
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Equation14

Figure42 - Velocity profiles over smooth and rough walls, in wall varigBiEls

Regarding heat transferpoughness correctiongre often based on aconstantturbulent Prandtl
number assumption Therefore the Reynolds analogis assumed to remain valid in presence of
roughness. However, this usualBads to an overestimation of thevall heat flux A correction to
account for the roughness effect on heat transfer was thus developed to better estimate the wall heat
flux [91]. It consists in deriving a modification of therlulent Prandtl number in the vicinity of the
wall as follows:

0i 01 30i Equation15
where 301 "OQRY Q7
"OQRY 0 30 630
0 mrpuvu@nds p Q 0 8t Y
8 @

The discrete element approaatas employed t@enerate a large database by varying the shape of
the rough elements, their spacing and siZéis database was then analyzedderive a model for

30 1. This analysis first confirmed the fact that a second parameter is needed to quantify the thermal
effect of roughness, as surfaces leading to the same drag increase may give diffalidreat-flux
increases. This led to the introduction tfe correctedwetted surfaceratio Sor. Additionally, the
moadification ofthe turbulent Prandtl numbemust be restricted tdhe wall region characterized by

the mean roughness heiglit justifying the use of an exponential decdyhereas the rouglwall
model for thedynamic behaviour of the boundary layer depends of the turbulence model-the
correction for the thermal behaviour may be used in conjunction aitkiturbulence model

Aupoix mode[91] [90] were initially developed in a loviReynolds number framework, involving fine
meshes at walls. A need was identified to complete this approach by developing a wall function that
could be used on coarse meshes. Such a development has beeniméme SUNSETZogram by
Chedevergng92], relying on principles given by Aupoix and involving the analyticalfuvadtion of

Craft et a[93]. The roughwall analytic wall function originally developed by Saegal[94] was thus
adapted to unstructured codeand upgraded from Aupoix model for the thermal boundary layer.

3.2.2.2.2.3.2 Main results, progress and limitations
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Figure43 presents the model predictions for surface conditions obtained by Duldtaal. on ice
surfaces generated in NASA [B9]. In each figure, the lowest curve corresponds to the smewditi
calculation. The results obtained with the Spalart and Allmarasand K { ¢
turbulent Prandtl number, give significant increaseSianton number, similar to the increases in the

friction coefficient. The proposed correction makes it possible to find a good agreement with

experiments.
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Figure43 - Comparison betweemodek and experiments cddukhandatabase[91]
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Figured44 shows the results obtained for an accelerated flow. The flow is such that the boundary layer
is in equilibrium regime, characterized by a constiiation coefficient on a part of the test sgion.
Figure44(a) shows that, in this case where the temperature is a passive scalar, the thermal model

does not influence the friction coefficiemredictionand thatthe plateau is weltaptured slightly
overestimated with the k SST modelFigure 44(b) shows again the contribution of thermal

correction.
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Figure44 - Comparison betweemodds and experimentson Coleman etl. databaseg91]

As already mentioned isection 4.1.23, the main difficulty is now to determine the rougtall
propertiesk, ks and S.orr for the ice shape.

A validation work waslso made to evaluate the ability o€hedevergne rougivall analytic wall
function approach to provide accurate results in academic icing configuraffigsre45). The new

analytic wall function waproven to enlargehe range of applicationsf walllaws, compared to the
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one initially proposed by Suga, and to make it possible to captureffieet of the increase of the
wetted surface due to roughnessSome work remains to be done for more complex icing
configurations (airfoil shapes).
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It is also worth noticing that ONERA developed an experimental bench during the PHYSICE project to
characterize the effects of rough walls on the dynamic and thermal behaviours of the boundary layer.
To that end, both coefficient and G, are measured. e temperature and velocity profiles were also
measured, which is less usual in rougall-effect databasesHigure46). This provides an extended
database, investigatingn particularks” up to around 500 and the effect of the shape of rough
elements.
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Figure46 - Comparison between experiments and CLICET resultRépmolds number AGabdel) on the
ONERA PHYSICE2-teste number 3.

3.2.2.2.3 Conclusions

Both integral boundary layer and Nawigtokes approaches are available to deal with rougtt
conditions. The integral boundary layer approach is the usual approach for ice accretion swtes. Th
RANS approach looks more and more interesting, especially for 3D applications. However, the more
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recent developments for RANS approaches still need validation for icing applications. Moreover, an
advanced characterization of the model inputs is stilluieed. It is also worth mentioning that models
for the laminarturbulent transition on rough walls should also be investigated in the future
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3.2.3 Supercooled Large Droplets (SLD)
3.2.3.1 Secondary (reemitted) droplets TUDA ONERACIRATUBS, POLIMI]

For the prediction of aircraficing due to SLDs a comprehensive understanding of the drop impact
process is essential. This covers not only the behavior of the primary drop and its deposited mass on
the cold substrate but also the possibleistence of secondary droplets ejected due to the drop
impact. The phenomenon of secondary droplets emitting from an impacting drop is called splashing.
Various thresholds have been obtained in literature to predict under which conditions splashing occurs
and secondary droplets are formed. If the splashing threshold is exceeded and secondary droplets are
formed, their characteristics are of particular significance for the icing of the solid substrate. These
characteristics cover, among others, the numbées and velocities of the secondary droplétsthis

section the most recent literature on these topics is summarized.

3.2.3.1.1 Objectives and issues

With regard to the icing of aircraft, the splashing threshold and the characteristics of secondary
droplets hae to be investigated for various flight conditions. Due to the advances in modern high
speed cameras drop impacts have been investigated in more detail within the détatever, most
available data corresponds to isothermal drop impacts or heated watlstiy little data is available

for cold surfaces or supercooled drops. Furthermore, the existing experimental databases on SLDs do
not cover all relevant operating conditions of aircraft. Thus, an experimental database covering
relevant operating conditins, including shear flow, has to be supplied.

Analogous to the experimental investigations, numerical and theoretical investigations mostly focus
on isothermal drop impacts. Moreover, the existing models incorporate a high degree of empiricism.
To accurtgely predict ice accretionareliable model for the impact of secondary droplets is needed.
Therefore, it must firstly be determined if secondary droplets are emitted and secondly what
characteristics these droplets exhibit.

