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A multiphase Lattice Boltzmann model with phase change is presented for studying droplet impact and
solidification on an airfoil. The proposed model combines a pseudo-potential multiphase model and a thermal
single-component phase change model. These two models are verified separately. The pseudo-potential model
with the Peng-Robinson equation of state is used to simulate large density ratios of multiphase flows.
The thermal model is based on the total enthalpy and allows the phase change without using an iterative

methodology. The coupling is made through the immersed moving boundary method that handles the solid—
liquid interface. The generalization for curved surfaces is introduced through to a novel extrapolation method
at boundaries. The effects of surface wettability, static contact angle and initial velocity of the droplet on
the evolution of solid fraction and total freezing time are discussed and compared to other simulation and

experimental works.

1. Introduction

Ice build-up on airframe surfaces and rotor/propeller blades
presents a major hazard to safe and efficient operations of unmanned
aerial vehicles (UAVs) in cold and humid environments. To mitigate
icing risk for UAVs, new ice protection systems (IPS) are required as
conventional IPS developed for manned aircraft are not suitable for
UAVs. One such an IPS solution that is being considered is an icephobic
coating, i.e., a coating with low affinity for ice. The definition of
new materials with high icephobic properties is an extremely dynamic
region of exploration. Most of the research that has been carried out
to study the effects of different icephobic surfaces on the freezing
process of the water droplets, after they impact on a cold wall, has
been experimental [1,2]. Detailed impact and freezing phenomenon
of a droplet after its impact on the wall are difficult to observe
experimentally because of the limitations of experimental methods
and measurement techniques. Physics-based computational modeling
and simulation, however, can provide more detailed information that
cannot be obtained experimentally. If successful, it will allow a bet-
ter understanding of the impact and freezing phenomenon of water
droplets on different icephobic coatings which will result in a better
assessment and evaluation of these coatings, for ice protection of
UAVs. Numerical simulations assessing the anti-icing systems could be

* Corresponding author.
E-mail address: jesus.garcia-perez@isae-supaero.fr (J. Garcia Pérez).

https://doi.org/10.1016/j.ijft.2021.100109

performed as in [3] for the comparison with experimental studies for a
glass fiber reinforced aluminum ice protection system.

The simulation of a water droplet impact and freezing can be
modeled with a multi-phase model that accounts for the presence of
a liquid phase in a gas and allows interaction with the surface. On the
other hand, it is intended to model the transient heat transfer during
phase changes, for which a thermal model is required. The numeri-
cal simulation of multiphase flows with phase change has appeared
in recent years as a challenge because of the inherent difficulty of
tracking the various fluid interfaces. Inroads have been made in the
simulation of three-dimensional multiphase flows using front capturing
methods, like the Volume of Fluid (VOF) [4], the level-set methods [5].
Otherwise, Computational Fluid Dynamic (CFD) solvers can be applied
to simulate two-phase flows as in Rosettani et al. [6] for the pump-
ing of a gas-liquid metal. However, the difficulty of maintaining the
interface connectivity remains. Some recent publications using these
methods have performed the water droplet impact and freezing [7-
9]. Alternatively, the lattice Boltzmann method (LBM) has recently
achieved success in some areas in which traditional methods show
difficulty performing the simulation of multiphase and multicomponent
flows in complex geometry. There are several LBM models proposed
to solve multiphase flows: the color gradient model [10], the Shan-
Chen (SC) pseudo-potential model [11], the phase-field model [12] and
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the free energy model [13] are frequently encountered. The pseudo-
potential model is probably the most frequently used, as there is no
need to add an equation to track the interface between phases and the
interface is not introduced as a boundary condition (BC). Regarding the
phase change, the LBM model for phase change has recently attracted
great attention as it allows the tracking of the liquid-solid interface
automatically in a simple way. Many LBMs for solving the phase change
have been proposed. They can be classified into three main meth-
ods [14]: the enthalpy-based method [15], the phase-field method [16],
and the immersed boundary method [17]. The enthalpy based method
established by Jiaung et al. [15] is the pioneering work on phase
change using the LBM. It uses the evolution of the enthalpy to solve
the temperature field and the phase interface is tracked directly by the
enthalpy formation. All these multiphase and phase change LB models
have proved that the LBM is a promising alternative over conventional
methods and therefore a great tool for simulating multiphase flows
and phase change materials. For this reason, several LBM models of
a water droplet impacting and/or freezing have been proposed in the
literature for the integration of both models. They privileged the Shan—
Chen pseudo-potential model to simulate multiphase/multicomponent
flows, whereas enthalpy-based models are used for phase change.

