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Abstract

In-flight ice accretion poses a major safety concern in aviation. It occurs due
to the icing from clouds of supercooled water droplets, the accumulation
of ice crystals at high altitudes, or snow buildup. Assessing the detrimen-
tal effects of ice accretion on aircraft performance and handling qualities is
a complex, multidisciplinary task, as it requires modeling the dynamics of
the dispersed phase (water droplets, ice crystals, and snowflakes), the parti-
cle impact dynamics and its interaction with the aircraft surfaces, the liquid
film dynamics, the solidification process, and possibly ice shedding. The ice
protection systems must also be modeled. The present review addresses
the status of ice accretion models and simulation tools. The intrinsically
stochastic nature of ice accretion, combined with substantial operational and
modeling uncertainties, makes it challenging to validate these tools against
experimental observations and use simulation as a reliable means of com-
pliance for certification in icing conditions, especially for innovative aircraft
configurations such as wing-body and advanced urban air mobility vehicles.
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Supercooled large
droplets (SLDs):
defined by the World
Meteorological
Organization as
supercooled droplets
larger than 50 pmy;
encompass freezing
drizzle and freezing
rain

Anti-ice mode: mode
in which ice accretion
on the surface is
avoided by
continuously operating
the system

De-ice mode: mode
in which the already

formed layer of ice is
removed with cyclic

operation

Supplemental Material >

1. INTRODUCTION

In-flight liquid icing occurs when an aircraft flies through clouds of supercooled droplets, specifi-
cally, liquid water drops that are below freezing temperature and freeze upon impact on the aircraft
surface, leading to three characteristic ice types. Rime ice forms at low temperatures when super-
cooled droplets freeze on impact into opaque, air-entrained, rough ice accretion. Glaze ice appears
at higher temperatures and at higher liquid water content (LWC), as a thin film of water spreads
before freezing into clear, smoother ice often bearing horn-like structures. Mixed ice results from
a transition between these two regimes, combining characteristics of both rime and glaze. Ice ac-
cretion roughens the surface, disturbs the boundary layer, reduces lift and thrust, increases drag,
obstructs sensors and probes, and, in extreme cases, can lead to engine failure or loss of control.
The European Union Aviation Safety Agency (EASA) has classified in-flight icing—whether from
supercooled droplets, supercooled large droplets (SLDs), ice crystals, or snow—as a top safety pri-
ority for large transport aircraft, reflecting its potential to compromise performance margins and
airworthiness (Cebeci & Kafyeke 2003). To prevent, delay, or remove ice accretion on the sur-
face, ice protection systems (IPSs) are used in either anti-ice mode or de-ice mode. Trains, civil
structures, cables, ships, and wind turbines operating in cold environments are susceptible to ice
accretion and can benefit from the scientific knowledge and numerical technologies developed in
aviation.

Understanding in-flight icing requires understanding of the fluid mechanics of the atmosphere;
aircraft aerodynamics; the dynamics of dispersed phases such as water droplets, ice crystals, and
snowflakes (Balachandar & Eaton 2010); particle impact dynamics and their interaction with air-
craft surfaces (Yarin 2006); liquid film dynamics; and the solidification process (Huerre etal. 2025).
Heat transfer from solid surfaces, the liquid film, and the external aerodynamic field significantly
influences ice accretion and the operation of active IPSs relying on thermal (Mohseni & Amirfazli
2013), mechanical (Budinger et al. 2021), or chemical systems (Kozomara et al. 2023). Active IPSs
can be utilized in combination or replaced by passive IPSs employing icephobic or hydrophobic
coatings, further increasing the complexity of the ice/water film interaction with these engineered
surfaces. Additional references on IPSs are provided in the Supplemental Appendix. Due to the
lengthy accretion times required by regulations, substantial ice formations may develop, signifi-
cantly impacting the aircraft acrodynamics. The icing process is greatly influenced by atmospheric
and flight parameters outlined in the sidebar titled Icing Parameters.

ICING PARAMETERS

Environmental Parameters

The environmental parameters that identify icing conditions include the ambient temperature 7, pressure P, liquid
water content (LWC), median volume diameter (MVD), and droplet size distribution. The LWC is the mass of water
contained in a unit volume of air, measured in grams per cubic meter. The MVD denotes the median diameter value
of the droplets in the cloud.

Flight Parameters

The most relevant parameter is the aircraft speed v, which directly influences the stagnation temperature at the

aircraft surface. The flight configuration (attitude, deployment of the aerodynamic surfaces, engine operation, and

operation of the IPS) also impacts the amount of impinging water, its distribution on the aircraft, and the icing

process.
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Figure 1

Schematics of the physics of in-flight ice accretion. Abbreviations: UAM, urban air mobility; UAV, uncrewed aerial vehicle. Ice shedding
image reproduced with permission from Nezzar et al. (2024).

Figure 1 highlights the diverse fluid dynamics problems related to ice accretion and provides a
map to navigate this article. In particular, open questions in icing research concern the modeling of
surface roughness and its influence on aircraft aerodynamics and heat transfer; the modeling and
simulation of ice shedding resulting from aerodynamic or centrifugal forces or from the operation
of the IPS; the modeling of particle interaction with the aircraft surface, particularly concerning
engineered surfaces; the design and operation of different types of IPSs; the prediction of complex
3D ice shapes and their impact on aerodynamic performance; the dynamics of the dispersed phase,
specifically for SLDs, ice crystals, and snow; ice accretion on rotating components such as jet
engine fans, large propeller or open-rotor configurations, helicopter rotors, and drones; liquid
film dynamics and the formation of rivulets and liquid film shedding; and the increased severity of
the ice encounter for smaller aircraft, which is relevant for operating advanced urban air mobility
(AUAM) and uncrewed aerial vehicles (UAVs) in icing conditions.

2. MODELING AND SIMULATION OF IN-FLIGHT ICING

Figure 2 illustrates a simplified representation of an aircraft flying into a quiescent mixture of air
and water droplets. Using a reference length / of 1 m, such as the mean aerodynamic chord of a
small aircraft, and a reference speed v, of 100 m/s results in a Reynolds number of approximately
109. The flow Reynolds number associated with icing can vary from approximately 107 for large
commercial jets to 10° for smaller aircraft and drones.

Certification requirements and early experimental measurements (Hess et al. 1998, Rosenfeld
& Lensky 1998) for liquid ice accretion indicate that icing clouds typically have droplet diameters
d ranging from 10 to 100 pm, with maximum values reaching up to 1,000 pm, and an LWC of the
order of 1g/m?, yielding a volume fraction of the dispersed phase of ~107¢. This low-volume
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Stokes number:

the ratio of the
characteristic time of
the particle to a
characteristic time of
the flow St = t"lﬂ,
where #, is the
relaxation time of the
particle, v is the
characteristic fluid
velocity, and /is the
characteristic flow
dimension

Collection efficiency
(B): the ratio of the
mass flux of the water
impinging on the
surface over the
free-stream water mass
flux

Quasi-steady
approximation: in
steady flows, the
timescale for ice
accretion is larger than
that of aerodynamics
and the dispersed
phase; the three
physical problems are
solved using a loosely
coupled, segregated
approach
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Figure 2

(@) Representation of the multiphase icing problem. (#) Definition of the local reference system in
Equation 3.

fraction allows the introduction of the one-way coupling hypothesis for the dispersed phase. Un-
der these conditions, the Stokes number, which relates the relaxation time of a particle governed by
the Stokes drag law to the aerodynamic timescale defined as # = //v, can be of the order of unity
or lower. At the surface, a cold substrate is in contact with a growing ice layer, possibly covered
by a liquid film or directly in contact with air, as in Figure 2. Neglecting thermal deformation,
the evolution of the substrate and ice layers is governed by the heat equation, and the liquid film
dynamics is described by the heat equation coupled with the incompressible Navier-Stokes equa-
tions. The dispersed-phase flow, liquid film, ice layer, and heat transfer at the solid substrate are
coupled via boundary conditions at the corresponding interfaces. At the air-film interface, mass is
exchanged due to the impingement of water droplets. The continuity of the temperature 7 and of
the heat flux £V T, where £ is the thermal conductivity, is enforced at the air—film and ice—substrate
interfaces. At the ice—water interface, the temperature is equal to the freezing temperature of wa-
ter, while the interface velocity is determined by the net heat flux at the interface. Representative
values of the thickness of ice and film in aircraft icing are O(107%) m and O(10~*) m, respectively.

