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Abstract

A probability-based model (PBM) is developed to predict the evolution of a population of
impinging droplets on a solid substrate and the eventual transition between dropwise and
filmwise regimes. A dedicated heat transfer model is designed, in order to estimate the
evaporating mass flux when the solid substrate is heated. Statistical information such as
the droplet size distribution and the influence of surface wettability, required by the PBM,
are derived using a previously developed high-fidelity individual-based model (IBM). The
PBM is verified with the high-fidelity model for a small patch of solid substrate. Then,
validation with experimental evidence from the literature is carried out in the case of
in-flight ice on the NACAOQ012 airfoil. Results show that the present PBM is capable of
investigating in-flight ice problems and can be integrated with a CFD analysis of the air flow
past an airfoil flying through a cloud of supercooled droplets to predict the possible onset
of ice accretion on the airfoil surface. Compared to Messinger-like models, the influence
of surface morphology on runback water flow is incorporated in the PBM through the
modeling of a discontinuous wetting layer, contributing to the design of passive and active
anti-icing systems.

Keywords: in-flight icing; probability-based model; droplet impinging; surface wettability

1. Introduction

In the context of in-flight icing, an aircraft encounters a cloud of supercooled droplets,
that may impact on the airfoil surface and eventually freeze instantaneously [1,2] (rime ice)
or after the formation of rivulets and film (glaze ice). Ice accretion on the airfoil surface
affects the aerodynamic performance in terms of lift, drag and stall onset. The problem is
quite complex, coupling the solution of the flow field around the aircraft, the prediction of
the droplet flow field and the resulting collection efficiency, and the simulation of the water
layer evolution on the solid surfaces, including its phase changes. The source term in the
mass balance, corresponding to the contribution of collection efficiency, can be estimated,
using the CFD solution of the surrounding air flow field, via an Eulerian approach [3] or via
a Lagrangian analysis [4,5], following the trajectories of the supercooled droplets in the sur-
rounding air domain. Experimental campaigns and analytical models [6,7] address droplet
rebound and splashing, which affect the effective collection efficiency [4]. With regard to the
water layer simulation, existing in-flight ice models such as the commercial greensoftware
FENSAP-ICE [8-10], the NASA-developed LEWICE and the non-open source ONICE3D
successfully implement extended versions of the Messinger model [11-13], integrated with
a CFD simulation of the flow past the airfoil. The Messinger model [11] assumes a continu-
ous film layer driven by the shear, applied at the liquid—gas interface by the surrounding
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air flow, solving the mass and energy balances for the liquid phase to determine the liquid
thickness and the freezing fraction. However, due to the continuous film assumption,
the Messinger model cannot take into account the wettability of the airfoil surface, which
may affect the actual liquid pattern. Indeed, passive anti-icing systems such as micro-
structured superhydrophobic and ice-phobic surfaces not only promote the rebound of
impinging droplets [4], but also maintain a discontinuous droplet pattern over the airfoil
surface, which in turn yields a much faster liquid removal, if compared to a continuous film
pattern. Hydrophobic and super-hydrophobic coatings are often presented in the literature
as valuable tools for anti-icing feature enhancement: the mechanical stability, the corrosion
resistance and the anti-ice properties of such superhydrophobic coatings on aluminium
surface were evaluated in [14], while different ice-phobic coating and materials (including
nano-textured lotus-leaf superhydrophobic surfaces, pitcher-plant slippery liquid-infused
porous surfaces and soft materials with ultra-low ice adhesion strength) were tested in [15];
a hybrid superhydrophobic—superhydrophilic surface combined with an active anti-icing
system was experimentally investigated in [16]. Recently, increasing attention has been
devoted to droplet-based and wettability-aware icing models [17,18]. The effect of substrate
wettability was incorporated into CFD ice accretion simulations in [17]. In that work,
the collection efficiency, evaluated through a standard Eulerian framework, is corrected
by a factor smaller than unity to account for splashing phenomena and the consequent
mass loss of impinging droplets. Such a correction factor depends on both the local flow
conditions and the substrate wettability. The evolution of the liquid layer over the solid
surface is then modeled through lubrication theory (i.e., as a continuous thin film driven
by shear stresses and local liquid-pressure gradients, similarly to Messinger-like models).
Although the effects of a dropwise regime are partially included through the introduction
of a wall slip boundary condition for superhydrophobic surfaces, lubrication theory inher-
ently assumes the presence of a continuous wetting layer. Consequently, the detailed liquid
distribution over the surface, as well as the possible transitions between continuous-film
and discrete-droplet regimes, cannot be explicitly captured.