Sun et al. [18] developed an LBM with phase change capabilities
and applied it to the solidification of a static droplet on a surface. The
iterative phase change model of Jiaung [15] was coupled with the basic
Shan—Chen model [11]. Comparisons of the numerical model with the
experiments that they performed, showed the potential of the approach.
However, the iterative phase change model increases the simulation
time considerably. Xu et al. [19] proposed a two-dimensional model
for the solidification of water droplets on a substrate with the coupling
between the multicomponent pseudo-potential model and the novel
total enthalpy method for phase change. The interface treatment was
made with the immersed boundary method. However, no verification or
validation is presented to support the feasibility of their findings. The
aforementioned models simulated the solidification of static droplets
on cold substrates. For water droplet impacting cold substrates and
freezing, a model was proposed by Zhao et al. [20]. They proposed
a 2D coupled Jiaung’s iterative phase change model with a multiphase
S&C model improved by a real Equation of State (EOS). The interface
treatment used was an immersed boundary scheme. Effects of freezing
temperatures, impact velocity and wettability on freezing time were
investigated. Their results were not compared with any other reference
and only a cold spot was considered on the surface. Subsequently, Xiong
et al. [21] used a multicomponent pseudo-potential model coupled
with Jiaung’s iterative phase change model and the immersed boundary
scheme to simulate a 3D droplet impact and freezing on a cold rough
plate. The effects of roughness of the substrate on the air entrapment
for a droplet impact and solidification were studied.

In this work, we performed a mesoscopic study based on a lat-
tice Boltzmann model to simulate a water droplet static freezing and
droplet impact and freezing on curved surfaces. Bi-dimensional and
three-dimensional versions of the model were implemented. Effects of
surface wettability, as well as droplet size and surface temperatures,
were investigated and compared to other simulation and experimental
results from the literature. To the knowledge of the authors, no other
works have presented the coupled multiphase S&C pseudo-potential
model and the total enthalpy method [22]. Unlike the commonly used
Jiaung method [15] for the phase change, the novel total enthalpy
method avoids iterations at every time step to solve the thermal lattice
Boltzmann equation. Comparisons with analytical solutions for Stefan
problems in [22] showed the accuracy of the method. Furthermore, the
generalization of the model to curved surfaces was achieved through
an innovative approach for the treatment of interaction forces at the
boundary. An application was carried out on a NACA 0012 airfoil.

International Journal of Thermofluids 12 (2021) 100109
2. Numerical method

In this section, we will briefly describe the lattice Boltzmann model
used to perform the simulations. A double distribution function model
was applied, one for the velocity field of the multiphase flow based on
the pseudo-potential model, and the second for the temperature field.
The following subsections are organized as follows: first, the multiphase
LBM is introduced in Section 2.1, and the thermal model is presented
in Section 2.2. Finally, the boundary conditions used are described in
Section 2.3.

2.1. Multiphase lattice Boltzmann model

The lattice Boltzmann equation (LBE) for the evolution of velocity
with the exact difference method (EDM) [23] and immersed boundary
scheme [24] is described as:

fi(x + e At t + Af) = fi(x,1) — I_TB [fix.0) = fHA(x,1)]
+ BQ} + (1 - B)AtF, 1

where f; is the density distribution function at a node x and time . The
discrete velocity in direction i is given by e;. In this work, we use the
D2Q9 (D3Q19 for 3D) lattice. The relaxation time r is related to the
fluid viscosity through v = Arc2 (z — 1/2), where c; is the lattice sound
speed given by ¢, = c/\/§ with ¢ = Ax/At, Ax = At = 1, Ax is the lattice
spacing and 4t the time step.

The immersed boundary method is introduced by the weighting
factor B which relates the dimensionless relaxation time with the fluid
liquid fraction f;:

B= -/ -05) @
f[ +7-05

where f; is the volume-phase fraction of the liquid phase. For the solid

region f; is equal to zero and is equal to unity for the liquid region.

The additional term 7 represents the collision which bounces back

the non-equilibrium part of the distribution function.

Qf = fi(x,0) = fix, T)+f;q(p,lls)—ff"(ﬂ,11) 3

where u; is the solid velocity (zero for our simulations) and i represents
the opposite direction of i.
The function at the equilibrium f;? is given by :

e -u uu: (ee —c2I)
€4 = ! U
fi (p,w) = po; | 1+ = 22

s

4

where o; is the weight coefficient in the direction i. The force term is
introduced by the exact difference method :

AFi(x,1) = [ (p,u+ Aw) — f7%(p, ) ()
where Au is the velocity difference due to total force given as:
Au=TF4t/p (6)

The total force F = F; + F, + F,, is made up of three forces: contains
the interaction force between phases F;, the interaction force between
the fluid and solid F,, and the gravity force F,. The fluid-fluid and
solid—fluid interactions are described in Sections 2.1.1 and 2.1.2, re-
spectively. The gravity force can be calculated by using the following
expression :

F,=g(p-py) @)

which means that the force only affects the liquid phase. Finally,
macroscopic properties are calculated by adding up for all the discrete
directions :

P:Zfi’ u:Zfiei (8

with EDM, the real fluid velocity v is calculated by averaging the
momentum before and after collision :

pv = pu+ %F 9
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2.1.1. Fluid—fluid interaction
The inter-particle force interaction is given by :

F; = —cop(x)gVo(x) (10

where ¢ is a constant depending on the lattice structure. The parameter
g controls the strength of the interaction force. Its sign determines
whether the force is attractive (negative) or repulsive (positive). The
gradient calculation is based on the discretization S2I4 from Leclaire
et al. [25].