Ice accretion affects aircraft performance within minutes of the onset of the ice encounter. To
estimate the icing timescale, the reference velocity is defined as the freezing rate in rime condi-
tions, namely vice = #itimp/0i = B Voo LWC/ p;, over a reference length, where sz, is the impinging
water mass flux per unit time and area and 8 is the collection efficiency. Considering typical values
for in-flight icing, we find #ice /t; = pice/(B LWC) ~ 10¢ >> 1. In the following, the subscripts i and
w indicate ice and water properties, respectively, such as the ice density p;. The subscript ice is
reserved for quantities describing the ice accretion process, such as the ice front velocity vje. or
the mass of ice accreted per unit time and area 7.

Thanks to the scale separation, the unsteady accretion process can be represented as a series
of quasi-steady states. Based on the quasi-steady assumption and the small volume fraction of
particles, airflow is initially calculated around the clean geometry. Subsequently, the water that
accumulates on the aircraft surfaces is estimated by simulating the evolution of the dispersed phase.
A thermodynamic solver finally determines the ice growth rate over the surface grid, leading to
the formation of an ice layer. A liquid film model is included when necessary. The criteria for ice
shedding are also checked. A new computational mesh is obtained for the iced configuration, and
the whole process is repeated.

Under the quasi-steady approximation, the total ice accretion time is divided into smaller steps.
This so-called multistepping approach aims to account for the feedback of the growing ice on the
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Figure 3

(@) Experimental ice shape from case 242 of the I1st AIAA Ice Prediction Workshop. Image created using data
from Laurendeau et al. (2022). (b) Single-step Messinger. (c) Multistep Messinger. (4) Multistep
morphogenetic.

aerodynamics and droplet dynamics. The number of steps used ranges from one (single step) to
approximately 10 steps for large 3D simulations (and even more for 2D simulations), depend-
ing on the ice type and exposure time. Rime ice generally needs fewer steps than glaze due to
a smaller influence on the aerodynamics (Ozcer et al. 2022). The number of steps can be se-
lected based on best practices or automatically from numerical stability concerns (Donizetti et al.
2024a). As shown in Figure 3, single-step runs (Figure 35) cannot represent the glaze ice horns
seen in the experiments in Figure 34, whereas multistep simulations (Figure 3c,d) can predict
features stemming from the coupling of ice growth, aerodynamic, and dispersed-phase solutions.
The predictor—corrector approach of Radenac et al. (2023) aims to retain the computational effi-
ciency of single-shot methods (a predictor step) while enhancing prediction through a corrector
step. The correction involves computing the evolution of the ice thickness, using a blend of solu-
tions derived from the clean configuration and predictions made by the single-shot approach as
boundary conditions for the thermodynamic problem. Aliaga et al. (2011) pioneered a fully un-
steady approach in which the aerodynamics and dispersed phase are solved as a coupled system.
Surface energy and mass balances are considered in a segregated manner. This review specifically
focuses on liquid icing simulations. Readers are encouraged to refer to the recent work of Peters
et al. (2024) for in-flight icing caused by ice crystals and of Aguilar et al. (2023) for snow.

2.1. Aerodynamics

The evaluation of the aerodynamic field around the aircraft is the first step in a typical icing
simulation, as it determines the dynamics of the dispersed phase and provides the temperature
and pressure at the air/liquid film/ice interface, along with shear stresses and heat fluxes, which
drive the liquid film dynamics and the ice accretion. Minor errors in the computation of the surface
temperature, particularly the stagnation temperature, may affect the accurate identification of the
type of ice (rime, glaze, mixed) and the evolution of the ice process, especially regarding glaze ice,
which occurs at temperatures relatively close to 0°C.

State-of-the-art ice accretion codes (Beaugendre et al. 2003a, Wright et al. 2008, Radenac
etal. 2023, Donizett et al. 2024b) generally rely on solving the Reynolds-averaged Navier-Stokes
(RANS) equations on body-fitted meshes, leveraging their widespread use in industrial settings
and the ease of coupling various flow solvers. The immersed boundary method (IBM) offers a
viable alternative to body-fitted meshes for representing complex geometries, such as 3D ice
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Heat transfer
coefficient (HTC):
the amount of
convective heat
transferred per unit
area per unit time, for
a given temperature
difference between the
surface and the fluid

Impinging mass flux
(7itimp): computed per
unit area from the
aircraft velocity, the
LWC, and B as

mimp = v LWCB
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shapes (Pena et al. 2016, De Rosa et al. 2023, Paz et al. 2024). A major drawback of the IBM
is its requirement to rebuild the external ice surface prior to addressing the thermodynamic step.
Glaze ice conditions are extremely sensitive to convective heat transfer coefficient (HTC) distri-
bution, as convective heat transfer at the water surface plays a major role in the energy balance
equation. For RANS-based icing approaches, the HT'C can be derived from a wall function using
a Reynolds-like analogy, two isothermal simulations, or from the computed wall heat flux and a
reference temperature (Lavoie et al. 2018). The reference temperature is either the adiabatic re-
covery temperature or the temperature value sampled at a specific wall distance in viscous units
y* above the surface.

The use of scale-resolving simulations for in-flight icing prediction remains a relatively unex-
plored area at the time of writing, largely due to the high Reynolds number of the flow of interest
and the significant timescale difference between the resolved turbulent flow features and the ice
growth rate. Large eddy simulation (LES) approaches such as hybrid RANS-LES approaches
(Costes & Moens 2019), wall-modeled LES (WMLES) (Bornhoft et al. 2024a), and very large
eddy simulations (Konig et al. 2015) have been successfully employed to assess the aerodynamic
penalties of ice shapes that arise from properly resolving the large scales more relevant in sep-
arated flows. WMLES have been proven to be especially suited to simulate complex 3D iced
configurations when solved on body-fitted unstructured Voronoi grids (Bornhoft et al. 2024b) or
on immersed-boundary Cartesian grids (Penner et al. 2024, Wong et al. 2024). LES have also
been recently employed to predict the heat flux distribution on surfaces contaminated by ice-
grown roughness either considering the heat conduction problem in the ice layer (Zabaleta et al.
2024a) or using an isothermal boundary condition at the ice surface (Sotomayor-Zakharov et al.
2025). The effects of icing roughness have been examined on a flat plate through direct numerical
simulation, WMLES, and RANS by Hu et al. (2024).

2.2. Particle Dynamics

The simulation of dispersed-phase flows, i.e., of particle dynamics, aims to compute the interaction
of the particle cloud with the aircraft. The gas phase is indicated by the subscript f; particles are
indicated with p to include droplets, snow, and ice crystals. The quantity of interest from the
dispersed-phase model is the impinging mass flux, usually expressed in terms of the collection
efficiency 8 and the LWC.

The liquid phase is dispersed in droplets of a diameter ranging from a few micrometers to
hundreds of micrometers. The direct simulation accounting for all scales is, as of now, unfeasi-
ble due to the high Reynolds number of the external aerodynamics problems of interest and the
number of resolved droplets required to obtain statistical convergence of the collection efficiency.
State-of-the-art direct numerical simulations of resolved particles are still limited to much lower
Reynolds numbers and canonical flows (see, e.g., Elghobashi 2019).