In order to overcome the inherent limitation of Messinger approach, the individual-
based modeling (IBM) of the evolution of an impinging droplets population makes it
possible to include the effect of surface wettability [4,19]. In [19], the history of each droplet
is analyzed via a Lagrangian approach from the initial impinging on the solid surface to
the final motion or disappearance due to evaporation (if an active anti-icing system is
used), including coalescence with neighbour drops and growth induced by impinging of
tiny droplets from the clouds. The departure radius and the eventual droplet velocity are
affected by the substrate wettability (i.e., by the static, advancing and receding contact
angles) [20,21] as well as the evaporation rate [22-24]. Unfortunately, since the in-flight ice
problem is inherently multiscale (from the micrometer size of the impinging droplets to the
multi meters scale of the whole aircraft flow field), such a detailed modeling is not suitable
to be coupled with a fully CFD analysis of the surrounding air flow, due to the unaffordable
computational cost. However, the numerical analysis via high-fidelity IBMs represents
a valuable tool to understand the physics driving the in-flight ice phenomenon, since
experimental campaigns are quite difficult due to both the interaction between droplets
and macro-scale flow field and the measurement challenges. Furthermore, IBMs provide
statistical information, required to develop a reliable probability-based model (PBM), which
entails negligible computational effort compared to IBMs while capturing the effects of
the dropwise regime on the runback water flow and on the onset of icing, overcoming the
limitations of the classical shear-driven film assumption typically adopted by Messinger-
like models. The statistical droplet size distribution, which was obtained through post-
processing of IBM computations in [19], represents, together with the modeling of moving
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droplet dynamics and heat and mass transfer process, the core of the PBM; the growth
timescale of a stationary droplet from its impingement on the solid surface to its motion due
to combined coalescence and impinging processes, numerically computed in [19] via IBM
under different flow conditions, is used to predict the icing onset when passive anti-icing
systems are used. Such an approach is widely used to model dropwise condensation of
vapor steam or humid air [25-27], but its application to in-flight ice is still limited, with a
first attempt to develop a dedicated PBM presented in [4].

Here, a novel PBM is developed to analyze correctly the water layer under the drop-
wise regime induced by superhydrophobic coatings: the mass balance is solved for the
liquid layer evolving on the airfoil surface; compared to a standard Messinger model, the in-
fluence of the effective liquid pattern (filmwise or dropwise) is included in the calculation
of both the runback liquid flow and the wet fraction. The statistical droplet size distribution,
required by the PBM, was derived in [19] from the high-fidelity numerical simulations.
Such information is used by the novel PBM to determine the wet fraction of solid substrate
and the radius of the largest droplet from the amount of impinged liquid: the former
allows the prediction of transitions between droplet regime and continuous film, while
the latter is compared with the departure radius to assess whether a liquid flow develops.
In order to estimate the runback water flow in the dropwise regime, dedicated models
for the departure radius and for the velocity of moving droplets are included in the PBM.
The energy balance is solved to estimate the evaporating flow rate, if an active anti-icing
system is used. The growth timescale of a stationary droplet from its impingement is here
correlated to its radius using data provided by the IBM computation. The comparison of
the growth timescale of a stationary droplet with the freezing time provides a criterion
to evaluate the onset of icing when passive anti-icing systems are adopted. However,
the details of the subsequent ice accretion process are beyond the scope of the present PBM,
which is aimed at providing the information required by ice accretion models integrated
into CFD solvers to predict ice growth. The PBM is firstly compared with the high-fidelity
individual-based model (IBM), previously developed and validated [19], in order to test
its capability to predict the liquid layer evolution on a small patch of solid surface under
different operating conditions. Assuming an adiabatic airfoil surface, the PBM is then
compared with a standard film model, which assumes a continuous film pattern, in order to
highlight the differences in the predicted liquid thickness. A qualitative validation against
experimental icing data available in the literature [16] is performed for the case of the
impinging of supercooled droplets on an NACAQ012 airfoil, whose surface is partially
heated, with different coating solutions being investigated.

2. Materials and Methods
2.1. Probability-Based Model

In order to predict the liquid layer evolution on a solid surface, the mass balance,
which includes the net liquid flux crossing the solid surface boundaries, the source term
due to impinging of liquid droplets from the clouds, the evaporating/freezing mass fluxes,
is numerically solved. Thus, the mass balance on a control element of solid substrate yields

%:awc%s-(ﬁq;ﬁmgg)s-/ pq-fds 1)

t S
where S and 9S are the area and the perimeter of the control element, m; is the liquid mass
inside the control element, ¢ is the collection efficiency (i.e., the fraction of the freestream
incoming droplets locally impinging on the airfoil surface), LWC is the liquid water content,
it} is the evaporating mass flux (7}, > 0 if an active anti-icing system is used) and 7], is
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the freezing mass flux, q is the liquid volumetric flux per unit length crossing dS and fi is
the outward normal direction to 9S.