The effective mass ¢ is a function of the local density ¢(x) = @(p(x))
and its choice allows for the simulation of different fluid mixture
behaviors. Considering that the ideal EOS of the system p = pcf is
corrected by the introduction of this interaction force, the following
non-ideal EOS is given :

¢
p=clp+ 3°g[(p(p)]2
The effective mass can be defined as follows [11] :

2(p—c2p)
€&

@(p) =

The relationship between pressure and density depends on the choice
of the EOS. It should be noted that with this definition of the effective
mass and unlike the original Shan-Chen model, the coefficient which
models the interaction strength g loses influence on the interaction
force and the only condition it needs to satisfy is to ensure that the
whole term inside the square root is positive. The choice of the EOS
will determine the maximum density ratio and the influence of spurious
currents. In this work, we will use the Peng-Robinson equation :

2
P= 1piz :p - 1+a2ab(pT ipb2p2 an
a(T) = [1+ (037464 + 154220 — 0.269920°)(1 — /T /T,)? 12)
with
. 0.45724R*T? »— OOTT8RT,
Pe Pe

where T is the absolute temperature of the fluid, a is the attraction
parameter and b is the repulsion parameter, and they govern the surface
tension. The critical temperature and critical pressure are given by T,
and p,, respectively. The gas constant is R (set to R = 1 for all the
simulations) and w is the acentric factor (w = 0.344 for water) which is
a parameter that measures the non-sphericity of the molecules.

2.1.2. Fluid-solid interaction
The fluid-solid interaction force is given by [26] :

F, = —g,p(x) 2 s(x + e)w;e; 13)

where s is an indicator function which equals 1 for solid nodes and 0 for
fluid nodes. The coefficient g, is modified to achieve different contact
angles. Hydrophilic (<90°) and hydrophobic (>90°) contact angles are
obtained by negative and positive values of g, respectively.

For the calculation of the gradient of effective mass in Eq. (10) for
fluid—fluid interaction at the boundaries, densities of fluid nodes next to
the boundary can be copied to the ghost nodes as applied in Khajepor
et al. [27]. However, we proposed an alternative based on the paper of
Leclaire et al.’s [28] paper for the extrapolation of the density which
uses a prediction step for the calculation of the gradient at the boundary
nodes. In this work, the effective mass values calculated at the solid
nodes S next to the fluid nodes F (as shown in Fig. 1) were extrapolated
using the fluid nodes with a lattice link weighted average.

P(x,) = Y 0 (X)X, + €,41) (14)
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SEaaEE

Fig. 1. Schematic of fluid nodes (F) in blue color and solid nodes (.5) in black color
for the extrapolation from F next to .S.

where ®}(x;) is a directional weight calculated depending on the lattice
connections between fluid and solid nodes. It is expressed as follows :

[ON
| =5=—= x,+esreF
@ =9 Dyora(Xs) (15)
0 otherwise
wiotal(xs) = Z o; (16)
{i:x,+e;At) € F

The novelty of this extrapolation method is that it allows for the
generalization of the solid-fluid interaction for any surface, flat or
curved. A somewhat similar approach has also been proposed recently
in a paper by Coelho et al. [29]. They applied it, instead, to the density
field in a pseudopotential multicomponent model. The stability and
accuracy of this approach is shown in their works.

2.2. Liquid-solid phase change lattice Boltzmann model

For the phase-change model, we adopted the total enthalpy method
proposed by Huang [22]. The evolution of the function distribution for
the total enthalpy is the LBE:

g (X + €At 1+ Af) = g;(x,1) — Ti [6:x.0)— g (x, 1) 17)
T

The relaxation time 7, is defined as :

A
p Cp,ref

= cX(rp — 0.5)At 18)

where the reference specific heat C,, ¢ is the harmonic mean between
the specific heat capacity of liquid C,,, and solid C,;, defined as :

2C, C,
Cpret = Gl (19)

Cos+Cp

Considering a two-dimensional representation with a typical D2Q9
(D3Q19 for 3D) lattice, the equilibrium distribution function can be
introduced as :

C .

pref 1 :uu X

H - Cp,refT + wiC,,T < C - _2C2 > B i=0
P s

fir= (20)