2.2.1.
dispersed-phase problem. The diameter of the droplet d is very small relative to the character-

Governing equations and scaling. Nondimensional analysis helps simplify the

istic size / of the steady aerodynamic problem, and hence, a point particle approximation can be
employed. The particle Stokes number St, relating the particle response time to the characteristic
time of the aerodynamic flow, is St = O(1072)-~O(1). Considering now the small viscous scales
at the wall of characteristic size /, = v/u,, the condition for point particle approximation is no
longer met since the particle diameter expressed in wall units d* = d//, ranges between order 1
and 10. The order of magnitude of the ratio of the particle relaxation time to the viscous timescale
is St* = 0(10%)-0(10%), which indicates that droplet trajectories are weakly disturbed by the vis-
cous scales at the wall. Brandt & Coletti (2022) provide a detailed description of particle-laden
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turbulence. The small size of droplets compared to the reference problem length and the charac-
teristic volume fractions of the droplets allow a one-way coupling approach between the dispersed
phase and the air as introduced in the seminal work of Elghobashi (1994).

Neglecting phase change and temperature differences, momentum transfer couples the dis-
persed phase to the continuous (gas) phase. When particles are not resolved, the momentum
transfer is modeled using the Basset—Boussinesq—Oseen equation, which separates the forces act-
ing on a rigid sphere at low particle Reynolds numbers Re,, into the effects of drag, lift, added mass,
pressure gradient, Basset history terms, buoyancy, and gravity. Since p,/po¢ = 10* > 1 for the wa-
ter/air case of interest here, drag and gravity forces dominate the momentum transfer (Maxey &
Riley 1983). The equation of motion of a particle made nondimensional using the aerodynamic
problem reference length and velocity reads

dv, VE—Vp 1

_— = R % — 1
& f(Re,, We,) St +zFr2,

where the term f(Re,, We,) = % Cp accounts for deviations of the drag coefficient from that
of a rigid sphere in a Stokes flow. For the problem at hand, those deviations are due to finite
values of the particle Reynolds number Re, and the particle Weber number We,,, which account
for changes in the particle geometry. The ratio of the Stokes number St to the square of the
Froude number Fr = v.,/,/g/ is proportional to the ratio of the particle terminal velocity to the
freestream velocity for a particle subject to the Stokes drag law. Substituting the parameters typical
of in-flight icing, we find St/Fr* = O(107°)-O(107*): Particle trajectories are driven by the large
gradients in the mean aerodynamic flow, and the effects of gravity can be neglected at least for the
smaller droplets.

Diverse first- and second-order effects determine the dynamics of the dispersed phase. In this
context, first-order effects are associated with physical phenomena that have a major effect on
water collection. Second-order effects contribute negligibly to the collection efficiency when com-
pared to first-order effects. The most significant first-order effects on the collection efficiency are
the drag force acting on the particle and the outcome of the particle impingement. Particle drag
models usually include effects of finite particle Reynolds numbers and possibly particle shape pa-
rameters for SLDs, snow, and ice crystal particles. Numerous drag coefficient formulations for
liquid water droplets are available in the scientific literature obtained by fitting experimental data
[see, e.g., the model of Schiller (1933), valid up to Re,, < 10°]. One effect of finite Re, values is that
the collection efficiency becomes more dependent on the flow Reynolds number, which increases
as the Reynolds number decreases for a fixed Stokes number (Wessel & Righi 1988).

The larger inertia of SLDs can lead to larger particle slip velocities v, and, hence, Reynolds and
Weber numbers. This can cause these particles to significantly deform from their initial spherical
shape, altering the drag coefficient and necessitating specific modeling of SLDs in icing codes.
The deformation of SLDs can result in aerodynamic breakup (Vargas & Feo 2011). For our refer-
ence problem, the particle Weber number We,, computed using the air density and the freestream
velocity as an upper bound for the velocity slip ranges between O(1) and O(10). In icing compu-
tations, the particle Weber number computed using the local velocity slip is usually employed in
aerobreakup models, with a threshold value of We,, = 13 (Wright & Potapczuk 2004). Droplets
can deform prior to breaking up at the threshold value of We,,, leading to a modification of the
drag coefficient. Droplet deformation can be taken into account by blending the drag model of a
sphere with that of a disk as a function of the particle Weber number (Honsek & Habashi 2006).

The particle-wall interaction mechanism also has a significant first-order effect. Yarin (2006)
describes different outcomes for droplet-surface interaction such as deposition, spreading,
bouncing, and splashing. Nondimensional groups governing the deposition-splashing transition
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Particle Reynolds
number: represents
the ratio of inertial to
viscous forces within a
fluid flow in the
reference frame of the
particle and is defined
as Re, = 2 'I’;d , where
p, vr, and p are
reference values of the
fluid density, particle
slip velocity, and
dynamic viscosity and
d is the particle
diameter

Stokes flow: if Re, <
1, the particle drag
coefficient is inversely
proportional to the
particle Reynolds
number; the
characteristic time of

the particle is
opd”
I8¢

tp =

Weber number:
proportional to the
ratio of inertial to
surface tgnsion forces,
We = p:l, where p, v,
and o are reference

values of the fluid
density, velocity, and
surface tension and / is
the reference
dimension

Particle slip velocity
(vy): the difference
between the fluid
velocity vf and the
particle velocity vy,
Vi =Vi—Vp
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Ohnesorge number:
proportional to the
ratio of viscous to
surface tension forces;
defined as
Oh = —K£
Jpod

p,and o are the
viscosity, density, and
surface tension and d is
a characteristic
dimension, typically
the droplet diameter

, where u,
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are available in the literature as a combination of Ohnesorge and Weber (or Reynolds) numbers
computed using the droplet properties and the normal impact velocity (Mundo et al. 1995, Cossali
et al. 1997). Wright (2006) and Trontin & Villedieu (2017) suggested the most widely employed
models for computing the ratio of deposited mass to total impinging mass in icing computations.
The models relate the sticking efficiency of the droplets to the Cossali or Mundo parameters
when the impingement is almost normal to the surface. At higher impingement angles (i.e., the
angle between the particle velocity and the surface normal), the deposited mass depends on the
droplet impinging angle. Nonliquid particles experience different wall interaction mechanisms.
For example, in ice crystal icing, the impingement behavior is governed by the counteracting
effects of sticking and erosion (Trontin & Villedieu 2018, Yang et al. 2023).

Routine simulations of ice accretion often overlook higher-order effects on the collection effi-
ciency. For example, Saffman and Magnus lift or Basset history forces are usually neglected without
affecting the quality of the results. The effect of gravity can have some small influence on SLD
dynamics and is generally included only for such particles. Aerodynamic breakup may occur if the
local value of the particle Weber number is increased, typically for SLDs in large velocity gra-
dient zones such as near the leading edge of airfoils or in rotating geometries, e.g., propellers or
engine fans (Wright & Potapczuk 2004, Bae & Yee 2022). Turbulent diffusion of droplets usually
has a negligible influence on the collection efficiency and is thus disregarded in most icing sim-
ulations, due to the laminar inflow considered in computations and the high value of St* at the
viscous walls (Brandt & Coletti 2022). Lee & Loth (2008) showed limited effects on the resulting
ice shape when turbulent diffusion is accounted for by employing discrete random walk (DRW)
and continuous random walk (CRW) eddy interaction models (Bocksell & Loth 2001). Such eddy
interaction models helped predict droplet dispersion in icing wind tunnels and thus the LWC
distribution in the test section (Bhargava et al. 2005). Zhang et al. (2025) showed good LWC dis-
tribution prediction by employing scale-resolving LESs of the flow around the droplet injectors
in an icing wind tunnel, together with a DRW model for the effects of subgrid scales on particle
dispersion. Zabaleta et al. (2024b) computed the collection efficiency from a WMLES flow field,
thus accounting for the turbulent dispersion of particles caused by the resolved flow scales. Re-
cently, the development and certification of icing wind tunnels for SLD conditions prompted the
investigation into the thermal and velocity slip between the droplets and the surrounding flow
(Ferschitz et al. 2017). Accounting for thermal and mechanical nonequilibrium at the droplet in-
jection point can be relevant for numerically reproducing SLD wind tunnel measurements (Bora
etal. 2023).