In order to numerically solve Equation (1) on a discretized solid surface, the liquid
flux crossing the mesh element boundaries must be estimated as a function of the liquid
mass in the control element. Assuming that the liquid pattern evolves as a population of
droplets, that can grow due to impinging and coalescence and eventually move due to the
drag force of the surrounding air flow, the average liquid thickness and the wet fraction
can be expressed as

m; TYmax
h=" / V,d 2
oS o ny Vg ar 2)
Ymax
n= Swet :/ ny Sh dr (3)
S

where 7y is the radius of a newly impinged droplet, 7,4y is the radius of the largest droplet,
ny is the droplet size distribution, V; is the droplet volume and S is the droplet base area.
The radius rg of a newly impinged droplet, which corresponds to the minimum radius of
the droplets population, is correlated to the impinging radius before impact on the solid
surface and to the static contact angle [19]:

4 1/3
70 = Timp (23 COSGS+COS395> @

The volume and the base area of a droplet having radius r are estimated assuming a
spherical cap with prescribed contact angle equal to the static value:

V= gr?’ (2 — 3 cos b + cos® 95), Sp=m(r sinGs)2 )

In order to apply Equations (2) and (3), the statistical droplet size distribution #, is required.
Since such information cannot be derived theoretically, it must be obtained either from
experimental data or through post-processing of IBM simulations. It was proved in [19]
that the size distribution of an impinging droplet population can be estimated using the Le
Fevre and Rose correlation [28],

1 T'mov ) 2/3
_ 6
=3 o ( T ©)

with 7,00 being the departure radius. Therefore, the correlation 1, (r) for the droplet size
distribution requires only the departure radius, which is affected by the local air flow
conditions and by the surface wettability, as discussed in Section 2.2.

Substituting the droplet size distribution in Equations (2) and (3) yields the following:

4/3

4/3
_ Tmax™"" — 10 3
h= W (2—3C0595+COS 95) (7)
1/3 _ . 1/3
n= L T /;0 sin? 6 8)
Tmov

The wet fraction offers a rough way to predict the flow pattern: a droplet regime is expected
when 77 < 1, while a continuous film is expected when n > 1.
If 7 < 1 and #yax > Tmoo, the liquid flux, due to the moving droplets, is estimated as

Tmax
q= / ny Vyugdr )
T'mov
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with u; being the droplet velocity. When solving the mass balance over a solid surface,
the local value of the maximum droplet radius 7,4 must first be estimated from the average
liquid thickness, h = m; /(p; S), using Equation (7). Once 4y is known, the wet fraction
1 is estimated using Equation (8) and the local liquid pattern is then predicted based on
the computed value of #: if a droplet regime is predicted (i.e., 7 < 1), the liquid flux q is
estimated via Equation (9) when 7,4, exceeds the departure radius 7,; if a continuous
liquid layer is predicted, a standard shear-driven film model is considered instead. It is
worth noting that Equation (9), which provides the local liquid flux, relies on the statistical
droplet size distribution, Equation (6), and on the modeling of moving droplet dynamics.

2.2. Droplet Motion

Following [19], the departure radius and the droplet velocity are estimated via the
solution of the force and energy balances for a droplet subjected to drag and surface tension:

96 0y, sinf; cosf, —cosb,

- = 1
Tmoo = 73 pg Cp g? Bs — sin s cos O (10)
Ug 2 Ymov
— =1 — 1 —(1-— 11
u, LA \/( +x)”— ( . ) (11)

Ty 2+ cos s + 6 sinbs cg log(r/1sca) (12)

~ 3pgcpilgr 0, — sin 6, cos 6,

with 14 being the local air velocity, lsc; = 1077 m being the scaling length for wedge viscous
dissipation, cp = 9 x 1072 being the drag coefficient of a flow past a protuberance on a flat
substrate and cy being a function of the static contact angle [20]. Applying a wall function
to approximate the flow field yields the estimate of the local gas velocity u, at a distance
7 (1 — cos 6s) from the solid substrate. Since 1, depends on the droplet radius, the solution
of Equation (10) is iterated until convergence of 7,0, is achieved.

2.3. Droplet Growth Timescale

In order to predict the ice accretion, it must be determined whether a droplet freezes
or not. Thus, given a droplet of radius 7, its age (i.e., the time-lapse between impinging and
growth up to the actual size r) must be estimated and compared with the freezing time of
the droplet bead, the latter depending on the liquid subcooling. Knowing the number of
impinging drops (assumed as spheres of radius r;;,,) falling on the top surface of a droplet
already stuck to the solid substrate, dNjyp = Jimp (r + rimp)z dt, its growth rate due to
impinging process is equal to

G

dr 4 n]imp rimpa r+ Timp 2 3¢ LWC U
= = s Jimp (13)

T dt  3(2—3 cosbs + cos? ) r - 47T 0; Fiyp®

where Jj;,, is the impinging rate, i.e., the number of droplets impacting the solid per unit
surface area and unit time.

The mean droplet age is derived from the growth rate induced by impinging via
integration over time:

r _ Fimp? i T
)= [[E o | T2 (14 frip S LIS P LR B CT
o G ro (" + Timp) (ro + Timp) ro 10 + Timp

-1
T = <§ 7”02 ]imp) (15)
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Given a stationary droplet of radius r < 7y, if the time-lapse 7(r) since its impingement
exceeds the freezing onset Tj,, an ice bead forms. The mass of freezing droplets per unit
time yields the icing mass flux riz}..