27 -
Cp’ref e -u (e,-e,-—cxl).uu:|, P20
N

a),-CI,T[ C,, +_02 + oy
N

Total enthalpy, defined as the sum of the sensible enthalpy C,T and the
latent enthalpy f,h,; (where hg, is the latent heat), is then calculated
as:

H=Y 3 @1

The application of thermodynamic relations to this enthalpy is used to
calculate the liquid fraction and temperature :

0, H<H,
H-H
———>, H,<H<ZH, (22)
H[_HS
1, H > H,

S =
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P

with H; = C, T, the total enthalpy at the solid temperature, H, =
C,,T) + hy, the total enthalpy at the liquidus temperature 7. Phase
change is considered as happening at a constant temperature, so 7, =
T, = T,,, with T,, being the melting or freezing temperature. Thermo-
physical properties can be expressed in function of the liquid fraction
for the entire space as follows :

A=A = A+ 14
C,=0=1DCps+ [1Cp

It should be pointed out that the method presented does not need
multiple iterations at every time step to solve the thermal LBE as
the latent heat source term was combined with the transient term in
the energy equation, which eliminates the source term in the lattice
Boltzmann equation so that it is no longer implicit, as it happens in the
method of Jiaung et al. [15].

(24

2.3. Boundary conditions

In LBM, the evolution of the fluid is determined by the distribution
functions. For this reason, the application of the hydrodynamics quan-
tities on boundaries needs a translation of these macroscopic values
to particle distribution functions (PDF). These discrete distribution
functions have to be taken care of to reflect the macroscopic BCs
of the fluid as they are critical to the stability and accuracy of any
numerical solution. For the density function distribution, we used peri-
odic and full-way bounce-back boundary conditions [31]. Bounce-back
boundary conditions are typically used to implement no-slip conditions
on the boundary. For the thermal distribution function, periodic and
Dirichlet boundary conditions were used. The Dirichlet BC are based
on Liu et al. [32]. Details and configuration for boundary conditions
are specified and explained for each test case.

3. Model verification
As the proposed model is the combination of the multiphase model

and the thermal phase change model, we verified both models sep-
arately. The multiphase model was verified for all the modules of
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forces applied. The application of the equation of state and the fluid-
fluid interaction were verified with the phase separation and Laplace’s
law. After, the liquid-solid interaction was verified for the contact
angles. Meanwhile we verified the phase change model with the Stefan
problem for the solidification of a semi-infinite square.

3.1. Pseudo-potential model verification

The following subsections present the verification of the thermody-
namic consistency (Section 3.1.1) and the validation of Laplace’s law
(Section 3.1.2).

3.1.1. Verification of the thermodynamic consistency

In order to verify the thermodynamic consistency of the multiphase
model with the P-R EOS, the phase separation test was simulated. This
test case aimed to simulate the phase separation of a fluid from critical
density. All the domain was initialized at zero velocity and density was
set to its critical value with a slightly random perturbation of 1%. The
critical density can be obtained by the EOS after getting the critical
temperature and pressure defined by the constants a, b, and R. For P-R,
these values were set to a = 2/49, b=2/21 and R = 1. The temperature
was fixed to a value under the critical temperature, thus the interaction
force makes the phase separation automatically when the flow becomes
steady. The analytical solution to this problem is given by the Maxwell
construction that is obtained by the method of equal area [33]. For
this purpose, a 100 x 100 lattice arrangement was chosen to be the
computational domain. The force was introduced by using the exact
difference method and the relaxation time was set to = = 1. Results
obtained for the coexistence density curve for P-R are presented in
Fig. 2, along with the simulation results from [30] with the same EOS
and model implemented.

The results show an excellent agreement with the simulations per-
formed by Peng et al. [30], which allow us to verify the implemented
model. Regarding the results and their comparison with the Maxwell
construction [33], it is inferred that both P-R EOS perform well and
agree with the analytical solution.

3.1.2. Verification of Laplace’s law

The surface tension for the multiphase model can be verified
through Laplace’s law. The Laplace’s law determines the relationship
between the pressure difference and the inverse of the radius of a water
droplet or bubble. For a 2D droplet/bubble, the pressure difference
between the inside and the outside pressure is given by

ap=2 (25)
r

where o represents the surface tension and r the radius. For this test, a
100 x 100 lattice structure was chosen. P-R EOS was used to plot the
differences in pressure between the inside and the outside of the water
droplet while the radius increases from 14 to 24 lattice units. Periodic
conditions were applied in all boundaries and water droplets were
initialized by using a tanh function to create a diffusive layer as shown
in Eq. (26). The pressure difference was calculated as the difference
between the steady-state high pressure inside the droplet and the
steady-state low pressure outside the droplet. This pressure difference
was plotted against the inverse initial radius for three different reduced
temperatures of 7/T,. The values to initialize the density field were
determined by the coexistence density curve that was obtained with the
phase separation test at each reduced temperature. Periodic conditions
were applied at all boundaries. The results presented in Fig. 3 show a
linear trend, as expected.

