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Based on the mesoscopic scale, the lattice Boltzmann method (LBM) with an enthalpy-based model rep-
resented in the form of distribution functions is widely used in the liquid-solid phase transition process of
energy storage materials due to its direct and relatively accurate characterization of the presence of latent heat
of solidification. However, since the enthalpy distribution function itself contains the physical properties of the
material, these properties are transferred along with the enthalpy distribution function during the streaming
process. This leads to deviations between the enthalpy-based model when simulating the phase transition
process of different materials mixed and the actual process. To address this issue, in this paper, we construct
an enthalpy-based model for different types of materials. For multiple materials, various forms of enthalpy
distribution functions are employed. This method still uses the form of enthalpy distribution functions for
collisions and streaming processes among the same type of substance, while for heat transfer between different
materials, it avoids the direct transfer of enthalpy distribution functions and instead applies a source term to the
enthalpy distribution functions, characterizing the heat transfer between different materials through the energy
change before and after mixing based on the temperature. To verify the accuracy of the method proposed in
this paper, a detailed solidification model for two different materials is constructed using the example of water
droplets solidifying in air, and the results are compared with experimental outcomes. The results of the simulation

show that the model constructed in this paper is largely in line with the actual process.
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I. INTRODUCTION

In various fields, particularly in nature and thermal energy
systems, icing is a pervasive phenomenon. This occurrence
is not limited to the icing of cables but also encompasses
salt fog icing on offshore platforms, the aviation sector,
crystal formation, seawater desalination, and medical appli-
cations [1-7]. Although progress has been made in the study
of anti-icing at the macroscopic level, the understanding of
the icing process on the surfaces of microscopic scale ob-
jects remains far from complete [8—11]. The process of pure
water freezing on cold surfaces is complex, involving a va-
riety of physical phenomena such as thermal conduction,
phase transition, and the dynamic behavior of water droplets.
Researchers have yet to fully reveal the details of these
processes.

Liquid solidification models have been constructed at
various scales. From the perspective of numerical simula-
tion methods, they can be divided into three categories:
macroscopic computational fluid dynamics (CFD) modeling
based on solving the Navier-Stokes equations that assume
continuity of the medium [12], the lattice Boltzmann method
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(LBM) based on statistical physics theories for solving the
Boltzmann equation [13], and molecular dynamics (MD)
simulations based on classical Newtonian mechanics [14].
Although MD simulations, starting from the microscopic
molecular motion perspective, are most capable of revealing
the real solidification process, they are in practice limited by
computational power, with the actual scale of simulation being
several orders of magnitude smaller than the commonly used
scales. The macroscopic CFD models have been successfully
applied in various fields for solidification simulation, but due
to their governing equations, they cannot perfectly display all
phenomena and require the introduction of some empirical
formulas to achieve a more perfect simulation process [15].
For example, for the commonly used enthalpy form of the
energy equation, a drag source term needs to be introduced
into the momentum equation to solidify the fluid, and the
parameters of the mushy zone need to be adjusted according
to experiments. This approach compensates for the inability to
intuitively represent the solidification process from the equa-
tions and can achieve similar effects. However, this method
ignores the real mechanism of icing, limiting the exploration
of the mechanism of the solidification process. Based on
the pseudopotential multiphase LBM proposed by Shan and
Chen [16,17] (SC), subsequent scholars have made significant
progress in complex flows in multiphase flow [18-22], heat
transfer boiling [23-27], condensation [28], phase change of
energy storage materials [29-33], etc. In using this method to
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simulate droplet solidification, the main method comes from
the enthalpy-based lattice Boltzmann (LB) models in the field
of energy storage phase change [30] to solve the process of
water phase change into ice in water droplets. In previous
work on simulating droplet solidification, two methods were
mainly used to solve the temperature field, one of which
was based on a passive scalar form of temperature. However,
this form has a problem in that the temperature form cannot
represent latent heat issues. To solve this problem, early solu-
tions introduced a latent heat source term in the temperature
equation and used an implicit form for the solution [34], but
the implicit form of the solution lost its advantage of parallel
computing. To avoid implicit solving, subsequent scholars
adopted a backward difference format to simplify the original
form of solving the source term [35]. Based on this form, sub-
sequent scholars constructed a droplet solidification model,
including two-dimensional forms [36,37], rotating coordinate
systems [13], and three-dimensional forms [38,39]. However,
this simplified form of latent heat solving also caused errors in
latent heat treatment, and such errors would be amplified at the
solid-liquid interface [40]. Another form is the enthalpy-based
model [32], which does not use a temperature distribution
function form but directly uses an enthalpy distribution func-
tion form. The advantage of this form is that it can directly
represent latent heat, and without needing implicit solving,
it can also ensure simulation accuracy. Previous work based
on this method to construct droplet solidification models was
mainly for two-dimensional models [41,42]. Directly using
this form to simulate droplet solidification in gas poses prob-
lems. When gas and liquid are different substances, direct
transfer of enthalpy can cause deviations in the enthalpy dis-
tribution function, and this deviation will increase with the
difference in physical properties between materials. This is
mainly because enthalpy itself includes the physical properties
of the substance, so in the streaming process of the LBM
calculation, the transfer of enthalpy distribution functions
between different substances, because it includes their own
physical properties, will cause a significant problem of energy
nonconservation.