2.4. Heat Transfer Model

A proper heat transfer modeling is required to evaluate the evaporating mass flux m),
in Equation (1) when an active anti-icing system is used. A standard Messinger model can
be used to predict the heat and mass transfer rate for a continuous film pattern. On the
other hand, if a droplet regime is detected, i.e., # < 1, the heat transfer model must include
the discontinuous liquid distribution over the solid substrate to ensure accurate predictions.
Following [23], the evaporating flow rate through the free surface of an isolated droplet of
radius r on a solid surface assuming vapor diffusion can be estimated as

fgo = 7T sin 0 f9 7 Dy (Pv,s - Pv,oo) (16)
Psat(Ts) _ Gbpsat(Too) (17)

Povs = R, T. 7 Po,00 Ry Too

where T is the solid surface temperature, D, is the diffusion coefficient of vapor in air, ¢ is
the relative humidity of the surrounding air flow, fj is a coefficient depending on the static
contact angle [23] and ps, denotes the saturation pressure. Since the surrounding air flow
is characterized by high undisturbed velocity typical of in-flight ice application, the effect
of vapor convection, which enhances mass transfer, is included using the heat and mass
transfer analogy. Following [29], the effective evaporating flow rate is evaluated using the
heat and mass transfer analogy,

Sc\ /3
Tfld = Shﬂ’ldo, Sh = Nu () (18)
’ Pr
where Sh = k; /Dy is the Sherwood number, Nu = al:./A; is the Nusselt number,
Sc/Pr ~ 1 for air, and k, and « are the mass transfer coefficient and the convection
coefficient. The global evaporating mass flux, which includes the contributions of each
droplet, is estimated from the known drop size distribution:

Ymax
iill, = /r " g dr (19)

Since the Le Fevre & Rose correlation, Equation (6) is valid for ¥ > r( [19], the contribution
from evaporation of small droplets (characterized by r < rp) is neglected. However, it was
demonstrated in [19] that the contribution of small droplets to the latent heat flux is less
than 10%.

3. Results and Discussion
3.1. Model Verification

The PBM is firstly verified with the high-fidelity Lagrangian code, previously imple-
mented in FORTRAN and validated in [19]. We refer to [19] for the detailed description of
the mathematical model and implemented algorithm. Consistently with in-flight icing
applications, the undisturbed flow velocity is set to #. = 100m/s, and the liquid water
content and the impinging radius are set to the reasonable values of LWC = 4 g;/m?® and
Timp = 1072 mm. The local collection efficiency and the local skin-friction coefficient are
setto ¢ =101 and c = 10~3. A hydrophobic substrate characterized by receding contact

https://doi.org/10.3390/fluids11060143


https://doi.org/10.3390/fluids11060143

Fluids 2026, 11, 143

7 of 17

angle equal to 8, = 100°, and advancing contact angle 6, = 140° is considered. The static
contact angle is derived as follows:

5 (20)

cos 0, + cos 6,

s = arccos ()
Both the liquid and the air properties are evaluated at p, = 101,325Pa, Too = 0 °C.
The corresponding departure radius is 7,0, = 0.341 mm. An adiabatic solid substrate is
assumed (i.e., i, = 0). Since the aim is to compare the liquid layer evolution from the
Lagrangian simulation with that predicted by the PBM, icing is suppressed (i.e., i1}, = 0).
A small patch of S = 7.5 x 3mm? is investigated using the high-fidelity code, while the
PBM is solved on a single control surface having the same size. In order to perform time
integration of Equation (1), the actual liquid mass m; is used to predict the radius of the
largest droplet via Equation (2); when 55 > ¥mo0, the volumetric liquid flux g is evaluated
via Equation (9); the Le Fevre and Rose correlation provides the required statistical drop
size distribution.

The time integration step for both the Lagrangian computation and the PBM is set to
At = 1.25 x 1072 s. In order to generalize the problem, it is useful to scale the numerical
results using the radius of a newly impinged droplet and the time required to fill the
domain with a population of equally spaced droplets of radius 7,

to = (4Jimp 70°) D)

with Ji,, being the impinging rate. Scaling by 7o and fo, the only problem parameters are:
the normalized departure radius 7,00/ 70; the static contact angle 6;; the non-dimensional
parameter x (700 ), correlated to the ratio between drag force and viscous force acting on
a moving droplet. Figure 1 depicts the evolution of the droplet population at successive
instants: two large droplets move downward along the vertical axis driven by shear and are
subsequently shed from the surface at t = 62.4s and t = 62.8 s, coalescing with the droplets
along the moving path and leaving a dry trace aligned with the vertical axis, subsequently
filled by small newly impinged droplets; then, another sweeping event is observed at
t = 63.4s, after a group of three droplets coalesce into a large drop with r > 7,95, triggering
droplet motion.