Petpr b | 2V x0)2 +(y—yp)2 = 1o ©26)
2 2 W

plx,y) =



J. Garcia Pérez et al.

0.03 , . : , :
o TT =07 ///0
0.025} | & 7T =08 _— ]
s T/Tc =0.9 /////
e
0.02 e
_—
- A
o L -
5 0.015 P |
"
//r/
001} o —
=
0.005 - N -8 — -
0 1 L L L 1 1
0.04 0045 005 0055 006 0065 007 0.075
1/R

Fig. 3. Pressure difference across droplet vs. inverse radius (in lattice units) simulated
at different temperatures for P-R EOS.
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3.1.3. Verification of the solid—fluid interaction

The previous two tests allowed us to verify Section 2.1.1 for the
pseudo-potential model. In order to verify the solid—fluid interaction
from Section 2.1.2, we simulated different contact angles of a water
droplet on a wall. For the pseudo-potential model, the relationship
between the interaction force coefficient and the contact angle, shown
in Fig. 4, was linear in our simulations as observed in previous lit-
erature [34]. Besides, for g, = 0, the contact angle obtained was
0 = 90°. This allowed us to verify the implementation of the fluid—solid
interaction and the treatment of the extrapolation at the boundary.

3.2. Phase change model verification

The total enthalpy model for phase change was validated by sim-
ulating a solidification dominated by conduction from a corner in a
quarter-space. The liquid started at a uniform temperature 7; higher
than the freezing temperature 7,. At ¢+ = 0, the temperature of the
south and left walls were lowered to a constant value T,, below the
freezing temperature. Adiabatic boundary conditions were applied at
top and right boundaries. The domain is considered to be infinite in
both directions. In order to do that with a finite length L, we considered
a large number of lattices in both direction and we ensured that at the
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Fig. 5. Comparisons between analytical solution and LB model for the position of the
isotherms T* =0.2,0,-0.2,-0.4,-0.6,and — 0.8 at 1* = 0.25.

evaluation time step, the temperature at the right and top walls were
fixed at T,, and with a zero slope as adiabatic boundary condition was
applied.

The initial temperature was T; = 0.3, while constant temperature
boundaries were set to 7, = —1. The freezing temperature value is
between 7; and T, and was fixed to T, = 0. The other parameters
were as follows: C,; = C,; = 1, 4, = A; = 1, Stefan number Ste, =
Ste, = C, (T, — T,,)/ hy = 4. Comparisons with the analytical solution
provided in [35] for the phase interface position and isotherm lines are
presented in Fig. 5 at t* = 0.25. Results show a good agreement with the
analytical solution which verifies the ability of the presented method
to simulate phase change in two-dimensional cases.

4. Results

Once the models were verified, we could merge the multiphase and
phase change models to simulate the impact and freezing of water
droplets on cold surfaces. Then, in order to validate the coupling, we
have carried out numerical simulations for droplet impact and freezing
under different conditions using different geometries. We compare
our results with other simulation and experimental results from the
literature. Firstly, we will performed the solidification of a static droplet
on a cold flat plate. Our three-dimensional implementation was used
to compare our results with experimental data found in the literature.
Secondly, we performed the impact and freezing of water droplets on a
cold flat surface. The influence of the Reynolds number was analyzed.
Finally, we exploited the adaptability of the model for curved surfaces
by simulating the impact and freezing on a NACA0012 airfoil.

4.1. Droplet solidification on a cold flat plate

The first test concerned the solidification of a droplet on a cold flat
plate. In the initial state, the droplet was in a liquid state at the center of
the domain and there was no solid phase region. The temperature of the
domain was higher than that of the cold flat plate and freezing point.
For the velocity field, non-slip boundary conditions were applied on the
top and bottom walls. Periodic boundary conditions were used between
the left and right sides. For the temperature, periodic boundary condi-
tions are also applied along the sides. Dirichlet boundary conditions
were enforced at the bottom cold wall and for the warm temperature
on the top.