3.2.3.1.2 Literature review

In the folbwing subsections different experimental and numerical studies concerning the
characteristics of secondary droplets or its generation are presented. Attfiessplashing threshold

for wet and dry surfaces is discussed, which is of high relevance spreglicts whether secondary
droplets are emitted or not. Subsequently, further studies on splashing and the characteristics
(number, size and velocity) of secondary droplets are preseriade only little research has been
conducted on SLD impactaddiionally isothermal impact studies are consideradthe following
review. Therefore,if not explicitly mentionedn the review the presented studies are figbthermal
conditions

3.2.3.1.2.1 Experimental: Splashing threshold of drops impacting onto wet surfaces
3.2.3.1.2.1.1 Description

The splashing threshold is determined in several experimental studies. Deegar9&f atudy the

drop impingement on a liquid film for various Weber and Reynolds numbers and finds different
sources of secondary droplets. An extensive review of different correlations for the splashing
threshold of the impact of a drop on a liquid fifior isothermal conditionscan be found in Liang and
Mudawar[96] who also summarize different models for the number of secondary droplets. Okawa et

This document has been produced under Grant AgreerB2iB810 This document and its contents remain the property of the
beneficiaries of the ICE GENESIS Consortium and may not be distributed or reproduced without the express written aghyprdCa of
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al.[97] investigated the splashing threshdlot moderate impact velocities ¥
for different impingement angles ranging from 11° to 75°.

p& O &pm/s.) and

In the framework of the German research project SR 150everal studies concerning the impact
of a drop on a liquid film have been performd(ittel et al[98] studied the single drop impact onto a
thin liquid film of a different liquid. Within this workiscosities have been varied with the ratiio

’ r ranging from 1@to 10*. The impact éhmeter is in the order of millimeters and the impact
velocities varies betweelY  p& 0 ©& m/s.

3.2.3.1.2.1.2 Main results, progress and limitations

A collection of splashing thresholds for drops impinging onto a liquid film given by Liang and Mudawar
[96] is shown irFigure47 for various test conditiondHere the parameteiQ  "Q¥Q refers to the
non-dimensional film thicknes3 hey further notice that correlations based solely on the number

w'QU'Q 8 are inaccurate to precisely predict the splashing thresholds, since many studies determine
that splashing is greatly influenced by gas pressure and gas properties. However, further investigations
to improve the accuracy of these correlations are recommendedaddition, the mechanisms of
splashing require continuing attention for different operating conditions.

Correlations for critical K required to initiate splashing into small droplets.

Author(s) Fluids Test conditions Correlation(s)
Walzel Glycerol-water mixtures h*=0.1 K = We Oh ** = 2500
S - - i - -3 1/4
Yarin and Weiss Ethanol, ethanol-glycerol-water mixtures Agrop = 70-340 pum, Virop (',' ) RLTEL simplified to
YVgrop UP to 30 m/s P /
K = We Oh ** = 2400
Cossali et al. Water, glycerol-water mixtures dygrop = 3.07 £ 0.07- K = We Oh ®* = 2100 + 5880h"'**
3.51 £ 0.06 mm,
We =2 x 10°-1.6 x 107,
h*=01-1,
Oh>7 x 102
Marengo and Tropea Water - K = We Oh ®* — 2074 + 870n°%
sy=50mPas Oh>0.01 K = We Oh ®* - 2164 + 7560h"" ™
Rioboo et al. Glycerol-water mixtures, hexadecane, PDMSs, We = 28-890, K = We Oh °* = 2100
PDMS, h* > 0.06,
Oh=1.14 x 10 2-5.48 x 102
Okawa et al. Water We =2.5-980, K = WeOh™®* - 2100
h* =0.4-68,
Oh=15x107%-7x10"
Vander Wal et al. Heptane, nonane, decane, dodecane, Re=5 x 1075 x 107, K= OhRe'' - 63
tetradecane, hexadecane, deionized water, 30% Oh=1073-22x10"?
glycerol/water, methanol, ethanol, n-propanol
and butanol
Huang and Zhang Water, oil h*=01-1, K = (WeRe)°?% =25 + 7h"'*
py= 854-998 kg/m®,
M= 1-225mPas,
= 0.029-0.072 N/m
Motzkus et al. Water, glycerol-water mixtures We = 62-1754, K = We Oh °* = 2100 + 2000h"" *
h*=03-1,
Oh=2x107*-15x10?
Gao and Li Water, glycerin-water mixtures I thiym = 0.05-0.18, K = WeRe"® =3378(1+ I l’,',I)mw "4k Vigm) 0

Jy=1-46.47 mPa s,
o = 0.0657-0.0714 N/m

Figure47 - Definitions of splashing thresholds of drop impingements on a liquid film and their test conditions.
Taken fron Liang and Mudawd©6]. (Permissions are needed)

The results of Okawa et g97] on the depositiogsplashing limit for oblique drop impacts are
presented inFigure48. Okawa et al. obtained a good prediction of the splashing threshold when
calculated with the absolute value of the velocity vecithen the impingemenangle wadess than

| L Ttah increaseri the impingement angle led tosagnificantincreasen secondary drop size and
consequenthyin the total mass of secondary drops. However, no secondary droplgesved within

the experimental ranges tested when tirapingement angle exceeded x 1tJ
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T i vy T

O Secondary drops were produced
x No secondary drop was observed

o. (degree)

Figure48-0 @ 'Q0"Q @ calculated from the absolute value of the velocity vector for different impact
angles. Taken from Okavj@7]. (Permissions are needed)

Kittel et al.[98] determined three regions with splashes when two different liquids were used for drop
and film. If the kinematic viscosity of the film is much smaller than the viscosity of the drop the splash
is determined by the K number definedby ® Q8 'YQ?® based on the properties of the wall film.

If the viscosity of the film is much larger than the viscosity of the drop, the splash is primarily
influenced by the K number based on the properties of the liglrimp. For the third region of the
viscodty ratio, it is assumed that the splash is initiated in the liquid vifith smaller surface tension.