2.2.2. Numerical solution of the dispersed-phase model. Either an Eulerian-Lagrangian
or an Eulerian—Eulerian representation can be used to describe the particle-laden flow. Both for-
mulations employ the point—particle approximation, either explicitly or implicitly (Balachandar
& Eaton 2010). In the Lagrangian description, the particles move as point-wise bodies within an
underlying flow field computed using an Eulerian approach. First- and second-order effects, de-
scribed in the previous section, are accounted for straightforwardly during the computation of
particle dynamics integrating Equation 1. The Lagrangian approach requires a relatively large
number of particles, especially in 3D simulations, and results might depend on the initial seeding,
namely, the cloud definition. Earlier codes employing the Eulerian—Lagrangian approach lever-
aged the inviscid solution obtained from panel codes to compute the forces acting on the particles
(Hedde & Guffond 1995, Tran et al. 1995). In grid-based aerodynamic solutions, such as RANS
simulation, the trajectories of the particles are tracked within the computational grid, and efficient
algorithms to locate the particles in the mesh and to interpolate the flow variables to the particle
positions must be deployed (Widhalm et al. 2008, Rendall & Allen 2014). The computation of
the collection efficiency in the Eulerian-Lagrangian approach usually relies on a single front of
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particles, which is placed upstream of the impinged body in a region of nonperturbed flow and
is tracked until particles impinge surfaces or are advected downstream. Common to the different
Lagrangian approaches is the issue of particle resolution and injection location. A common strat-
egy that was proven to be effective is to iteratively refine the seeding plane (Xie et al. 2020, Porter
2022, Bellosta et al. 2023).

A second modeling option is an Eulerian-Eulerian description that has been widely used to
compute the dispersed phase via a two-fluid approach (see Bourgault et al. 1999, Iuliano et al.
2011, Jung & Myong 2013, Norde et al. 2017). The two-fluid approach treats the carrier and the
dispersed phases as interpenetrating fluids (Balachandar & Eaton 2010). In the limit of one-way
coupling, and when drag forces dominate the dispersed-phase dynamics, the equations describing
the dynamics of a given particle size read

da

— +V-(av,) =0
gt (V —V) 2.
(;:p +V. (ozvp ®Vp) = af(ReP,Wep)%,

where « is the volume fraction made nondimensional with its freestream value LWC/p,. The ad-
vantages over the Lagrangian approach include lower computational times for 3D cases and the
availability of a continuous description of the solution. Some difficulties arise in accounting for
splashing droplets, shadow regions, and the impossibility of dealing with trajectory crossing. In
Eulerian—Eulerian codes, the particle phase equations are solved numerically using either finite
volume (Norde et al. 2017) or finite element discretizations (Bourgault et al. 1999). Shadow zones,
which are regions of the computational domain that particles never reach due to finite Stokes
number effects, introduce discontinuities in the solution. Shock-capturing finite volume schemes
are particularly suited to solve the governing equations. Centered Jameson—Schmidt-Turkel-like
schemes have been suggested with second- and fourth-order dissipation terms activated via a
sensor based on the local particle volume fraction (Iuliano et al. 2011) or with local artificial dissi-
pation (Tong & Luke 2005). Upwind schemes employing the solution of the Riemann problem to
determine the numerical fluxes require additional attention due to the nonstrictly hyperbolic na-
ture of the equations. Relaxation terms (Bellosta et al. 2023) or shallow-water-like pressure terms
(Jung & Myong 2013) have been included to make the equations strictly hyperbolic.

Few approaches are available to track secondary droplets resulting from splashing or aero-
breakup of larger droplets. Splashing particles reinjected into the volume have a different size
distribution than the primary cloud, and their size depends on the splashing model employed,
which is usually a function of the impingement angle and velocity. Therefore, each splashing
event on the surface may release a different secondary particle size into the flowfield, thus increas-
ing the computational effort since each particle size requires its own set of transport equations
(Balachandar & Eaton 2010). The sidebar titled Polydispersed Particles describes how polydis-
persed particles are accounted for in icing simulations. Hospers (2013) suggested mapping the
size probability distribution of splashing particles to a fixed number of bins to reduce the compu-
tational burden. Bellosta et al. (2023) presented a hybrid Eulerian—Lagrangian approach where the
splashing particles coming from an Eulerian computation of the primary droplets are reinjected
in the domain as Lagrangian particles.

2.3. Ice Accretion

The freezing of impinging water onto an accreted ice layer can be locally described as the moving-
boundary phase change problem originally formulated by Stefan (1891). Liquid water and solid ice
occupy adjacent regions that are in contact with a cold substrate and exposed to the surrounding
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POLYDISPERSED PARTICLES

Current regulations provide different reference particle distributions for each icing regime. In simulations, the
size probability distribution of the polydispersed phase is divided into a finite number of intervals, called bins. An
Eulerian two-fluid description of the dispersed phase requires solving as many sets of equations as there are bins.
Alternatively, if the governing equations are derived using the probability density function approach, one can handle
polydispersity by including particle size as one of the phase space variables (Balachandar & Eaton 2010). This latter
approach has yet to be applied in icing computations, since a few bins are usually enough to obtain accurate values for
the collection efficiency. Although the Lagrangian approach allows for the direct tracking of a polydispersed cloud,
the effects of polydispersity are routinely computed as a weighted sum of monodispersed computations. Zabaleta
et al. (2024b) report a speedup in statistical convergence for a Lagrangian computation of the collection efficiency
when tracking separate monodispersed clouds compared to tracking polydispersed particles. In Lagrangian simu-
lation, computational time is generally directly proportional to the particle size of each bin, as the computational
cost is related to the impinged surface area, which increases with the particles’ Stokes number. In contrast, the
computational cost for the Eulerian description is roughly independent of particle size (Bellosta et al. 2023).

air, as depicted in Figure 2. The location of the ice-water boundary moves over time due to
ice accretion. Most numerical icing models discretize the surface of the aircraft to solve a 1D

(in the normal direction) phase-change problem over time for each surface element. The 1D

Stefan problem is a set of four equations describing the evolution of a single-component two-phase

system as follows:
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where « is the heat diffusion coefficient, & is the thermal conductivity, L is the latent heat of
fusion, and variable z is the coordinate in the wall-normal direction. The first and second lines

in Equation 3 describe the heat diffusion within the ice and water layers. The third line enforces
mass conservation in the control volume. The mass fluxes on the right-hand side include the
incoming mass due to impinging droplets, the mass lost due to evaporation and sublimation, and

the mass fluxes entering the volume due to the presence of the liquid film. The last line is the

Stefan condition, which enforces the equality of latent heat due to phase change to the net heat

flux toward the upper and lower layers. Analytical solutions to the Stefan problem are available

for an infinite or semi-infinite domain in the z direction (Huerre et al. 2025).