For this test, we initialized the fluid domain and let the droplet
impact the surface under isothermal conditions. There was an initial
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Fig. 6. Boundary conditions and initial state for the isothermal falling droplet (left) and for the temperature field activation at time r =1,, (right).

stage where a droplet deformation period is observed before it finally
reached an equilibrium position due to the balance of surface tension,
viscous forces, and gravity. Once there was no more deformation on
the droplet (a determined simulation time #,, depending on mesh and
Reynolds number Re), the thermal field was activated and solidifi-
cation of the liquid phase started. The boundary conditions and the
computational domain for the initial configuration and the thermal
boundaries are shown in Fig. 6. Initial conditions for the fluid field
with the aforementioned boundary conditions are shown in the left of
Fig. 6. When the droplet reached an equilibrium contact angle at 7,,, the
thermal equation was activated and Dirichlet BC shown in the right of
Fig. 6, were applied. The temperature at the surface was lower than the
freezing temperature T, < T, and the temperature on the top boundary
was higher than the freezing temperature T,;. > T,. This temperature
would be the initial temperature of all the domain except for the cold
surface. Simulation results are presented in terms of dimensionless
numbers. The initial diameter of the droplet D was chosen to be
the characteristic length. The dimensionless time and velocity were
embedded in the Fourier and Reynolds numbers respectively, while the
Stefan number controls the speed of solidification. These dimensionless
numbers are defined as:

Re= "2, Fo= & g T 7Tw) @7

v D2 Is

where u is the impact velocity (velocity of the droplet just before the
contact with the surface is made), v is the kinematic viscosity, « is the
thermal diffusivity, C, is the liquid heat capacity, 7, is the freezing
temperature, T, the wall temperature and L, is the latent heat of phase
change.

4.1.1. Three-dimensional model for static droplet solidification on a cold
plate

The simulation results of this test are compared with experimental
results from the literature. For that, a 3D implementation of the model
is used.

The computational domain was a grid of 100 x 100 x 100 in lattice
units (lu). The droplet had a radius of 16 lu with a center initially at x =
49.5, y = 49.5 and z = 25.5. For the simulations, we choose a reduced
temperature of 7, = 0.8 which gave a density ratio of approximately
85 between phases. This density ratio was used for all the simulations
of this work. The freezing temperature was set to 7, = 0 and the wall
temperature to T,, = —2. The initial temperature was the same as the
fixed temperature on top, which was set to 7; = T,;, = 0.3. For thermal
properties of fluid and solid, C,; = 1, 4, = 1/6, Rc,=Cp /Cp; =0.5and
R, = A,/ = 1. The Stefan number was set to Ste = 2 and the thermal
equation was activated at 7, = 4000 time steps, when the oscillation of
the droplet was finished.

Fig. 7 shows a comparison of the water droplet evolution between
our simulation results and photographs from the experimental results

Fo=0.043

Fo =0.067 Fo =10.093 Fo=10.015

Fig. 7. Comparisons of water droplet evolution on a cold flat plate between simulations
and snapshots of the time-sequential images reproduced from HaiFeng Zhang, Yugang
Zhao, Rong Lv, Chun Yang. Freezing of sessile water droplet for various contact angles.
Source: International Journal of Thermal Sciences; 101 (2016) 59-67 [36].

© 2021 Elsevier Masson SAS. All rights reserved.

of [36]. We represented the same contact angle of §# = 79° and a
qualitative comparison of the evolution of the solidification front is
shown. In the simulation results, white and blue colors represent the
solid and liquid phases, respectively. We can observe how the concave
interface is well displayed in the simulation results and also the volume
expansion of the droplet as a result of the density ratio between the
liquid and the solid. This effect is more noticeable at the final stage
where the top of the droplet deforms and a singular tip appears. As
observed in Zhang et al. [36], the volume expansion is slight in the
early stage. The tip deformation observed in the experiment is sharper
than the one found in the simulation.

The same configuration was used to analyze the temperature field
of the domain and determine if it agreed with qualitative expectations.
Fig. 8 shows the snapshots of the temperature field for four different
time steps 8(a) and the evolution of the temperature along the z-axis
above the center of the cold surface at the same time steps 8(b). These
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Fig. 8. Snapshots of the temperature field (a) and temperature along the z-axis above the center of the cold plate (b) for four different Fourier numbers.

time steps represent the initial configuration, the start of the freezing,
some intermediate point, and the end of the freezing. We can observe
how the conduction of the temperature is modified by the presence
of the droplet and its freezing. For Fo = 0.09 in Fig. 8(b), we can
see a slight change of the slope at the liquid-solid interface (at the
freezing temperature T, = 0) due to the change of thermal conductivity.
Following this, there was a remarkable increase in the temperature
because of the liberation of the latent heat. Finally, the temperature
reached the ambient constant value. The same trend was observed
by Zhao et al. [20] in their LB model for the solidification of water
droplets.

4.1.2. Effects of surface wettability on a two-dimensional model

We will now study the influence of contact angle on the solidifica-
tion process to compare our simulation results with other references.
For that, a 2D implementation was used to reduce simulation time and
increase the number of nodes used in the domain for a refined grid.
Additional tests have been performed showing that the 2D simulations
display the same behavior than the 3D model regarding the change of
simulation values.