The splashing threshold K this case is proposed as

2 ey T s T POEI AOU
0 YQ" 0T Th wqd TET N ,

where the subscript d denotes the liquid of the drop and f the liquid of the film. As sdeigune49

the critical Knumber the splashing threshold is found to be adiion of theterm I p I T with

the viscosity ratio ' T . Thescaling is proposed based on the assumption that splash is initiated
in the liquid layer with smaller surface tension

W,
3 O- * splash * 4 Wk /o
3 _ ©  no splash ’,’ T
300 - * & ty’ o
250 - ,,’ §
* ! N ,
M 200} ¥ FHe o ]
I t * ** % €0 000 oo
150 - * - : J
100 | 8 & oo oo 4
50 2 L L L " 1 L 1 . f |
-8 -6 -4 -2 0 2 4 6
(ic- l)/KM

Figure49 - Map of the experimentally observed outcomes of drop impact onto a liquid pool, when the
viscosities of the drop and wall film liquids are comparable. Taken from Kitte[@2]dPermissions are
needed)
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3.2.3.1.2.2 Experimental:Splashing threshold of drops impacting onto dry surfaces
3.2.3.1.2.2.1 Description

As concluded by Yarif®9] the impact of drops onto a dry surface exhibé more complicated
behaviour since the effects of roughness and wettability of thbstrate have to be taken into
account. Tang et aJ100] performed investigations on single drop impingement on a dry wall under
isothermal conditions and paid special attention to the influence of the roughness of the wall.

Within the framework of the German research project SFBR 75Li[101] performed experiments
on high speed drop impacts (10 nmZs63 m/s) onto inclined surfaces (@°75°). Within the same
project, Roisman et al102] performed investigations on the influence of roughness and porosity.

In the framework of the German research project SR 150Kittel et al.[103] investigated the
impact of a drop on a solid substrate covered by a thin soft wastic PDMS layer. The elastic and
viscous properties of the thin layarere varied in a wide range.

In the framework of the French research project PHYSIB&2plashig threshold for SLD impafcir

very high impact velocitidsas been studie{lLl04] [105]. The main objective of the experiments to

define the threshold between the bouncing and splashing regimesdoy low impact angles. This
aspect was partially addressed in PHYSICEL but no progress was made at that time due to a lack of
technical solution. The difficulty of accurately locating the droplets before impact makes it difficult to
visualize the impactin the PHYSICE2 measurement campaign, the flat wall previously used was
replaced by a cylinder with a large diameter relative to the drops, so the variation in the position of
the drop results in a variation in the impact angtigires0).

Gouttes Gouttes

) Impact angle

4

Paroi plane Cylindre

Champ de visée

Figure50 - Installation for the characterization of the bouncing threshold

A parametric study was carried out by varying the impact conditions:
- air vdocities (40 m/s, 60 m/s and 80 m/s)
- drop diameters (250 pm and 400 pm)
- wall materials (aluminum and Teflan)

3.2.3.1.2.2.2 Main results, progress and limitations

A summary of previous empirical models for the splashing threshold onto dry surfaces given by Tang
et al.[100]is shown irFigure51. The autlers mainlyaddressedhe influence of the surface roughness
for the splashing threshold.
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Previous empirical models regarding the splashing threshold.

Refs. Droplet, surface combination, roughness range, if specified Splashing threshold criterion
Stow and Hadfield (1981 Water, with stainless steel and aluminum surface R,005-12 Do Ug"**~R,
Mundo et al. (1995 Ethanol, water, water-sucrose-ethanol, with stainless steel surface, R,= 2.8&78um K=0hRe'** =577
Cossali et al. (1997 Data from Stow and Hadfield (1981) and Mundo et al. (1995 K=(WeOh~-94%)= 649+ 3.76(R, /D, )06
Range and Feuillebois Water-glycerol mixtures, and ethanol, with paper, glass, plexiglas, and aluminum surfaces We=a log®(Ro/R.).
1998 with different roughness

* The values of fitting constants a and b depend on their droplet -solid surface combinations.

Figure51 - Empirical models for the splashing threshold with a focus on the influence of surface roughness.
Taken from Tang et glL00]. (Permissions are needed)

For their own experimental datghey proposedhe followingempirical correlatiorfor the critical K
number:

o 22 6 oai e
VA O UQAOw

or=<

Herg the critical splashing threshold is expressed as a function ofrié@nroughnessY of the dry
impact surface, which ithe arithmetic average of the absolute values of the roughness profile
ordinates and the initial drop diameter with two fitted paraeterscand’Q, depending on different
liquids The proposed correlation shows reasonably good agreement with different literature data.

Roisman et al[102] noticed that the splashing threshold is mainly influentsdthe Weber number
of the impinging drognd the characteristic slope of the substrate morpholdyp#2 O jwhere2 b E
is the average height of peaks above roughness core profila@dthe mean width of the profile
elements. However, no significant inflace of the pore size dhe porous targetswas observed.
Roisman et al[102] further showed a map of drop impact onto a dry wall for various literature data
under isothermal conditionglepicted inFigure52.

Oh = 0.0044 .
» Corona splash:

> ° ,' ® Palacios et al. (2013)
015 ’. ® Vander Wal et al. (2006)
Cgfe o Birdetal 2009)

1000 - P ". ,J j;@p' § o 2 me etal. (2010)

Ca=0. ()67 + 0.60 Oh

/ . @ Deposition:
g ’ .. ’ - alse Palacios et al. (2013)
A’. . . i Vander Wal et al. (2006)

, 88 Bird et al. (2009)

Prompt splash
- oF) ¢ : ® Palacios et al. (2013)
100 - 20 V¢ ) - Boundary I
-+ = Boundary II

1000 10000
Re

Figure52 - Collection of different literature experiments to determine the splashing threshold. Taken from
Roisman et a[102]. (Permissions are needed)

Noteworthy is the fact, that different definitions of the K number are used in literature. A short
summary ofthe various definitions is given by Moreira et [dl06] and shown irFigure53. According
to Roisman et a[102], the K number defined by Q8 'YQ2 does not describe the splashing
threshold well. Further formulations of the splashing threshetgte examined in Marengo et 41L07]
indicatingthat no adequate formulation is known at this time and that some formulationsreaitt
each other.
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Xu et al[108] noticed a dependency of the splashing threshold on ambient pressure which was also
confirmed by Roisman et 4lL02]who noticed that not only the threshdlfor corona splash increases
with decreasing pressure, but also the threshold for a prompt splash.

Kittel et al.[103]found that the critical K number defined by ¢ 'QYQ 7 is higher for impacts on
the deformable substratéhan on a rigid wall.

Summary of the disintegration criteria proposed in the literature.