Messinger (1953) presented the first application of the Stefan problem to in-flight icing by

introducing some simplifying assumptions. By assuming steady conditions, assuming uniform

temperature on the substrate and in the liquid film, and neglecting heat conduction in the ice

layer, the energy balance reads
7itin + mimp = 7ilice + les + Hout,

Qconv + Qimp + Qes + Qr = Qkin + Qacm + Qicc + Qim
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The mass balance accounts for the mass flux of incoming water droplets 7z, the incoming water
film from the adjacent cells 7iz;,,, and the outflow mass rate of water toward adjacent cells 772y, freez-
ing mass rate 7., and loss due to evaporation or sublimation 7z. The energy balance includes
the cooling due to air convection Qconvs i impinging particles lep, evaporation or sublimation Ous,
and radiation Q.. It also considers the heating from kinetic energy of the droplets Quin, the aerody-
namic heating Q,ero, the release of latent heat of freezing Qice, and heating from water inflow O
(Ozgen & Canibek 2009). The unknowns of the problem are the interface temperature (water—air
for glaze icing or no icing and ice-air for rime icing), the freezing mass rate 7z, and the out-
flowing mass 70y, commonly referred to as runback water. For glaze ice, the film is considered
very thin, enabling it to be considered isothermal at the freezing temperature. Thus, the energy
balance governs the freezing rate, while the mass balance determines #zo,. In instances of rime
ice, no water mass exits the computational volume, allowing the coupled system of balance equa-
tions to be solved for the freezing rate and the air-ice interface temperature. In the absence of
icing, the model produces the liquid film temperature and 7zqy. In the Messinger model, the wa-
ter film flows from the stagnation point toward the trailing edge, assuming a fixed direction for
runback water. To extend the solution to more complex configurations where multiple stagnation
points may exist, as it is the case of a complex ice shape with horns, Zhu et al. (2012) developed
an iterative approach, where the Messinger model is solved iteratively for the runback water term
Tt gy, Which is allowed to flow to neighboring cells in the direction of the wall stress.

To apply the Messinger model to unsteady ice accretion problems, a system of two partial
differential equations (PDEs) for mass and energy balance is written, namely,

ah
|:37 +V- (th)] - mlmp Tilice — Tles
a(hC,T) _ = 6.
"“’[T +V- (e T) ]

= [T+ ™55 ity + (L = CieeTivee = Qs + Qo

where 5 is the water film depth, p,, is the water density, ¥y is the average film velocity across the
water film height, Ty is the droplets’ temperature in degrees Celsius, 7 is the surface temperature
in degrees Celsius of the water film or ice depending on the rime or glaze ice state, and Ci is
the specific heat of ice. The wall film is driven by the shear stresses of airflow, pressure gradients,
and gravitational or rotational body forces, according to lubrication theory. Although based on
lubrication theory for the liquid film motion, this model is commonly known as the shallow water
icing model (SWIM) (Bourgault et al. 2000). The model solves for the ice thickness B, the film
thickness 4, and the surface temperature 7. The system is closed with a set of compatibility con-
ditions to make the problem well-posed (see Bourgault et al. 2000). Compared to the Messinger
model, the SWIM allows for an unsteady formulation of the icing problem and yields a variable
film thickness distribution on the surface.

The extended Messinger model introduced by Myers (2001) includes heat diffusion in the ice
layer. Myers argued that ice accretion occurs more slowly than convection in the ice and water
film layers. The ratio of the two timescales can be expressed as the Fourier number Fo = % =
sTwerp- Lhe condition Fo >> 1 must hold for assuming scale separation, and it occurs if B <
1072 m. For thin ice and film layers, heat problems reduce to the steady heat diffusion equation,
leading to linear temperature profiles. Additionally, the characteristic film thickness O(10~%) in
icing is small enough that conduction through the water can be neglected. This is equivalent to
assuming infinite conduction through the water, which allows the water to remain approximately
at the freezing temperature. This enables the imposition of the boundary condition at the film-air
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interface directly at z = B, allowing the approximated Stefan problem for a given temperature at
z =0 to be solved by using the steady heat problem in the ice layer along with the Stefan condition.

The hypothesis of the Myers model fails when B is large and hence the characteristic time of
ice growth is comparable to that of heat conduction in the ice layer. Gori et al. (2018) extended
the model of Myers by incorporating the unsteady heat equation in the ice layer, resulting in an
exact solution to the Stefan problem for a substrate with a fixed temperature and an infinitesimally
small water film (Roisman 2010, Huerre et al. 2025). Recently, more complex Stefan problems that
include additional water layers have been utilized to develop models for de-icing events (Chauvin
et al. 2018, Gallia et al. 2023b) and ice crystal icing (Peters et al. 2024).

2.3.1. Stochastic approach. Stochastic approaches to icing aim at computing the ice accumula-
tion on surfaces by mimicking the random impact of water droplets and their subsequent freezing
on a surface or an already accreted ice layer. The original idea, pioneered by Lozowski et al. (1983)
and Prodi et al. (1994), was extended by Szilder & Lozowski (2005) to predict ice accretion on air-
foils in the rime and glaze regime. Their novel approach, termed morphogenetic, combines a
ballistic model for the particles’ impact on the surface with a random walk model over the sur-
face. At each step in the random walk process, a random number is generated and compared to
the local freezing probability, defined as the local freezing fraction computed with the underlying
icing model, e.g., the Messinger model, to determine the freezing location (Szilder & Lozowski
2018, Forsyth & Szilder 2023). Papillon Laroche et al. (2023) introduced an alternative stochastic
model resorting to a surface grid instead of a volumetric lattice, which enables 2D computations
on unstructured grids. Bellosta et al. (2024a) presented multistep morphogenetic simulations on
arbitrary 3D geometries.

2.3.2. Liquid film dynamics. When impinging supercooled droplets do not freeze immediately
upon impact with the surface, possibly due to the action of a thermal IPS, they tend to form static
beads. Beads are possibly advected downstream due to the action of shear forces. Over time, these
beads either merge into a continuous liquid film or form rivulets (Rothmayer & Tsao 2001), influ-
enced by shear stress, pressure gradients, centrifugal forces, and droplet momentum (Silva et al.
2006). The resulting water film on the surface can be described, in general, using the incompress-
ible Navier-Stokes equations, assuming constant density and viscosity. For the problem at hand,
the film aspect ratio, defined as € = £ (with 4 denoting the height of the liquid film thickness and
L representing the characteristic length in the flow direction) is very small, ¢ < 1. Furthermore,
a low-Re regime can be assumed for the film flow Re = O(1); hence we find Re% <« 1. Given
these assumptions, the governing equations are further simplified using lubrication theory, yield-
ing a scalar, nonlinear advection—diffusion equation that describes the evolution of the water film
depth b, namely, the first line in Equation 6. As reported by Myers & Hammond (1999) and Mu
etal. (2017), the average film velocity, which encapsulates the effects of shear forces T, pressure P
gradients, and—when applicable—the centrifugal, Coriolis, and gravitational forces a (especially
relevant in the icing of rotating components), is given by
2 2
Vi = %T - 3//9/-w VP — ;Jmpwa, 7.

where p,, and u,, are the density and dynamic viscosity of water. Centrifugal and Coriolis forces
affect the dynamics of the disperse phase and of the liquid film, as discussed in the sidebar titled
Icing on Rotating Components. Most current icing simulation codes use this lubrication-theory
framework to model the dynamics of the liquid film (Chauvin et al. 2018). While this formulation
reliably predicts the behavior of the continuous film at the leading edge, it does not adequately
capture the formation of rivulets in the runback region or the microphysical behavior of the
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ICING ON ROTATING COMPONENTS