The mean liquid thickness /1 and the wet fraction # predicted by the PBM
(Equations (7) and (8)) are compared with those coming from the high-fidelity compu-
tations in Figure 2a,b, showing a good agreement. Indeed, the steady state solution for
h and 7 predicted by the PBM is equal to the time-averaged values of the Lagrangian
computations, characterized by a self-similar behavior due to the sequence of wetting
and dewetting cycles. Since both the number and the size of moving droplets leaving the
computational domain are characterized by a large scattering, the time-averaged liquid
flux, §(t) = Y1, g At/t, is determined via post-processing of numerical data and compared
with the PBM in Figure 2c: a discrepancy of about 11% is observed for f/ty > 160.

Further computations were run using the high-fidelity Lagrangian code, in order to
check the consistency of Equations (6) and (14), used to predict the drop size distribution
and the droplet age in the PBM, at different values of the normalized departure radius
Tmov/ 7o. Thus, the undisturbed air flow velocity was set to 1o, = 50, 100 and 150 m /s, while
the same substrate wettability, liquid water content, collection efficiency and skin-drag co-
efficients are assumed: LWC =4g/m3,& =101, ¢ = 1073. A 7.5 x 3mm? computational
domain was considered for ue = 100, 150 m/s (yielding 7,0, = 0.167, 0.341 mm), while a
7.5 x 5mm? domain was investigated for . = 50m/s (corresponding to 70y = 1.663 mm).
The time integration step was set to At = 5 x 1072 .
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Figure 1. Droplet population at successive instants: (a) t = 61.8s; (b) t = 63s; (c) t = 64.25s.

7.5 x 3mm?.
(a) (b) ‘ ()
20 0.7 — 300 e B
6l 0.6 250 WW PBM —
.
ﬂ 4 0o A 200 L ML
12 ! , -
- 1 04 S
< l_' A ‘f. = < 150
< g ,. 0.3 = [
l 09 100 I
! 0.1 50 Ho
0 0 0
0 20 40 60 80 100 0 20 40 60 80 100 0 40 80 120 160 200
t/to t/to t/ty

Figure 2. Comparison between probability-based model and high-fidelity Lagrangian code:
(a) average liquid thickness versus time; (b) wet fraction versus time; (c) time-averaged volumetric

flux leaving the computational domain.

Figure 3 compares the Le Fevre and Rose correlation, Equation (6), with the numerical
drop size distribution from the Lagrangian computations. A great agreement is observed
for all the investigated air flow velocities 1, corresponding to departure radii 700 / Timp
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in the typical in-flight icing applications range 10!-10. The mean droplet age 7(r) from
numerical computations is also compared with that predicted by Equation (14) in Figure 4:
a good agreement is observed for the large droplets, having r/rg > 10; according to
Equation (14), 7(r) is slightly affected by the departure radius. Since the freezing onset
is based on the age of the oldest, still droplet, which corresponds to T(7m0), Wwe may be
confident in using Equation (14).

It is worth pointing out that the IBM computations, run using an in-house code
implemented in FORTRAN and parallelized for a shared-memory machine using OpenMP,
required about 2 h each on an 8-core, 32 GB memory workstation, while the PBM is
essentially instantaneous, making it well suited to be integrated in CFD frameworks as a
solid-flow interface for in-flight icing simulations.

(@) (b) (©

107! r 107! — 1071
, = 50ni/s U = 100m/s v

A 3 o U = 15011/s o
2 ] 3

10 \ q. (6) =— 10-2 K\ bq. (6) =— ] 192 & Eq. (6) — |
10 |

10-4 \ 10°3 A 1073

% X
105 \ 104 ‘i 104 %\
o \
o \ 10-° 107

10-8 i 10-6 i 1076
1 10 100 1 10 1 10

r/ro r/ro r/To

=

N, 1ro°

Figure 3. Numerical droplet size distribution versus Le Fevre and Rose correlation, Equation (6):
(a) ueo = 50m/s; (b) s = 100m/s; (¢) o = 150m/s.

10 .
U = H0m/s
10° ’/ Uso = 100m/s v
10" | Uoo = 150m/s o
s 5 Eq. (14) —
= 100 ?v q ( )
\4
1w
1072
1073
1 10 100

r/To

Figure 4. Mean droplet age: numerical results from IBM versus correlation, Equation (14).