Reference K. = A Oh*We® Boundary conditions  Observations
A a b
Stow and Hadfield 1 -037 1 Dry surfaces with K. = fiR,) - the parameters a and b were adjusted as a function

different roughness. of R, in a logarithmical empirical adjustment.
It is not explicit of which disintegration mechanism is being
considered because the correlation is also adjusted to measurements
of Stow and Stainer [66] who considered a wide range of data for
impacts onto liquid films. Overall it is interpreted that the correlation
was developed for prompt splash.
Wu 1 0 1 Dry surfaces with Took the correlation of Stow and Hadfield [60), considering that for
different roughness. their experimental conditions Oh could be neglected.
K = Wec = f(Rs) = Aylog(R,/Ro)” where Al and b,
depend on the properties of the liquid and on the
nature of the surface [3647).
Mundo et al. 1 04 1 Wetted surfaces with  The authors compared 2 surfaces with very different
different roughness.  roughness but did not observe relevant differences so that for
them K. does not depend on R,. Later, Mundo et al. [67] recognized
the presence of a liquid film over the surfaces which should explain
the minor importance of the surface roughness.

Bai and Gosman Depends on 0.36 0 Dry surfaces. The correlation for dry surfaces was adjusted to the data of
surface roughness Stow and Hadfield [60}.
Gavaises et al. 1 0 1 - K = We, = 100 - major limitation is to consider a constant value
for the threshold. Care must be taken before neglecting viscous effects [36,69].
Randy et al. 1 04 0.3 Drysmooth surfaces. The correlation fits well the experimental data for high Reynolds

numbers (Re > 7000) but larger discrepancies with the experimental
data are found as the inertial forces become less important (Re < 3000).

Figureb53 - Expressions for the splashing threshold of impingement on a dry wall. Taken from Moreira et al.
[106].

In PHYSICHbservationg104][105], no influences of the drop diameter or the surface matesiate
observed on the threshold between bouncing and splashing regimes. Thenfhaémcing parameter

on the splashing threshold seems to be the normal impa&dicity. Figure54 presents the rebound
probability as a function of the impact angle for different impaelocities.The figure gathers all the
experimental data includip two diameter value$250 um and 400 pinand two material surfaces
(@luminum and Teflon Transition between splashing and bouncing occurs between 9° and 15°
regardless of droplet impact velocity and diameter.

120%
100%
80%

60% =30 m/s

=45m/s

40%
—= 60 m/s

Rebound probability

20% \
0° 5° 10° 15° 20° 25°
Impact angle

0%

Figureb4 - Impactregime vs. the impact angle for different impact velocities.

3.2.3.1.2.3 Numerical: Computation of splashing and bouncing phenomena in a Eulerian frame
3.2.3.1.2.3.1 Description
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Due to the nature of the Eulerian approach, modelling water reinjection due to droplet splashing and
bouncing is less straightforward than in the Lagrangian case. Indeed, while the primary impingement
flow can be still conceived as a continuous medium, the secondary particle flow generated by particle
impacts is inherently discrete as the continuity isk®o and reemitted particles with different size,
velocity and angle are generated. Nevertheless, the advantages of an Eulerian framework can still be
kept by defining a conservative model which takes into account either the mass loss at the wall and
the re-impingement of ejected particles further back.

The approach allowt separae the transport of the primary cloud from the secondary emission.
Indeed, the latter computation is only needed to evaluateampingement effects on downstream

part of thebodies due to particle mass emission froime fore part of thebody. The model operates

a decoupling of preand postimpact droplet boundary conditions and neglects any interaction
between rebounding droplets and particles on their primary impingemeiéttaries. The prémpact
solution considers the airfoil surface as an outflow boundary by enforcing Neumann boundary
conditions. On the other hanahd from the point of view of the remitted or secondary particleshe
postimpact solution models eachda on the airfoil surface (on which primary impingement occurred)
separately as an inflow boundary, while the other regions of the airfoil where primary impingement
is null are treated as an exit boundaecondary droplets may impinge on the airfoil grrdduce
ternary particles. The inflow and exit boundaries araledined according to the impingement of the
secondary droplets and a pestodel calculation calculated for the ternary ones and so on and so
forth. By decoupling the preand postimpact simdations, the boundary condition duality of trying to
model the surface as both inlet and exit simultaneously is avoided.

The simulation of droplet impingement with splashing, bouncing, and reinjection in a conservative
Eulerian framework can be describas follows:

1. The primary incoming droplet impingement locations and mass caught are computed in the
classical Eulerian manner

2. The primary impingement solution is pgstocessed to determine the mass of water to
remove due to splashing/bouncing (thanksaio impact model), and then the average
diameter, angle, velocity, and concentration of the droplets to be reinjected are computed.
The water remaining in the pogirocessed primary impingement solution contains the mass
of water that sticks/spreads on theurface, and requires no additional treatment

3. The droplets in the splashing/bouncing regions are reinjected after converting individual
facets of the surface mesh to inlet boundaries

4. The overall impingement coefficient distribution is the sum of the gstessed and
corresponding reinjected droplet solutions. It is computed as follows:

h
I E—
0 wo 0wd 0 wd 0 wd ,

where w 0denotes the primary impinging LW&p 6 is computed from an impact model
andd w0 is the massveighted summation of the reinjection solutions.

3.2.3.1.2.3.2 Main results, progress and limitations

The group of Habashil09][110][111] conductd a preliminary validation of the proposed approach
by comparing numerical solutions to the experimental data of Papadakis[@étal.on the clean and
three icecontaminated geometries i NACA 23012 airfoil, araiclean MS(1P317 airfoil. The flow
solver used for all the calculations is FENSAP, a finite element formulation of the (Stokers
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equations, with the SpalagAllmaras tubulence model. Droplet impingement was computed with
DROP3D, also a finite element formulatioorresponding tothe watermass and momentum
conservation equations. The contaminated geometries considerxd the NACA 23012 after a 5 min
glazeice buildup riod, the NACA 23012 after a 45 min glazebuildup resulting in a leadiregdge
double-horn glazeice shape, and the NACA 23012 after a 45 min-oaeuildup periodFigure55
andFigure56 show an example of the beneficial correction introduced by the reinjection method on
the impingement curve predictionFigure57 depicts the primary and secondary clouds as LWC
contour map.

fir ] e Experimental - CCD
[ L o Experimental P p ;ﬁ:’:f 6 »
: ———— reinjection
P N N N N pre— LEWICE 1.6 Withrelnjection
S Without reinjection 0.9
08 4 With reinjection ’ !S
@ T 08 i
Tor ; - 4
i ' 07
c : 3
8 06 g i |}
§ LE 2 08 r d
o
0.5 - = | H -
E Hd l i os 7" %
o H il s - f H
= 04 A : 1
S 03 A = . "'j-’ b‘%’
8 iR 3 03 HLS
S feg . F Ui LY
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Figureb5- NACA 23012 airfoil @ MVD=111 pm Figure56 - MS(1}317 airfoil @ MVD=137 pm