Regarding the current state of research on LBM solid-
ification models, there are two main issues: First, in the
simulation of the solidification process, while ensuring the
accurate solution of latent heat, there is a problem of energy
nonconservation in the transfer of enthalpy between different
substances. The second issue is the lack of a specific descrip-
tion of the interface between gas and solid in liquid-gas-solid
solidification models. To address these two problems, in this
paper, we employ the explicit enthalpy-based model to ensure
the accuracy of latent heat treatment and constructs a multi-
component form to avoid the energy nonconservation problem
caused by the direct transfer of physical properties between
different substances. This expands upon previous work and
avoids the limitation of single-material models [43]. More-
over, for the liquid-gas-solid solidification model, a volume
fraction parameter is introduced for detailed description, ulti-
mately constructing a complete multicomponent solidification
model.

This paper is divided into the following sections:
Sec. II primarily introduces the governing equations used.

Section II A mainly discusses the governing equations for
solving the flow field, while Sec. II B focuses on the governing
equations used for solving the temperature field and extends
them to a multicomponent form. Section III employs exper-
imental validation to verify the proposed numerical model
and specifically discusses the role of air in the solidification
process. Section IV summarizes the entire paper.

II. MODELS DESCRIPTION

In this section, we first introduce the renowned SC mul-
tiphase LBM, employed for constructing a droplet and air
model. Building on this foundation, we introduce an enthalpy-
based LB model that considers density, extending it to the
multirelaxation-time (MRT) form to ensure numerical sta-
bility. Finally, we construct a generalized enthalpy equation
model from the perspectives of total enthalpy and specific
enthalpy, tailored for various materials.

A. Multiphase LB model

In previous works, to achieve motion at higher Reynolds
numbers (Re), the SC multiphase LBM [16] was extended
from its original single-relaxation form to more stable for-
mats such as MRT [44-46] and cascaded LBM (CLBM) [47].
Since, in this paper, we do not involve motion at high Re, we
adopt the computationally less intensive MRT format [48] for
a single component with the force scheme [49] as follows:

filx + e, t +8,) — filx, 1)
= —(M'SM)[fi(x. 1) — £, 1)]

+ M1(1 — §)MR- (1)
2 15}

where f; is the probability density distribution function, f;*
is the equilibrium probability density distribution function, x
is the spatial position, 7 is the time, §; is the time step, and e; is
the specific direction of i direction in the velocity distribution.
Here, R; represents the external force format in velocity space,
and M is the nonorthogonal multiple relaxation transforma-
tion matrix. The specific form of the nonorthogonal multiple
relaxation transformation matrix M can be referred to in pre-
vious works [22,48]. Also, S is the relaxation time diagonal
matrix for D3Q19 as follows [22]:
S :diag(l, I,1,1, tl)’l, L St St AL e

v > v e v Y v
Tq—17tq—Lytq—l’Tq—l’rq—l’rq—lirn—l’rn—l’rgl)’ )
where 7, determines the bulk viscosity with the definition
v, = %cf,(te — 0.5)8;, 7, determines the shear viscosity with
the definition v, = cf(tv —0.5)8;, ¢, is the lattice speed of
sound, and 7, and 1, are free parameters.

During the solidification process, as the fluid transitions to
a solid, the gray LB equation (GLBE) method [50] is utilized
to more accurately characterize the flow state throughout the
droplet freezing process. In this approach, the mixture of
solid and liquid during the phase transition is considered a
porous medium, allowing the flow process to be modified
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as follows:

fite + e, t +8,) = fiff e, 1) + (1 = fi)fif (x + ed;, 1),
3)

where f; represents the liquid phase fraction, in which f; =
1 represents the liquid phase fraction, and f; = 0 indicates a
solid phase region, and values between O and 1 correspond
to a solid-liquid mixture area. Here, f* is the postcollision
distribution function, and 7 denotes the distribution function
in the direction opposite to i.

In the pseudopotential model, an interaction force between
fluids [13,39] is introduced to achieve spontaneous phase sep-
aration. To realize a higher density ratio, in this paper, we
utilize a modified combination of pseudopotential forces [21],
specifically defined as

F,=—2G ) w(lel )y + e )V e — (1 — 220Gy (x)

x > w(leP)yx + e)e;, )

where G = —1 represents the interaction strength, w(|5i|2) are
the weights, with specific weights for D3Q19 being w(l) =
%, w2) = ﬁ and ¢ is the effective mass. Following the
work of Yuan and Schaefer [51], the effective mass v (x)
suitable for any nonideal gas state equation is

2(Pgos — pc?)

Gc? ’ ®)

V(x) =

where Pgos is the nonideal gas state equation. To simulate air
and water components under a single component model, in
this paper, we adopt the linear form equation of state (EOS)
[52], a method that has been used multiple times in previous
works [21,52-54], the details of which are not elaborated here.
The specific formula is as follows:

0, p < p1,

Peos= 1 p16g + (p — p1)0m, p1<p < p2,
P10 + (02 — p1)0n + (0 — P2)01, P2 < p.