3.2. Pbm Versus Shear-Driven Film Model

The impinging of liquid droplets over NACA0012 airfoil is investigated. The same test
case as [16], reported in Table 1, is considered: tiny liquid droplets having diameter in the
range 10-100 um are injected in air flowing with undisturbed velocity of 1., = 40m/s past
an NACAQ012 airfoil having chord length of I, = 150 mm. Since the PBM is specifically
aimed at describing the evolution of the liquid layer, icing is intentionally suppressed by
considering an environmental temperature of T = 0 °C: this configuration enables a direct
comparison between the liquid-layer dynamics predicted by the present PBM and those
obtained with a standard shear-driven film model, which is the basis of Messinger-like
models; the effect of surface wettability on the onset of icing will be discussed later. Prop-
erties of liquid water are evaluated at p = 101,325 Pa, Teo = 0 °C; the NACAO0012 airfoil
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surface is assumed adiabatic (i.e., no active anti-icing system is applied); the wettability of
the superhydrophobic coating used in [30] is investigated.

Table 1. Impinging over NACAQ012 airfoil: investigated test case.

Air Flow Conditions Superhydrophobic

oo (M/S) 40 6, (deg) 159
Teo (°C) -5 6, (deg) 154
Ic (mm) 150 05 (deg) 157
AoA (deg) 0

LWC (g/m?) 1

dimp (Hm) 10-100

In order to estimate both the skin-friction coefficient and the collection efficiency
along the airfoil profile, the air flow field past NACAQ012 is solved using the open source
SU2 solver. The computed flow field is used for the Lagrangian tracking of the droplets
eventually impinging on the airfoil. Following [4], the trajectories of an array of N; droplets
of radius 7;y,), initialized through a vertical section far from the airfoil leading edge, are
traced. At each time step, the force balance is solved for each droplet. Assuming that
gravity force can be neglected [4], drag forces drive the motion of the impinging drops,

4 d 1
gpl nrimp3 ditl = Epa D (ug - u) |ug - u‘ (22)

where the local air velocity u, is evaluated interpolating the flow field solution, while the
drag coefficient ¢, is estimated as that of a flow past a sphere [31]. The droplet position
is updated at each time step. Whether a droplet impacts the airfoil surface, it is assumed
that the droplet sticks on it. The collection efficiency is, thus, derived from the number of
droplets impacting the airfoil per unit surface.

The computed collection efficiency along the airfoil profile is shown in Figure 5a
for different values of the impinging radius, while the skin-friction coefficient, derived
from SU2 computation at Reco = pg thoo Ic /g = 4.5 X 10° and required to estimate the
departure radius and the velocity of moving droplets, is given in Figure 5b. The PBM
solution is compared with a standard shear-driven film model, which assumes a continuous
film wetting the airfoil surface and is the basis of Messinger-like models typically used to
predict ice accretion. Thus, Equation (1) is numerically solved: when a dropwise regime is
assumed, the liquid flux is estimated via Equation (9), as described in Section 2.1; when a
continuous wetting layer is assumed, the liquid flux is estimated as follows:

1
q=75 S0 Tg =5 pgcfies’ (23)

Since an adiabatic airfoil profile is assumed (i.e., no anti-icing system is used), the evaporat-
ing mass flux in Equation (1) is set to zero, 7z, = 0. The airfoil profile is discretized via a
1D mesh of 1664 elements with a spatial discretization step equal to 2 x 10~4 1, close to the
leading edge. A first-order upwind scheme is implemented to compute the liquid fluxes
through the element faces, while time marching is performed via an explicit forward Euler
scheme, until a steady state condition is reached.

Figure 6a shows the computed liquid layer profiles along the chordwise coordinate,
predicted by the PBM and by a standard shear-driven film model: a large discrepancy
is observed close to the leading edge, with a thicker liquid layer predicted by the PBM,
due to the locally large departure radius; on the other hand, the dropwise regime predicts
a thinner average liquid thickness where the departure radius reach its smallest value
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(corresponding to large values of the skin-friction factor). It is worth pointing out that
the average liquid thickness predicted by the PBM is affected by the surface wettability:
hydrophilic surfaces, usually characterized by large contact angle hysteresis, yields a thicker
liquid layer, compared to the superhydrophobic surface here considered. Figure 6b depicts
the local value of the maximum droplet radius (i.e., the size of the largest droplet, which
has to be higher than the departure radius in order to have a runback liquid flow) and the
wet fraction of solid surface along the airfoil profile. The wet fraction, which is used to
roughly predict the transition between dropwise and filmwise regimes, is an important
parameter since it also gives information about the eventual ice shape.

1 R | 1 (a) w ‘ ‘

Timp = O U1 —

N | Timp = 20 pm
0.6 Timp = 30 pm
04 i = 40

0.2

0.014 1

0.012 -~

0.01 - [ N\

0.008 - |
5 . .
0.006 ||
0.004 |

0.002}
|
0

C

0.0l 00501 02 04 06 08 1
x/l,

Figure 5. (a) Collection efficiency # at different impinging radii. (b) Skin-friction coefficient
along NACA0012 profile for Ress = 4.5 x 10°, AoA = 0°. Chordwise coordinate scaled as
Vx/le, o =40m/s, I, = 150 mm.
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Figure 6. (a) Liquid layer thickness along chordwise coordinate: PBM (blue line) vs. shear-driven film
model (green line). (b) Maximum droplet radius ;4 (black solid line), departure radius 0, (black
dashed line) and wet fraction 7 (green solid line) predicted by PBM along chordwise coordinate.
Timp = 10 um, I; = 150 mm, LWC = 1g/m?, ueo = 40m/s.