LWC [kg / m’]

0.0E+00 1.7E-03

Figure57 - LWC contours for the primary (left) and reinjected (right) droplet solutions

Almost simultaneously, luliano et §113][114] developed a similar methodology to take into account
splashing/bouncing (for liquid particles) and shattering (for solid particles) effects on the impingement
AAYdzZ FGA2Y AYy | 9dzZ SNAIFY FNIYSd ¢KS ARISribinsh a G2
by means of the releasiAgceiving bin mechanism. Similarly to Habashi et al., the boundary
conditions are automatically changed in order to switch the impingement walls into inlet patches,
while the farfield inlet values are turned to null. Rilly, the overall impingement coefficient is
computed as the masaeighted summation of the reinjection solutiorfSigure58 shows the volume

fraction and particle trajetories of both primary and rénjected ice crystals clouds around a wedge

airfoil for three bin sizes (hamely 60, 220 and 380 um from top to bottom). The solution will depend
upon the particle type and the impact model that provides the ejected masscleasize and velocity.
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However, a general frame is provided where different scenarios (SLD, glaciated andphased
conditions) can be simulated.

Of course, the major limitation of such methods is the computational cost. Gitlenumber of bins
in the particle distribution, the simulation requiresrZulerian simulations in order to compute the

massg SAIKGISR AYLAY3ISYSyl

O2STFFAOASY U ® !

a

R2YyS

lowered by limiting the computational domain of the reinjecteldoplets and defining smaller
subgrids. However, even with the use of local subgrids, the solution cost increases significantly as the

simulation of secondary particlesssffer. An average increase of five to nine times the cost of the

primary impingerent solution has been observed.
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Figure58 - Volume fraction (left) and trajectories (right) of primary andnjected clouds
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3.2.3.1.2.4 Experimental: Observations of the impact of a higlkelocity droplets
3.2.3.1.2.4.1 Description

In the framework of the French project PHYS|@Etiled experimental description of the impact of

a highvelocity droplet has been obtained. The objective is to improve the observation of the droplet
impingement. An optical method of triggering for image acquisition has been developed to capture
different moments from the initial tim¢104]. The introduction of a variable delay time (using a delay
generator) between drop detection and the start of image acquisition allowed the recording of
instantaneous images of the impamter a wide range of instants. The impact dynamics was described
by sorting the instantaneous images corresponding to different drops with the same size and speed
characteristics. This made it possible to capture the different phases of the impact andtahus
reconstruct the entire dynamic of the phenomenon.

The conditions are the following:

- Injected droplet diameter between 250 and 650 um;
- Air velocity between 30 and 110 m/s (at the convergent exit);
- 3 substrates: polished and rough aluminum, blotting @ap

3.2.3.1.2.4.2 Main results, progress and limitations
Figure59represents the droplet size and velocity distribution for different air velocities.

0.4 ——Vair=30m/s 0.3 ——Vair=30m/s —B-Vair=50 m/s
0.35 —-Vair=50 m/s 025 Vair=70 m/s —o-Vair=90 m/s
03 Vair=70 m/s —t=Vair=110 m/s
0.2
— 025 —0—-Vair=90 m/s = '
é 0.2 ——Vair=110 m/s E 0.15
0.15 01 A
0.1
0.05 0.05 =
0 0 <
100 300 500 700 0 20 40 60 80 100
Droplets size [um] Droplets velocity [m/s]

Figureb59 - Droplet diameter and velocity before the impact.

The visualizatiorof the normal impact of SLDs on the polished aluminum, rough aluminum and
blotting paper (respFigure60, Figure61 and Figure62) revealed a clear difference between a wall
made of rigid aluminum surface and a wall covebgdan absorbent surface (blotting paper). In the
first case(rigid wall) the formation of the characteristic structures of the "corona splash” is clearly
observed: a crown that detaches itself from the wall and is then transformed into small secondary
droplets further dispersed in the carrying flow. At high impact velocities, the crown is no longer
present. The liquid film generated at the contact line with the wall disintegrates rather by a
mechanism close to the "prompt splash” regime which is assatiatth the appearance of a larger
number of secondary droplets. Regarding the impact on the blotting paper, no characteristic splash
mechanism was found. The number of secondary drops is very low and the drop is quickly absorbed
into the wall.
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Temps=0.52(s] Temps=2.07(ys] Temps=3.85{j5] Temps=5.03{ys]

Figure60 - normal impact on a polished aluminum surface. We=33300 ; D=375um ; Vd=80m/s

Temps=0.01[ys] Tomps=2.32ps]

—0 . ass

Figure61 - normal impact on a rough alunium surface. We=22000 ; D=375um ; Vd=65m/s

Temps=-16.05{ps] Temps=8.72(us] Temps=12.72(ps) Temps=18.14{us)

Figure62 - normal impact on a surface covered by a blotting paper. We=17500 ; D=375um ; Vd=58m/s

3.2.3.1.2.5 Numeric: Direct numerical simulation of the high speed drop impact
3.2.3.1.2.5.1 Description

In the framework of the French research project PHYSICE2 the SLD impact is also studied numerically.
The objective is the direct numerical simulation (DNS) of the wall impact of SLDs to understand the
detailed physical mechanisms and capture the small@setand space scales that cannot be
measured by experimental meafi804] [115]. The methodology was tested firstly for the impact on
dry and wet walls at low velocity. For higher velocities, the peaters are:

- Droplet diameter = 420 pm

- Impact velocity = 20 m/s

- Density ratio— between 100 and 1000

leading to a Reynolds number*op 1 and a Weber number of ¢8t p 1 based on the droplet
diameter, the impact velocity and the water density

3.2.3.1.2.5.2 Mainresults, progress and limitations

On the dry wall, no splash was observed with the lesatlmethod. On the other hand, with the
CLSVOF methqtl16], prompt splash is observed (with secondary droplet ejection atiteedteps of

the impact) but without the expected liquid corona. The influence of parameters such as density ratio
(Figure63) and wall prefilming thickness Kigure64) wall was studied. Tricks like decreasing the
density ratio were necessary to observe droplet breaklf7]. The thickness of the film on thealt
seems to have a great influence on the impact dynamics.
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Figure63- Influence of the density ratie-. Left:” P8 QT &Right:” p CQTH 8A corona is observed
with high air density, contrary to the lower air density. V=20 m/s. D=420 pm.

h* =0.012

e i T

Figure64 - Droplet impact for different préilming thicknesses. S&égure63for the numerical parameters.