The computational domain was a space of 200 x 200 in lattice units.
The droplet had a radius of 22 lu with the center at x = 99.5 and
y = 25.5. The same droplet density ratio of the 3D simulation was used.
Regarding the thermodynamic properties, the following parameters
C,; =2C,; =1, and i; = 4, = 1/6, were used for thermal capacity and
diffusivity, respectively. These parameters remained the same unless
specifically indicated otherwise. As for the temperatures, we used: T, =
-2 and T; = T, = 0.3. The droplet is at the same temperature as the
surrounding air, i.e. Tj,.

In order to investigate the effects of the contact angle on the static
droplet freezing, different contact angle surfaces were simulated (0 =
61°, 0 = 75°, 0 = 90°, & = 104° and 6 = 119°) with the same Stefan
number of Ste = 2. Fig. 9 shows the snapshots of LB simulated results
for the different contact angles at three different dimensionless times:
before the freezing process starts, at some point in the middle of the
process and the final time of droplet freezing for the larger contact
angle. The droplet is indicated in navy blue and the formation of ice in
light blue. The wall is represented by a black line. It is shown that for
the intermediate dimensionless time, the smaller the contact angle, the
more advanced the solidification front is. We can observe that when the
case of higher contact angle freezes, smaller cases have also finished the
process.

Fig. 10 shows the temporal variation of total solid fraction against
Fourier number for the same different contact angles. The total solid
fraction is defined as the number of nodes in solid phase divided by
the total number of ice phase nodes at the end of the simulation as
shown in Eq. (28).

Za—mw

total solid fraction (f) = —————— (28)
2= futep)

0 =61 6="15 0=90 6=104 6=119

Fo=0
Fo =0.12

Fo =0.76

Fig. 9. Snapshots of different contact angles ¢ of a droplet freezing on a wall at three
different dimensionless times Fo.

For its temporal evolution, we can see how the freezing time increased
with the contact angle. This was expected because the contact area
between the droplet and the cold surface is smaller for larger contact
angles, which leads to a less heat released from the droplet and there-
fore a longer freezing time. So, the surface with a larger contact angle
can delay the solidification process. It can be seen that the increasing
rate of solid fraction was slower at the final stage than that in the
beginning. This was also observed by Sun et al. [18]. Regarding the
evolution of the interface, it was observed that the displacement speed
of the solid front changed over time and exhibited different trends.
There was an accelerated process at the start and the end of the
solidification process. This is the result of the large area in contact
with the cold substrate at the beginning, and the small volume of the
remaining liquid part at the end.

The total dimensionless freezing time (Fo, = at, /D?) against the
contact angle is illustrated in Fig. 11, which shows that the freezing
time increases with the contact angle with a linear trend evolution, as
observed in [37] for the range of contact angles simulated. For greater
contact angles, the freezing time increased faster.

4.2. Effect of impact velocity on a two-dimensional model

In the previous test case, we studied the freezing of a static droplet
over a cold flat plate. We then analyzed the impact and freezing of
a droplet over a cold surface. The influences of Reynolds number and
contact angle on the freezing time and spreading parameter are studied
in this subsection.

To simulate the impact and freezing with the presented model,
considering the limitations outlined in Section 4.1, the thermal field
was activated once the droplet made contact with the surface. This led
to the solidification of the droplet once the contact was made because
the surface triggered the nucleation process.
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Fig. 10. Effects of contact angle 6 on temporal variations of total solid fraction.

0.75 - , : : . -

Fo - total freezing time
&
(&)

90 100 110 120
(%

60 70 80

Fig. 11. Variations of total droplet freezing time with different contact angles.
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Fig. 12. Snapshots of different Reynolds numbers for the impact and freezing at six

time steps.

an A A& B

For this test case, the same previous (Section 4.1.2) two-dimensional
grid and thermal parameters were used to carry out the simulations
unless otherwise mentioned. The initial diameter of the droplet is set
to 22 lu. Regarding the temperatures, we use 7, = -2 and T,;, = 0.3.

We analyzed the effects of the Reynolds number based on the impact
velocity; we initialized the droplet at the center of the domain (x = 99.5,
y = 99.5) and we change the gravity value in lattice units through the
Reynolds number. For this test, we used a hydrophobic surface with a
contact angle of # = 119° and four Reynolds numbers (Re = 10, Re = 20,
Re = 30 and Re = 40).

Fig. 12 depicts snapshots of LB simulations for two Reynolds num-
bers (Re = 20 and Re = 40) at four different Fourier numbers: initial
time, two intermediate instants, and the final freezing for Re = 40. We
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Fig. 13. Temporal variation of spreading factor for different Reynolds numbers.

can observe how a higher Re number resulted in a faster contact of the
droplet with the surface and a larger spreading of the droplet on the
surface. This faster contact finally produced a rapid complete freezing
compared to the lower Re. The freezing time was reduced as Re was
increased as a consequence of the augmentation of the contact area
of the droplet with the surface. Fig. 13 shows the temporal evolution
of the spreading parameter. The spreading parameter is defined as
the contact diameter of the droplet on the ice surface divided by
the droplet diameter (D/D,). We can see how the spreading factor
increased rapidly up to a maximum value and then remained constant
due to the freezing at the contact with the surface. This behavior was
also observed by Jin et al. [38] in their experimental results. The
instant freezing occurs due to the cold substrate temperature and the
increased nucleation rate [39]. This phenomenon appears regardless of
the contact angle, as we can observe for a superhydrophobic substrate
in [40]. This maximum spreading factor was increased by the Re
number because, for higher impact velocities, the deformed diameter
was larger for droplets with the same volume. This effect can also be
observed in Fig. 12. The larger is the droplet impact velocity, the faster
the freezing occurred.