3.3. Validation of the PBM

The PBM is qualitatively validated with the experimental evidence of [16] when an
active anti-icing system is used. The test case of Table 1 is considered: tiny droplets with
dimp = 10 pm are injected in saturated moist air at Tee = —5 °C flowing with undisturbed
velocity #e = 40m/s past an [, = 150 mm NACAQ012 airfoil. Following [16], a portion
corresponding to 5% of the chord length is heated. Since the imposed impinging diameter is
equal to d;;,, = 10 pm, which falls in the range experimentally observed in [16], the whole
portion of airfoil surface subjected to impinging (about 2% of the chord) is included in
the heated section. In order to validate the PBM against the experimental observations
reported in [16] and to compare numerical results with those of a standard Messinger
model, the onset of icing is included in the modelling framework: the number of freezing
droplets per unit surface, which yields the freezing flux riz}, , is determined following the
procedure described in Section 2.3.

A specific heat flux of Q! = 13kW/m?, which falls in the range of in-flight icing
application, is imposed through the heated portion of the solid surface. Since the heat
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transfer model requires the local substrate temperature T, the following energy balance is
solved to evaluate T; inside the heated section of length [}, = 0.051,

) = a(Ts — Too) + 1it]}, iy (24)
with m;;) being evaluated as a function of T; via Equation (19). Since m;; depends on T, its
value is iteratively updated until Equation (24) is verified. The local heat transfer coefficient
« over the NACAO0O012 airfoil is estimated via SU2. The solid substrate is assumed to be
adiabatic outside the heated section. If a liquid flow rate per unit airfoil width g exits
the heated section, an energy balance is solved to estimate the local liquid temperature T;
downstream of the heated section,

dT;
qep g5 = @1 (T = Teo), Tk, = Tslacy, (25)

where s denotes the curvilinear coordinate, c,; denotes the specific heat of liquid water
and 1 < 1is the wet fraction of solid substrate. The boundary condition T; = T, with T
being the computed solid substrate temperature over the heated section, is imposed at
x = Iy. Icing is triggered when the condition T; < 0 °C is verified for the computed liquid
temperature. When icing is detected, only still droplets are assumed to eventually freeze.
The mean droplet age 7(r), evaluated via Equation (14), is compared with the freezing onset,
set to T, = 1072 s: such a value is experimentally reported in [32] for icing experiments
conducted on droplets on a cold surface under different conditions in terms of both surface
wettability and environmental temperature. Still droplets with radius r < 7y, so that
T(r) > T are assumed to freeze instead of eventually grow due to coalescence. Since
the shape of the accreting ice layer is beyond the scope of the present modeling approach,
the validation is limited to the prediction of the eventual iced region.

According to [16], two different setups (named as setup 1 and setup 2) are investigated:

1.  The whole airfoil surface is covered with the superhydrophobic coating, characterized
by 6; = 157° (see Table 1);

2. The heated section is superhydrophilic with a static contact angle of 6; = 15°, while
the the superhydrophobic coating is applied elsewhere.

Here, a dropwise regime is assumed over the superhydrophobic domain, while a
filmwise regime is assumed over the superhydrophilic region (where the PBM yields a wet
fraction 57 > 1): if a dropwise regime is assumed, the PBM is applied to estimate the liquid
flow rate and the evaporating mass flux; if a continuous liquid layer is assumed, a standard
shear-driven film model is applied to estimate the liquid flow rate via Equation (23), while
the evaporating mass flux is estimated via the heat and mass transfer analogy:

/A & psat(Ts) - ¢psut(Too)
nity, = Sh I R, T, (26)

Figure 7a shows the averaged liquid thickness solution along the heated section: when
setup 1 is considered (i.e., the whole airfoil surface is superhydrophobic, yielding a drop-
wise regime) &, expressed by Equation (7), includes the contributions of both the stationary
droplets (having r < r400) and the moving ones (r > 7y0); on the other hand, when
setup 2 is considered (i.e., the heated section is superhydrophilic, yielding a continuous
film regime), h represents the thickness of the moving liquid film. Figure 7b shows the
liquid flux along the chordwise coordinate (given by the contributions of impinging and
evaporation) for the superhydrophobic (setup 1) and superhydrophilic (setup 2) surfaces
(the black, dashed line corresponds to the case with no active system, i.e., only the contri-
bution from the impinging process). All the impinging liquid evaporates before leaving
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the heated section when it is covered with a superhydrophobic coating, meaning that a
population of stationary droplets is observed at the end of the heated section and a dry
surface is predicted immediately downstream, whereas a residual liquid flux leaving the
heated section is observed for the superhydrophilic coating (resulting in a continuous film
regime). Therefore, the evaporation rate predicted by the PBM is higher than that estimated
via a standard Messinger model, valid for a continuous wetting layer, at the same specific
heat flux imposed through the heated section. Consistently with the experimental evidence
of [16], a dry surface is observed out of the heated section when the airfoil surface is fully
superhydrophobic (setup 1), while a liquid flow rate exiting the heated section of length /j,
is numerically observed when it is covered with a superhydrophilic coating (setup 2).