3.2.3.1.2.6 Experimental: Characteristics of the secondary droplets due to drop splashing onto dry
and wetted walls

3.2.3.1.2.6.1 Description

Riboux and Gordillfl18] experimentally investigated the impact of drops of different liquids onto a
dry wall and developed a model describing various characteristics of the splash. They build their theory
on a previously developed model for the splashing threslbl®], which may not be limited to low
velocities as shown by Burzinsky and Bangih20].
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Besides the splashing threshold, Okawa ef%] also investigatd the effect of impact agle on the

total mass of secondary drops produced during drop impact onto a water surface. The authors
performed experiments of single water drop impact onto a plane water surface with an inclined
impact angle ranges from 11° to 7Fhe impact velocitis in the range fromY p p mm/s.

In the framework of the German research project DFG BA®98% droplet impact onto dry and wet
surfaces at high Weber numbers (We>20@®@urrently being investigatday Burzynski and Bansmer
[121][120][122]. The main goals of the project are to understand the underlying physics of secondary
droplet generation at high impact velocities, and to generate a useful database for engme

applications that includes a full description of the impact. Some of those aspects in the database are:
the total number of ejected droplets, their size and velocity distributions, and the mass loss ratio.

3.2.3.1.2.6.2 Main results, progress and limitations

A cdlection of models for the number of secondary droplets forming after impact onto a wetted
surfacewas given by Liang and Mudaw®6]. They are shown iRigure65 and only valid fodrops
impacting onto a liquid film.

Correlations for number of secondary droplets.

Authors Fluids Test conditions Correlation
Yarin and Weiss Ethanol, mixtures of ethanol, glycerol and water  dy,, = 70-340 um, N “;',{'
Ugrop UP 10 30 M/s
Cossali et al. Water dyrop = 3.82 £ 4% mm, N = Ct", n increases with increasing We

Vgrop = 2.3-44 m]s,
h=1.1-43 mm,
h*=0.29-1.13
Okawa et al. Water We =2.5-980, N =7.84 x 10-5K =03

- o 3 - 3
Oh I'S. .I() 8.4 x 107, where K — We Oh
h*=0.43-68

04

Figure65 - Correlations for the number of secondary droplets forming after an impact on a liquid film. Taken
from Liang and Mudawd©6].

Riboux and Gordillf118] divide the geometry of the splash into different regions. In the first region
the inflow from the drop to the lamella is decelerated at its root due to viscdsitthe second region
the liquid sheet detaches from the wall. This point marks the beginning of the second region where
the radial velocity is conserved until the liquid enters the rim. In this third region the rim is accelerated
due to the inflow of liqid and decelerated due to capillary forces. Secondary droplets are then ejected
due to capillary and Rayleigfaylor instabilities. The authors specify the time instance at which
secondary droplets are ejected as the time at which the ratio of charadtetistes of growth of the
rim thickness and of capillary instabilities reaches its minimum. The diameters of the secondary
droplets are assumed to be equal to the thickness of the rim. Similarly, the velocity of the secondary
droplets is taken to be the Vecity of the rim. The authors noticed limitations of their model when
considering liquids with higher viscosities. However, good agreement of theoretical and experimental
data was observed as can be seefiqure66.
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Figure66 - Comparison of the predicted radius of the secondary droplets ejected with experimentally measured

values for (a) ethanol, (b) decamethyltetrasiloxane, (c) poly(dimdtwdse) and (d) 10 cP silicone oil. On the
vertical axis the ratio of the radius of the secondary droplet to the primary droplet is shown and on the

horizontal axis the ratio of the impact velocity to the critical velocity for splashing to occur isTgiken.from
Riboux and Gordilli18]. (Permission to reprint required).

Okawa et a[97] summarized the findings for the influence of impact angle on the total mass of

secondary drops as follows:

1 If the angle is not very large (1%0°) the secondary droplet size increases significantly with

the angle while the number of secondary droplets is rather insensitive
1 At higher angles (502 70°) the size of the secondary droplets decreases slightlytiagir
number decreases significartly
1 For even higher angles (>70°) no secondary droplets can be observed and the authors followed

GKFd GKS RNERLIQa&

SYSNEE&

O2y iNROGdzG S&a G2 |
Experiments within the German research project DFG BA33%#hducted by BurzynskhdBansmer

Ft20

[121] for the impact on dry surfaces have shown that the amount of produced secondary droplets

increases with the impact velocity; however, some parameters seem to be not affected by tlaisyvel

increment. The high speed images taken in their study show thdit at— ¢ the majority of the

secondary droplets were already generated, indicating that the total volume is ejectedum#ims

after impact. Undergoing investigations are shogvthat the secondary droplet size depends only on

the Reynolds number. This result leads to a very accurate prediction of the droplets size and is going
to be published soon. Preliminary results for the characteristics of secondary droplets and the
influence of the surrounding gas (work in progress) are showfigore67 [122].
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Figure67 - The ejected secondary droplets during drop impact. (a) shows the droplet size distribution, which is
independent of the surrounding gas. (b) shows the horizontal velocity as a function of time, which is also
independent of the gas. (c) shows the anglenefdroplets relative to the surface as a function of time. Taken
from Burzynski and Bansmj@22]. (Permission to reprint required).

To investigate the impact of droplets onto wetted surfaces, Burzynski & Barjd&@radditionally
designed a new recirculation system in the experiment that allows for the generation of a thin moving
film during the rotation of the flywheel. In their work, they described the effect of the film velocity on
the crown geometry and observed that the crown completely destroys itself due to two instabilities:
hole formation and crown base separation. This combined crown breakup generates more secondary
droplets than theone produced by rim instabilities. It hadso been shown that this crown breakup is
delayed by increasing the film velocity. They also provided an estimation of the crown thickness
showing that it is constant and approximatively equals to 30 um. Their description of the crown
geometry and its tlikness can be used to estimate the total volume ejected due to crown breakup;
because the crown geometry is completely transformed into secondary droplets. The upcoming
investigations at TUBS will continue with the description and modelling of the impéobroe for
several parameters.