In-flight icing simulation tools that rely on the quasi-steady paradigm generally fail in accurately predicting ice
accumulation on rotating components such as helicopter rotors, propellers, engine fans, open rotors, and wind
turbines. An unsteady Eulerian approach allows for the computation of collection efficiency (Fouladi etal. 2015, Min
& Yee 2023). In Lagrangian simulations, the time-averaged value of B can be obtained with a statistical approach
by the injection of randomly placed particles (Baldan et al. 2023, Zabaleta et al. 2024b) or by defining multiple
cloud fronts (Morelli et al. 2020). Additionally, centrifugal force impacts the dynamics of the water film. Various
strategies have been proposed in recent years, moving from early 2D methodologies (Britton 1992) to hybrid
2D/3D methods (Bain et al. 2011, Kelly et al. 2018) and fully 3D approaches (Aliaga et al. 2011, Morelli et al. 2023,
Caccia et al. 2024). In hybrid 2D/3D methods, a 3D flow analysis is loosely coupled to the icing module to predict
a series of 2D ice shapes, or the 2D solutions of the aerodynamic flow field and droplet dynamics are interpolated
over the blade surface. Kelly et al. (2018) calculated a trimmed flight condition using a multibody approach for rotor
dynamics to determine the angle of attack and incident velocity. Habashi (2024, part V) reviewed rotor simulation
methods that address rotor aerodynamics and icing solvers, including shedding, shed-ice tracking, and iced rotor

dynamics.

dynamics and freezing of beads that form upon droplet impingement on the surface. An alterna-
tive approach to modeling the liquid phase dynamics on the surface explicitly incorporates the
discrete formation and coalescence of beads. In this treatment, the dynamics of the liquid layer are
described using a beading model (Ozcer et al. 2011). Upon impact, droplets form individual beads
that coalesce with new incoming droplets until a critical thickness is reached, beyond which the
forces from the external airflow and gravity overcome the liquid’s surface tension. Depending on
the water content on the surface, this leads either to the formation of rivulets or to the develop-
ment of a continuous film, which is then treated using one of the models described in Section 2.3
for freezing. Other models describing rivulet formation typically rely on minimum total energy
criteria, as proposed by Mikielewicz & Moszynski (1975) and later by Al-Khalil et al. (1994).

2.3.3. Density modeling. Once the ice mass accreted on the surface is determined by the
thermodynamic solver, the actual displacement to retrieve the new geometry depends on the ice
density value. In a multistep loop, due to the complex interaction of aerodynamics, particle im-
pingement, and ice growth, differentice density models can lead to very differentice shapes. There
are two distinct types of densities associated with in-flight icing: bulk density and void density. Var-
gas etal. (2007) measured bulk densities over a straight NACA 0012 airfoil in the glaze, mixed, and
rime regimes, with values close to 917 kg/m?. Void densities accounting for bubbles or air pockets
trapped in the ice were measured to be close to 880 kg/m?®. Ice accretion on swept wings poses
significant challenges for the modeling community, primarily due to ice scallops, also known as
lobster tails, which are shallow, periodic grooves or ridges aligned with the local airflow direction,
leading to large changes in void ice density (Vargas 2007, Bidwell 2014). Several empirical cor-
relations have been proposed for ice density (Macklin 1962, Makkonen & Stallbrass 1984, Jones
1990). No void density models are necessary for morphogenetic simulations, and local density is
a direct output of the model; however, its value depends on numerical model parameters.

2.3.4. Ice-induced roughness. During the initial phase of ice accretion, supercooled droplets
impinge on the surface, coalescing into beads that partially or fully freeze, producing a rough sur-
face. Unfrozen beads can run off as rivulets, freeze downstream, and build the rough, feather-like
morphology typical of glaze ice, as illustrated in Figure 3 (Fortin et al. 2004). These small-scale
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ice features caused by bead freezing and movement, known as ice roughness, play a crucial role
in evaluating aerodynamic performances and convective heat transfer at the surface. The latter
significantly influences the growth rate of glaze ice (Beaugendre et al. 2003b), making the in-
clusion of ice roughness effects extremely important. Ideally, accounting for the effects of these
features would require solving the detailed geometry and the complete Navier-Stokes equa-
tions to capture all turbulence scales that can enhance heat transfer and fluid flow, a strategy that
is computationally prohibitive on realistic geometries. Additionally, current icing models are not
able to predict ice shapes at their roughness scales, and empirical modeling is used instead. The
most viable solution is to approximate the roughness distribution with an equivalent sand grain
roughness height, k. Although these models are commonly employed in thermo-aerodynamic
calculations for both RANS (Aupoix 2015) and integral boundary layer methods (Radenac et al.
2018), the determination of the & value remains largely empirical. Experiments (McClain et al.
2017, Sotomayor-Zakharov et al. 2024) indicate that roughness is nonuniform across the ice sur-
face and evolves over time. Following this, Yan et al. (2011) and Ignatowicz et al. (2023) developed
empirical formulations for k; where the parameter calibration is performed indirectly by compar-
ing numerical ice shapes with experimental ones. As an alternative, Ozcer et al. (2011) proposed
the beading model, already introduced for liquid film dynamics in Section 2.3.2, that aims to re-
semble the microphysical process, where the height of the frozen beads is used as the &, value in
the aerodynamic calculation.

2.4.Ice Shedding

Nonrotating components experience shedding due to aerodynamic forces that overcome adhe-
sive and cohesive forces, often aided by activating a mechanical or thermal IPS, which breaks the
ice volume and reduces adhesion between the ice and the surface (Zhang et al. 2012, Bennani
etal. 2016, Marbceuf et al. 2020, Rausa et al. 2023). On rotating components, centrifugal acceler-
ation generally drives crack initiation and delamination at the ice-substrate interface (Brouwers
et al. 2010, Chen & Fu 2015, Anthony & Habashi 2021). Experimental data on the mechani-
cal properties of ice needed to build the structural model for shedding analyses are scarce, with
property dispersion and methodological constraints predominantly relying on freezer ice, de-
spite noted differences in mechanical properties between impact and freezer ice. The former
forms rapidly, is more heterogeneous, and typically shows lower strength and stiffness. In contrast,
freezer ice forms slowly under controlled laboratory conditions, exhibiting greater uniformity and
strength (Gammon et al. 1983, Mohamed & Farzaneh 2011, Fortin & Perron 2012).

2.5. Icing on Heated Surfaces

Ice accretion on a heated surface is of particular interest for the simulation of a thermal IPS. To
account for the heating produced by these types of systems, the models presented in Section 2.3
are modified to account for heat transfer from the substratum to the ice or impinging water (da
Silva et al. 2007, Reid et al. 2012, Chauvin et al. 2018, Gallia et al. 2023b). Thermal IPSs can
operate in both de-icing and anti-icing mode; in particular, anti-icing operation can be divided into
two further modes, as shown in Figure 4: the fully evaporative mode, where the impinging water
evaporates before reaching the end of the protected area, and the running wet mode, which occurs
when water flows beyond the protected region and freezes, creating runback ice. The operation
mode determines the type of heat transfer that occurs at the interface. The heat flux from the wall
can be written as

Ows = byt (T = 1), 8.
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Figure 4

Tllustration of the electrothermal ice protection system (IPS) anti-icing operational modes: fully evaporative
and running wet. (#) Depiction of operational modes on a straight wing. (#) Distribution of surface
temperature (continuous lines) and IPS power density (dashed lines) along the curvilinear abscissa for various
operational modes.

where T is the surface temperature of the substrate, T'is the temperature of the phase in contact
with the substrate (air, water, or ice), and by, is the appropriate HT'C, convective when the wall
sees airflow or running film, conductive when covered by static ice or water from melted ice.