4.3. Droplet impact and solidification on two-dimensional airfoil surfaces

The intended application of this work is the study of the ice accre-
tion on drones. This is mainly caused by the impact and freezing of
supercooled large water droplets on the airframe and rotor blades.

As mentioned in the introduction of this section, the proposed
model has been coded so that it can perform droplet impact and
freezing not only on flat cold surfaces, but also on curved surfaces.
This characteristic allowed us to perform the simulation of a water
droplet impact and freezing on a NACA0012 airfoil. The scales used
for the droplet size and the airfoil agree with what can be found on a
drone’s rotors. For small drones (under 25 kg) tested in wind tunnels
at the National Research Council of Canada, the mean aerodynamic
chord of rotor blades is approximately 0.2 cm and during experiments,
supercooled large droplets with diameters of approximately 0.4 mm can
be found. Such droplet diameter corresponds roughly to 2% of the mean
aerodynamic chord of the rotor blades, and close to 20% of the airfoil
thickness for NACA0012 profile. Fig. 14 shows snapshots of the simu-
lated water droplet impacting on an airfoil for three different contact
angles (6 = 61° [hydrophilic], & = 90° and 6 = 119° [hydrophobic])
at different time steps. We use a 2-dimensional model for the droplet
with an initial velocity set to zero. The droplet has an initial diameter

of 28 lu. The temperature of the airfoil is set to 7, = -2 and the
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Fig. 14. Snapshots of a water droplet impact and freezing on a NACA0012 airfoil for
three different contact angles at different time steps.
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Fig. 15. Snapshots of three water droplets impacting and freezing on a NACA0012
airfoil for 0 = 90° at different time steps.

initial temperature for the droplet and surroundings is 7,;, = 0.3. The
dimensionless numbers are: Re = 50 and Ste = 2. We can observe how
a smaller contact angle results in a larger contact area with the surface
and therefore faster freezing. For the hydrophobic surface, there is a
runoff of the droplet before it starts freezing. It should be mentioned
here that in our simulation we are not considering steady state flow.
This may provide the droplet with another source for leaving the airfoil
before freezing starts. This highlights the capability of the hydrophobic
surfaces to delay the freezing or even to avoid it.

Finally, we outline the capability of the proposed model to perform
the simulation of the impact and freezing of several not colliding
droplets at the same time. The simulation results are presented in
Fig. 15, where we simulated three droplets impacting a surface with
a contact angle of & = 90°, Re = 50 and Ste = 2. Snapshots show
how droplets adapt to the surface, and the initial spreading determine
the nucleation area for the solidification. Deformation of the final
frozen form displays the inertia of the droplet and the inclined angle
of impinging.

5. Conclusion
In this study, a lattice Boltzmann model for droplets impact and

freezing was described and implemented. A double distribution func-
tion approach was used to couple the multiphase pseudo-potential
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model and the total enthalpy model for phase change. The coupling
was made through the application of the Immersed Boundary Scheme.

A qualitative comparison of a three-dimensional model with exper-
imental and simulation results, revealed the potential of the current
methodology. It was observed that the concave interface and volume
expansion are properly predicted by the simulation. A 2D model was
then used to analyze the influence of some parameters on the solid-
ification of a static droplet on a cold flat plate and compared them
with simulation results from the literature. The current predictions
corroborated that higher contact angles (corresponding to hydrophobic
surfaces) delay the freezing, because of the reduced contact area with
the surface.

The impact and freezing were performed later. Instant freezing was
simulated indicating that higher impact velocities result in a larger
contact area, and therefore in a faster freezing. Finally, the potential of
the model for handling impinging water on curved surfaces was shown
by predicting the impact and freezing of droplets over an airfoil.

The provided methodology analysis and simulation results are quite
encouraging for this preliminary research step, aimed to the devel-
opment of new numerical tools, for ice accretion prediction arising
in unmanned aircraft. In the short term, we point to the following
improvements to be made :

+ A multi-component model with a double distribution function, in
order to change the viscosity of the phases.

+ A temperature boundary condition at the interface of droplets, to
allow the freezing of precipitations impinging on already frozen
droplets on a surface.
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