3.2.3.1.2.7 Numeric: Characteristics of the secondary droplets due to high speed drop impact

3.2.3.1.2.7.1 Description

Cimpeanu and Papageorgifit23] conducted threedimensional numerical simulations on high speed
water drop impacts (78.44 m/s) at various angles and amongst other things, analyze the size of

secondary droplets. The authors utilize the software Gerris for their simulations, wblehsthe
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incompressible NavieBtokes equations (DNS) witle volumeof-fluid method and allows adaptive
mesh refinement This kind of simulation is similar to the previous one shown in PHYSICE. ditoggct
simulate the impingement for drop sizes below 1 nransported by an oblique stagnation point flow.

3.2.3.1.2.7.2 Main results, progress and limitations

Cimpeanu and Papageorgi¢i23] obtained from their simulations that the average number of
secondary drops increases with the size of thianary drop. Droplets detach from the rim in all
directions but with a preference towards the direction of impact. The number of secondary droplets
is illustrated on the left side iRigure 68 for different primary drop sizes: 20 um, 52 pm, 111 pym and
236 um. The drop size distribution for the 236 um case is shown on the right side of the figure for two
time instants. It should be ned, that the primary drop is initialized @t 1 and impacts at the
dimensionless tim® ¢ mThe authors state that the volume of the emitted secondary droplets can
be approximately represented by a logrmal distribution.

Due to interaction with the swounding air further brealups of the secondary droplets can be
observed leading to the second local maximum visible in the distributian.aAt this time larger
droplets primarily reside on the surface while smaller droplets are mostly airborne.
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Figure 68 - On the left: Number of secondary droplets as a function of dimensionless time for different initial
drop sizes (20 um, 52 um, 111 um and 236 um) resulting from an impact with an angle of incidence of 60°. On
the right: Digribution of secondary droplet volumes normalized by the primary drop volume for an initial drop

diameter of 236 um for the two different times shown in the left panel. Taken from Cimpeanu and
Papageorgioli123]. (Permission toeprint required).

3.2.3.1.3 Conclusions

Although numerous studies on drop impacts and splashing have been performed in the past,
secondary droplets originating from SLDs have not been investigated exhaustively. Previous studies
can be classified into impacts on dry or wet surfaces. For boteadate splashing threshold, which
determines whether secondary droplets are formed, has been studied thoroughly. However, still
guestions remain, regarding for example the influence of properties of the surrounding gas. Numerical
studies have been perfored both on the microscopic level by simulating single drops and on the
macroscopic level of airfoils by incorporating models for single drop impacts. The characteristics of
secondary droplets have gained attention due to the advances in moderrspegd ameras within

the last decades. However, the studies mostly focus on temperatures above freezing and therefore
might not be directly applicable to SLDs.
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Following this literature review it can be concluded that further research on the splashing threshold
and the characteristics of secondary droplets of SLDs is required. The existing investigations on drop
impacts with temperatures above freezing have to be extended by possible effects due to
supercooling. Furthermore, simple models have to be introducedimmpdemented in the numerical

tools.

3.2.3.2 Partial deposit, sticking efficiencfQNERACIRATUDA, TUBS, POLIMI]
3.2.3.2.1 Objectives and issues
In order to estimate as precisely as possible the mass of accreted ice, its shape and the local heat

transfer, an accuratestimation of the partial deposition is necessary. Such an estimate is introduced
through an evaluation of the scalled sticking efficiency coefficient.

3.2.3.2.2 Literature review

3.2.3.2.2.1 PHYSICE2: revisited experiment for SLD impact. Sticking efficiency at small d@ngle o
incidence.

3.2.3.2.2.1.1 Description
The main objective of this experiment conducted in the framework of PHYSICE?2 isdberement
of the droplet sticking efficiency atmall (grazing) angles of incidence. The measurement system
enables to study impacts at low anglef incidence with increased impact velocities up to 70 or 80
m/s (instead of 55 m/s previously in PHYSIBE)ide range of velocities, angles of incidence and
diametersfor the dropletshas been proposedrhe following ranges have been used:

- Air velociy from 40m/s to 80m/s;

- Angle of incidence from 10° to 90°;

- Droplet diameter from 200um to 450um.
Standard pressure conditions were respected. The temperature was set to ~20°C. Different coatings
were studiedpolished aluminium platandblotter paper.

3.2.3.2.2.1.2 Main results, progress and limitations

Figure69 presents the sticking efficienayas a function of the angle of incidenfe The results
obtained from the database of Papadakid2][124][125][126] have been superimposed with the
ones obtained with PHYSICBE2MNERAL27]. The main conclusions are the following ones:

- Two regimes can be defined. The first one for small angles of incidence (grazing impacts)
where R seems to be an increasing functionfofThe second regimeppears at large angles
of incidence (quasnormal impacts), where a kind of plateau is observed for the sticking
efficiency[126][128][129];

- The two regimes arebserved whatever the database;

- However, the characteristics of each regime (slope of the functien for small angles of
incidence and limit value for the plateau) depend on the database and the substrate
characteristics.
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Figure69 - sticking efficiency as a function of the angle of incideneeThe results obtained from the
database of Papadakis have been superimposed with the ones obtained by the ONERA within PHYSICE2.

3.2.3.2.2.2 SLD impact onto an ice surfackee layer thicknesgl30]
3.2.3.2.2.2.1 Description

In the scope of the German collaborative research project 3B 75, the interaction of phase change
and fluid flow during the impact of supercooled water drops has been experimentediyniaed.
Although this study did not directly aim onto sticking of the impinging drop, the study may be relevant
for the prediction of sticking and resulting ice accretion.

Supercooled water drops have been investigated during normal impact onto an feeesuwhich
ensures immediate freezing of the drop after first contact with the impact surface, without any
stochastic influence of nucleation. The final outcome of such an impact, i.e. the thickness of the
residual ice layer resulting from freezing of timepinging drop has been studied for varying impact
velocity and drop size. Based on the analytical description of the flow in the spreading drop and using
experimental data for the solidification velocity of supercooled water, a sanpirical model forte
prediction of the residual ice layer thickness depending on the impact conditions has been developed.

3.2.3.2.2.2.2 Main results, progress and limitations
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1 Theresidual ice layer thickness decreases with increasing drop impact velocity and decreasing
drop supercoohg.

1 The temperature of the impact surface does not affect the residual ice layer thickness, which
primarily depends on the initial drop supercooling.