(a)

setup F
0.008 setup 2
= 0.006
= 0.004 \
|
0.002
0
0.05 (b) :
L —-—-—— setup 1 —
0.04 V. setup 2
Py ’ impinging = =
b 0.03 ot
T TN
5 o021 \\
~ | ~
0.01 7 ~
0
0

0.01 0.02 0.03 0.04 0.05
z/le
Figure 7. (a) Averaged liquid thickness along heated section: setup 1 (superhydrophobic) vs. setup 2
(superhydrophilic). (b) Computed liquid flux: setup 1 vs. setup 2. Dashed line depicts the liquid
flux due solely to impinging process (i.e., evaporation is suppressed). Q! = 13kW/m?, Timp = 5 pm,
lo =150 mm, LWC = 1g/m3, ue = 40m/s.

Thus, Equation (25) is solved for x > [}, to evaluate the liquid temperature. Since
the substrate is superhydrophobic for I;, < x < I, the PBM predicts the transition from a
continuous film (observed over the superhydrophilic heated section, x < [;;) to a dropwise
regime. Figure 8b shows that icing is triggered at x/I; ~ 0.18, where the local liquid
temperature is equal to 0 °C. Once the first beads form, they will create an obstacle and
the ice accretion process (here not modeled) extends the iced area upstream. All stationary
droplets having r < ry,, characterized by 7(r) > T, freeze until the liquid flux vanishes
at x/I. ~ 0.26. Comparison of the predicted iced region with the experimental observations
of [16], shown in Figure 8a, shows good agreement, with both the location and the extent
of the iced region being reasonably well predicted. Finally, it is worth pointing out that a
standard Messinger model, which assumes a continuous film wetting the solid substrate,
is not able to predict different behaviors for the two strategies (fully superhydrophobic
surface and hybrid superhydrophilic/superhydrophobic surface), since the effect of surface
wettability is not included. Indeed, Figure 8a shows that a standard Messinger model
(green dashed line) does not provide an accurate estimate of the liquid temperature T;
over the airfoil surface and, thus, of the icing onset (corresponding to T; = 0 °C) when a
superhydrophobic surface is considered.
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Figure 8. (a) Experimental observation of [16], setup 2 (superhydrophilic/superhydrophobic hybrid
strategy with 5% of chord length heated); the iced region predicted by the PBM is emphasized with
dotted lines. (b) Maximum droplet radius (black line, defined only for dropwise regime) and liquid
temperature (green lines, solid for the PBM and dashed for a standard Messinger model) along the
chordwise coordinate, setup 2.

4. Conclusions

A novel probability-based model (PBM) was developed to predict the evolution of
a droplet population on a solid surface. The statistical information regarding the droplet
size distribution was derived from numerical computations obtained using a high-fidelity
individual-based model (IBM), which follows the history of each droplet at the cost of
high computational effort. As mentioned in Section 3.1, IBM computations on a small
patch of airfoil surface required hours on an 8-core workstation, in contrast to the nearly
instantaneous response of the PBM model. Compared to the standard shear-driven film
assumption, the present PBM includes the effect of the local liquid pattern (dropwise or
filmwise) on the runback water flow and, when an active anti-icing system is used, on the
mass transfer due to evaporation process. Furthermore, a criterion to predict the onset of
icing is presented for the case of passive anti-icing systems operating in a dropwise regime.
These aspects are crucial to evaluate the influence of substrate wettability in the design of
both passive anti-icing systems (via superhydrophobic and ice-phobic surfaces) and active
anti-icing systems, filling the gap of previous Messinger-like models. The PBM model was
validated with experimental observations from the literature [16] for a setup correlated
to in-flight ice applications, showing its capability to model how the surface wettability
affects the local liquid pattern and to predict the onset of icing. Thus, the presented PBM
can be integrated with a CFD simulation of the air flow past an aircraft and with a proper
ice accretion model to predict the ice growth on the aircraft surface.

Results show that the rough prediction of the liquid flow pattern (dropwise or filmwise)
and of the possible transitions based on the wet fraction is reasonable for the investigated
test case. However, the model will be extended to include a transitional rivulet regime,
following the approach proposed in [4,33]. The heat transfer model will be also refined,
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adding the thermal resistance correlated to conduction through the liquid droplet core [19]
and implementing the size distribution of the small drop (r < r¢) population to evaluate
the latent heat flux contribution from smaller droplets. Furthermore, a dedicated model
will be addressed to predict the freezing of supercooled droplets on a solid surface.
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