In practice, the heat flux is introduced in different ways depending on the baseline ice accre-
tion model used. For the Messinger or SWIM-based ice accretion models, this term is introduced
as a volumetric heat source term in the energy balance. For models solving the heat conduction
problem within the ice layer (Myers 2001), the heat flux is imposed as a boundary condition at the
interface with the wall. Determining 7, in Equation 8 requires modeling the heating mechanism
of the IPS. For in-flight icing applications, two methods are commonly used: heating pads (i.e.,
electrothermal IPS) or hot air extracted from the aircraft engine (i.e., thermopneumatic IPS). In
the former, only conduction in the substratum where the heating elements are placed needs to be
modeled. This can be done by following two approaches. A simplified 1D lumped model uses an
effective thermal conductivity and ignores temperature gradients through the ice layer (da Silva
etal. 2007, Gutiérrez et al. 2021). Alternatively, the substrate may be treated as a multilayer solid,
with full resolution of heat conduction in the direction normal and parallel to the surface (Reid
et al. 2012, Bennani et al. 2020). In practice, both treatments yield very similar predictions of ice
growth and evaporation, confirming that the principal thermal resistance resides not within the
deep substrate but in the adjacent ice or liquid film. By contrast, thermopneumatic IPS—where
hot bleed air from the engine warms the surface—demands a slightly more complex, partitioned,
multiphysics coupling. The internal duct flow of hot air can be modeled using the RANS equa-
tions, the solid wall conduction is handled by a dedicated heat-transfer solver, and the external
icing environment (droplet impingement plus liquid film flow) is treated as for the electrothermal
IPS. The three solvers exchange wall temperature and heat flux boundary conditions and iterate
until the temperature field and heat fluxes are self-consistent (Pellissier et al. 2011).

2.6. Geometry Updating

In the geometry update step, the initial aerodynamic surface is modified to include the newly ac-
creted ice, producing an updated shape that reflects the ice buildup. This is necessary for both mul-
tistep and single-step methods to carry out the next accretion step and evaluate the aerodynamic
penalties at the end of the process, as depicted in Figure 5. The updating procedure involves two
distinct processes: updates of the surface geometry and updates of the volume geometry. Generally,
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Figure 5

(@) Experimental ice shape reproduced from Bidwell (2014) (public domain). ()~e) Numerical ice shapes with
a surface mesh size of 2mm, 1.3 mm, I mm, and 0.7 mm, respectively. For reference, the chord length is
0.9144 m. Data provided by Ansys (Ozcer et al. 2022).

mesh morphing preserves the original grid topology and is typically faster than remeshing. How-
ever, its applicability is limited to small accretion times and simple glaze and rime shapes (Pendenza
etal. 2015, Morelli etal. 2021). Embedded grid techniques, such as the IBM, can be used to prevent
or, at the very least, substantially decrease the number of remeshing steps in a multistep simulation
(Capizzano 2018, De Rosa et al. 2023, Paz et al. 2024). Both algebraic methods and PDE methods
have been successfully applied to grid-based methods on structured (Hasanzadeh et al. 2015) and
unstructured grids (Pueyo 2013, Pendenza et al. 2015). However, these methods may result in in-
tersections or nonphysical regions in the updated geometry when dealing with concave regions or
complex geometries, such as ice shapes. Ozcer et al. (2019) proposed an automated surface mesh
projection scheme that wraps a new surface mesh over holes and crevices that are smaller than
the minimum mesh spacing specification. The iced surface can also be described using a level-set
method. Pena et al. (2016) and Lavoie et al. (2022) solved the level-set equation through a PDE-
based approach, where the thermodynamic solver provides the icing velocity on the body surface.
Paz etal. (2024) suggested tracking the surface in a Lagrangian manner using several subiterations,
with the normal vector inferred from the level-set field. The level-set approach was also combined
with implicit domain meshing techniques in a hybrid method, defining the level-set function using
a signed-distance approach (Donizett et al. 2023) or employing the Lagrangian displacement as a
target (Bellosta et al. 2024a, Donizetti et al. 2024b). This enables the retrieval of a body-fitted rep-
resentation of the iced surface, preventing potential mesh intersections due to the intrinsic prop-
erties of the level-set function. A well-known issue for the algebraic and PDE-based approaches is
the conservation of the ice mass when prescribing the ice thickness displacement (Bourgault-Coté
etal. 2017, Lavoie et al. 2022, Donizetti et al. 2023), particularly when dealing with concave and
convex geometries. Solving iteratively by evolving the geometry in substeps improves ice mass
conservation. The morphogenetic approach conserves the mass by construction. More details on
the geometry update step can be found in the Supplemental Appendix.

3. VALIDATION OF ICING SIMULATION TOOLS

Airframe, engine, and system manufacturers must demonstrate safe operation under icing con-
ditions to comply with certification rules. Certification authorities typically require wind tunnel
tests and flight tests in icing conditions or with artificial ice shapes. Due to a lack of fully validated
simulation tools and the high costs of experimental tests, designers often resort to a conservative
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approach based on well-established technical solutions with a proven record of successful certifica-
tion (certification by similarity). Certification based on similarity to existing aircraft is not viable
for innovative configurations like AUAM, UAVs, all-electric aircraft, and new ice protection or
detection systems. If a sufficient level of confidence in simulation results is achieved and manufac-
turers, along with certification authorities, reach a consensus that simulations could serve as the
sole means of compliance, then certification by simulation can become a viable path for certifying
innovative future aerial vehicles.

Results presented during the ATAA Ice Prediction Workshops IPWs) (Laurendeau et al. 2022,
2024) document the unprecedented research effort over the past 20 years aimed at developing
new ice accretion models and advanced 3D ice accretion software, matched by a corresponding
improvement in experimental facilities for validation (AC-9C Aircraft Icing Technology Com-
mittee 2018). Unfortunately, the current gap between numerical predictions and experimental
data makes using numerical tools for compliance in the certification process challenging. This
gap relates to the complexity of ice accretion and the lack of understanding of key fluid dynamics
phenomena like SLD dynamics, heat transfer in the presence of liquid films, roughness-induced
transition, liquid film dynamics, and ice properties, especially the ice density model. On the other
hand, the large sensitivity to operating conditions and model uncertainties requires a shift in the
verification and validation (V&V) paradigm, currently limited to comparing computed ice shapes
with wind tunnel tests. Uncertainty in operating conditions and the stochastic nature of ice accre-
tion complicate cross-facility (AC-9C Aircraft Icing Technology Committee 2018) and cross-code
comparisons (Laurendeau et al. 2022, 2024) of experimental and numerical validation results. The
community has yet to define the precise objective of validation clearly. Commenting on current
validation approaches, Habashi (2024, chapter 30) argued that most legacy codes are calibrated
rather than validated; namely, they are adjusted to fit specific experimental campaigns but may
not accurately predict outcomes under different geometries or operating conditions. This ob-
servation is particularly compelling, considering that various parameters significantly affect the
resulting ice shapes. For instance, factors such as roughness height, selected density models, and
the void density of ice all have substantial impacts.

3.1. Assessment of Current Validation Practices

Validation of legacy icing codes has historically relied on comparing predicted ice shapes to
experimental data from hand tracings of 3D ice shapes (NATO Task Group AVT-006 2001).
Recently, laser scanning techniques have enabled the extraction of full 3D geometries of exper-
imental shapes (Lee et al. 2014), allowing the definition of additional quantities like maximum
combined cross section (MCCS) and minimum combined cross section (mCCS). Current val-
idation and code-to-code comparisons still use single tracings or combined cross sections, with
minimal usage of other data like accreted ice mass. Furthermore, insufficient attention is put into
intermediate steps of the icing calculation, such as the collection efficiency and convective heat
transfer distribution, arguably due to the lack of experimental data and difficulty in measuring
those quantities in an icing campaign.

Figure 6 shows code-to-code and experiment-to-experiment comparisons for two icing
conditions. A close examination of the figure reveals shortcomings in current V&V practices for
icing prediction codes. Figure 6a presents numerical results from participants in the first IPW
for glaze accretion on a straight wing, using advanced multistep codes (Laurendeau et al. 2022).
Predicted ice shapes differ significantly among various codes, reflecting different models or
implementations, and even among different users of the same code. This highlights sensitivity to
epistemic uncertainty and numerical errors in icing models, especially for multistep approaches.
Small discrepancies at the beginning of computation, like early horn formation due to different
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Figure 6

Code-to-code and experiment-to-experiment comparisons for glaze icing on straight wings. (#) Numerical
results from different codes at the same nominal conditions. Data from Laurendeau et al. (2022).