1 For the examined range of impact velocities, growing dendrites do not break due to the shear
flow in the greading drop.

f The dimensionless impact conditah Q —0 ¥ 0 has a unique influence on the
dimensionless residual ice layer thickness Gigeire70). Hee'Q is the impact diameten
is the impact velocity) "Qis the front velocity of the ice dendrite cloud,is the liquid
kinematic viscosity and is a dimensionless constant
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Figure70- Dimensionless residual ice layer thickness depen
on the dimensionless scaling of the impact conditions, P

3.2.3.2.2.3 Shedding of water drops for different wettabilities under icing conditiofis31] [132]
3.2.3.2.2.3.1 Description

An experimental investigation of a sessile drop exposed to an air flow has been conducted within the
German research project SHRR 75. The criterion for shedding is examined with a focus on icing
conditions and wettability. The temperature range coveng tnterval from-8 °C up to-1 °C and
wettabilities range from hydrophilic to superhydrophobic surfaces. Although no measurements on
drop impingements were performed the study is relevant to determine if the drop sticks to the surface
or is dislodged byhe shear flow.

The test surface is placed in a temperature controlled wind tunnel and observed with -ggegd
camera. Utilizing a micropipette a drop of the desired volume is placed in the test section. Starting the
airflow and increasing the velocityraglually allows observing the drop shedding process. Drop
volumes range from 5 to 100 pL, which is equivalent to a droplet of 2 to 6 millimeters.

3.2.3.2.2.3.2 Main results, progress and limitations

The critical air velocity required for the drop to shed is found twéasefor decreasing temperature
i.e. drop shedding is hindered under icing conditiohise results are depicted iRigure71. This is
explained byaflattening of the dop going along witla decreasing temperatur@d he wettability of a
surface is affected by low temperatures and causes the drop to flatten which decreases the drag
coefficient of the drop and the adhesion force increases. However, the increase in aiiticelocity
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is different for different surfaces with different wettabilitieShe model developed within the project

is able to describe the critical velocity well.

8 = PMMA, 24.5 °C
I —= PMMA, -5 °C
k. 4 Teflon, 24.5 °C
—_ ™ —/— Teflon, -5 °C
26 R —e—SHS, 24.5 °C
£ . % 3 > —<o= SHS,-5°C
- e Y T T
D 4 3 4
8. -
&% "_":?‘"':,:= —===:;::§
2 4
0 25 50 75 100
Vg [ul]

Figure71- Experimentally determined critical velocity reqdifer drop to shed as a function of the drop
volume for different wall materials and temperatures. Taken from Mandal £t 32].

3.2.3.2.2.4 SLD impact on cold solid substrates: Sticking and partial deposition
3.2.3.2.2.4.1 Description

Within the Geman research project SFBRR 75, an experimental study has been performed to
analyse the impact of single SLDs on a cold surfd@3] [134]. The surfaces included
superhydrophobic and partiallywettable substrates. The drop impact, spreading and rebound were
observed regarding to sticking and partial deposition of the drop. The SLD impact has been observed
using a higkspeed camera. The drop falls through a chilling passage cooled with liquigerit The
temperature of the supercooled drop has been estimated to be between 0°G846d The substrate
temperature ranged from 0°C t@0°C.

In anotherpart of Listudy[133], the high speed drop impaett room temperatue has been analysed.
Drop diameter ranged from 130 um to 200 um wamormalimpact velocity from 10 m/s to 43 m/s.
The drop impact outcomeis observed by shadowgraph imagingurthermore, he masdoss
coefficientis measuredusing image posprocessingThe masdoss coefficient islefined as the ratio

of the mass of the secondary droplets to the primary drop and is therefore directly related with the
sticking efficiency.

3.2.3.2.2.4.2 Main results, progress and limitations

Figure72 displays drop rebound of the impinging drop onto a superhydrophobic surface. The initial
diameters of the drop were 1.6 mm and the impact velocities were almost 3.4 m/s. The images were
taken when the diameter of the drop bottom reached its minimuat.lower substrate temperatures,

the central part of the drop appeared to be frozen on the solid surface, and consequently prevented
the total rebound Furthermore, it is seen that the minimum diareetdecreases for higher surface
temperatures. This parametés important since itorrelates with the mass of ice deposited on the
wall and thus indicates the sticking efficienchhe trend of the diameter with decreasing wall
temperature is quantified athdepicted inFigure73.
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Figure72 - Influence of the wall temperature on the rebound of water drops onto a superhydrophok
surface. Displayed are the minimum diameters at the end of the receding phase. Taken fron134} al
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Figure73 - Minimum receding diameter scaled by the maximum spreading diameter and its depender
the contact temperature. Taken from Li et[4i34]

As seen irFigure73, the frozen area increases with decreasing contact temperature indicating an
increase in sticking efficiency, which results in a rising deposit mass of the impinging SLD onto the
superhydrophobic surface. This suggettat superhydrophobic coatings cannot prevent freezing
when the wall temperature is below 0 °C.

The measured madess coefficients for thénigh speed drop impastat room temperatureare
illustrated inFigure74. Strong deformations of secondary droplets result in uncertainties in their mass
and therefore cause large error bars for the mésss coefficient. Nevertheless, a clear trend in the
collected data can be recogmid. As expected, increasingnfmberd @ Q8'YQ?8 leads to an
increase in maskss coefficient since splashing is promoted.
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Figure74 - Massloss coefficient as a function of thenkkmber for different drop sizes and fluids. Error be
are mainly due to large deformation of secondary droplets. Taken fr{iB3]i

3.2.3.2.2.5 Spray splashing mass ratio
3.2.3.2.2.5.1 Description

Roisman et a[135]and Opfe136]both investigated the impact of spray and analysed the secondary
droplets. Roisman et al. obtained their data by performing PDA measurements whereas Opféy direct
collected and characterised the deposited liquid. Although both studies investigate sprays, they can
be related to single drops in the sparse spray regime.

3.2.3.2.2.5.2 Main results, progress and limitations

The results of both investigations have been collected @viewed by Breitenbach et §1.37]. They

are shown inFigure75 for the spray splashing mass flux ratie a function of the dimensionless
number + ©'Q7 'YQT . The corresponding correlation represented by the dashed red line is
given by

Jma/dmp = 0.5 — 0.616 exp [~ K]

Here 'Q is the normal component of the mass flux densityhere the indexa corresponds to
secondary dropletsdfter" the impact and the indek corresponds to primary dropletdéfore' the
impact. As expected, with increasingndmber the fraction of the mass flux-amitted as secondary
droplets increases since splashing is promoted. Interestingly after a certaimmber (+ puLUNT
the masslux ratio shows almost an asymptotic behaviour
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