(b) Experimental repeatability from cross- and same-facility tests. Data from AC-9C Aircraft Icing
Technology Committee (2018).

model parameters or surface discretizations, can greatly impact prediction accuracy in horn angle
and position. An example is shown in Figure 5.

Figure 6b shows ice shape tracings under the same nominal conditions from different re-
alizations within the same icing wind tunnel and across various facilities. Repeatability and
reproducibility are low due to several factors. Icing tests are influenced by variability in criti-
cal parameters, such as LWC, droplet size distribution, and temperature, which are challenging
to control. For instance, SAE standards for icing wind tunnel calibration (AC-9C Aircraft Icing
Technology Committee 2025) allow up to 10% instrumentation uncertainty in critical cloud pa-
rameters and 20% spatial variability (Breitfuf§ et al. 2019). This variability can result in significant
differences in repeated tests under the same conditions, both within and across facilities. In SLD
conditions, aerothermal slips between droplets and the flow field influence ice accretion, as noted
by Bora et al. (2023). The report from the AC-9C Aircraft Icing Technology Committee (2018)
illustrates this variability through tests across different facilities. Spanwise variability in ice shapes
exists, even on straight wings, with swept wings often rendering single tracings ineffective. MCCS
or mCCS measures could improve the significance of these comparisons, although they are ap-
plicable only to simple geometries. Improvements in ice shape analysis are needed for assessing
ice accretion on swept wings and complex geometries. Neubauer & Oztekin (2024) proposed a
method for calculating ice shape metrics like MCCS and a general mean ice shape for any 3D
geometry with twist, taper, and sweep. Time-resolved experimental scans (Neubauer et al. 2023)
will enhance our understanding and validation of multistep methods.

3.2. Outlook on Validation Practices

While it is challenging, characterizing uncertainty in operating conditions during experimental
campaigns is extremely valuable. Performing repeatability studies with different realizations un-
der nominal conditions would allow for a fair comparison with numerical results. Numerical codes
must consider operational and model uncertainties to evaluate their impact on predicted ice shape.
Uncertainty quantification techniques propagate these uncertainties through a model, producing
a probabilistic output validated against experimental data (Prince Raj et al. 2020, Gori et al. 2022,
Gallia & Guardone 2024). Figure 7 compares two experimental tracings of a rime ice shape on a
NACA 0012 swept wing with numerical results from a model that accounted for uncertainties in
operating conditions to compute icing probability at a specific spanwise section (Bellosta 2023).
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Figure 7

Validation of a numerical icing model considering aleatoric input uncertainties. (#) Experimental ice shape.
Panel reproduced from Bidwell (2014) (public domain). (5) Ice probability from uncertainty quantification
analysis. The two regions between the dark red area and the computed numerical maximum combined cross
section correspond to low-density areas, marked as gray zones in the experimental ice shape. Panel
reproduced from Bellosta (2023).

Moreover, the morphogenetic approach partly accounts for the stochastic nature of the ice accre-
tion process through the random spatial initialization of the water particles and their sequential
impact on the surface. The envelope of all realizations is close to the experimental tracings.
Validating aerodynamic performance on iced surfaces offers an interesting alternative to shape
comparison, directly influencing aircraft handling in icing conditions. However, it may introduce
significant model uncertainties, especially at higher angles of attack (De Gennaro et al. 2015).
Limited experimental data mainly come from 3D-printed or castice shape replicas to examine per-
formance degradation in wind tunnel tests (Broeren et al. 2018, 2020). Ozcer et al. (2023) showed
that RANS closure models might need coefficient tuning to predict the aerodynamic response of
laser-scanned ice shapes accurately. Numerical models usually produce smoother ice profiles than
experiments. Itis unclear if missing geometric features significantly impact aerodynamic penalties.
Bornhoft et al. (2024b) performed WMLESs on a swept wing with laser-scanned and simplified
ice shapes. They discovered that high-fidelity ice shapes enable precise load predictions, even with
coarse grids, while simplified shapes require finer grids. Bellosta etal. (2024b) showed that geomet-
ric details of rime ice formations significantly impact predictions of straight-wing aerodynamics.
Results in Figure 8 reveal that the lift coefficient is highly sensitive to ice shape fidelity, with
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Figure 8

Wall-modeled large eddy simulation computation of airflow around a rime-iced NACA 0012 airfoil. The
analysis considered increasingly detailed ice geometries, from smooth shapes to laser-scanned geometry.
(@) Lift curve. (b) Roughness height % for three different levels of detail. Figure adapted from Bellosta et al.
2024b.
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accurate predictions of experimental data possible only using laser-scanned geometry. To bridge
the gap between experimental ice shapes and smoother simulated ones, adding sand-grain-type
roughness may enhance aerodynamic predictions (Broeren et al. 2020). Stochastic ice accretion
methods can be used to predict ice roughness (Gallia et al. 2023a).

1. The numerical simulation of in-flight icing requires multidisciplinary modeling of the
flow aerodynamics, the dynamics of the dispersed phase (supercooled droplets, ice crys-
tals, snow), the film dynamics, and the ice accretion process. The results heavily depend
on the underlying physical models, particularly the roughness, heat transfer, liquid film,
and density models.

2. Particle dynamics modeling is satisfactory for small, spherical particles. Supercooled
large droplet modeling, including aerobreakup and secondary droplets, requires further
development. A tremendous research effort is underway to characterize the properties
and dynamics of ice crystals. Research on snow is in its early stages.

3. Time-accurate ice accretion models (multistep method or fully unsteady) must be used
to capture complex ice shapes such as horns, scallops, and feathers. Time-dependent, 4D,
experimental results are needed for validating the simulation tools.

4. Theice accretion process is inherently stochastic. Therefore, deterministic models based
on a limited number of experiments must be developed and used with caution, as should
the comparison of experimental and simulation results.

5. The current best practices for code verification and validation are inadequate due to
substantial variability in experimental references and uncertainties in wind tunnel con-
ditions. Numerical results must consider the stochastic nature of the process, along with
aleatoric and epistemic uncertainties. This principle also applies to interfacility and code-
to-code comparisons. Furthermore, there are no established methods for comparing 3D
shapes, such as those found on swept wings.

1. Further experimental and numerical research activities are envisaged to improve the
underlying physical models describing the ice accretion process, particularly concern-
ing particle aerodynamics (supercooled large droplets, secondary droplets, ice crystals,
snow), ice roughness, heat transfer, liquid film dynamics, rivulet formation, and density
models.

2. Stochastic methods, such as the morphogenetic scheme, and uncertainty quantification
techniques, should be refined and consistently applied to the verification and validation
process. Experimentalists and simulation experts are encouraged to collaborate toward
the definition of digital twins of icing wind tunnels accounting for operating uncertainty,
such as the liquid water content distribution and the temperature and velocity slip of the
injected particles.

3. Fundamental studies of the ice accretion process using direct numerical simulations or
large eddy simulations of multiphase flow are within reach. They should be pursued
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in the future to enhance our understanding of the ice accretion process and develop
macroscopic models for the numerical simulation of the entire aircraft.

4. Future design and certification processes must take into account the uncertainty of op-
erating conditions, physical models, and the nondeterministic nature of the ice accretion
process from the earliest stages.

5. The use of simulation tools for assessing performance and handling quality degradation
in icing conditions must be further investigated. The validation of icing experiments
and simulations in terms of aerodynamic penalty should be combined with ice shape
comparisons.
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