(6)

Regarding parameter settings, in previous works [21], p; = 1
and p, = 0.001, with a kinematic viscosity ratio of 20 be-
tween the gas and liquid phases. To achieve a more realistic
gas-liquid restoration, in this paper, we use a density ratio
closer to real conditions, referencing the properties of water
and air at 0 °C, with postequilibrium gas and liquid density
values set to p; = 1 and p, = 0.00125, and the gas and liquid
kinematic viscosity ratio set to 7.5. To ensure correct evolution
of the droplet interface, the liquid-gas interface thickness is
maintained at 5 lattices [52,55], with parameter settings of
0, = O.SCf, 0, = cf,, and 0,, = —0.03c§. The values of p; =
0.001724 and p, = 0.9712 are calculated using the Maxwell
equal area method. To ensure thermodynamic consistency, A
is set to —0.713.

In this paper, the fluid-solid interaction force F g4 is defined
to simulate the adhesive force between the fluid and the solid
[56], and weighted average density of ghost fluid nodes pgnos
close to solid boundary [57], which are given by

Fus = —Gu ¥ (@) Y wile)y)ste + s, (7)

> wip(x +ed)[1 — s(x + €8]
Pghost = ’ (8)
Yo ioill = s(x + :6,)]

where G, is the fluid-solid interaction strength to adjust the
droplet contact angle, s is an indicator function which is equal
to 1 for solid and O for fluid, and w; is the weight of D3Q19.
The resultant force is defined as F = F,,, + Fo4s + F,, and F,
is the body force, such as gravity.

B. Modeling of various materials with enthalpy-based model

The energy equation in enthalpy form is widely used to
solve the solidification process. Compared with the temper-
ature form, the enthalpy form can consider the latent heat
released by water during solidification. When simulating wa-
ter solidification, viscosity dissipation terms are typically
neglected, and for a stationary liquid droplet, it can be treated
as an incompressible fluid. The macroscopic enthalpy equa-
tion can be expressed as follows:

d(pH)
ot

where p is the macroscopic density of the current node, H is
the total enthalpy of the current node, A is the thermal con-
ductivity of the current node, v is the macroscopic velocity,
and T is the temperature of the current node. In this paper,
due to variations in density and specific heat capacity, we
cannot rely on previous approaches that only consider changes
in specific heat. In previous work [43], it was possible to
decouple density and specific heat without considering ther-
mal convection. For our current investigation, in which we
focus on stationary water droplets, we adopt this method to
ensure accurate recovery of density and specific heat proper-
ties between air and water. To prevent the transfer of enthalpy
containing physical properties between different substances,
in this paper, we construct a multicomponent form with the
MRT format for the collision process as follows:

+ V. -(pvH)=V - (AVT), )

HE* (e, 1) = WEGe, 1) — (NTITN)[E (e, 1) — BP9, )], (10)

where hf is the probability enthalpy distribution function for
the k component, ;"°® is the equilibrium probability enthalpy
distribution function, and N is the orthogonal multiple relax-
ation transformation matrix [32].

Here, T is the relaxation time diagonal matrix for the D3Q7
model as follows:

I' = diag(oy, 01, 02, 03, 04, 05, 0¢), (11)

where 01 = 0, = 03 = 0, with o, determining the thermal
diffusivity x = (é — %)6378,. It is important to note that,
to avoid numerical diffusion near the solid-liquid interface
[32], it is necessary to satisfy o] + 04 = 2. The equilibrium
enthalpy distribution function under the MRT format can be
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defined as
Nket =Nhi** = (o¥H*, 0,0,0, 6p5H*

— 2lwrphiCE 4T, 0,0)", (12)

ref ~ p,rel

where pk;, C;ref are the reference density and reference
specific heat capacity at constant pressure, respectively.

For the streaming process, the concept of component frac-
tion £% is introduced, drawing on the GLBE method. In this
context, during the streaming process, the fraction £X is ef-
fective, while the fraction 1 — & k is ineffective. Furthermore,
heat transfer between components is introduced in the form of

a source term:
R (x + 8,1 4+ 8,)
= e ) (1= EORE e+ eidi, 1)

-1 r k )k
+N (1 - E)Né Qi (x+ei617 [)7 (13)

where Qf-‘ represents the heat received by a component from
the rest, signifying the energy exchange between different
components. In this paper, it is assumed that, at a given node

J

within a multicomponent system, different components, after
being sufficiently mixed, reach a uniform temperature. This
involves the transient response of each component, transition-
ing from its original state (its temperature unaffected by other
components) to the temperature after mixing. During this
process, the energy exchange between different components is
considered a source term, reflected in the enthalpy distribution
function of each component. Following the introduction of the
thermal source form [58], the macroscopic parameter update
is modified to p";H k= b nk 4 %, where p_’)f. is defined
by the density values before and after the phase change,
ie., ,oji = ffpf + (1—fF)pk. The specific form of the source
term 18

Qf = wipfCy(T —T*), (14)

where w; represents the weight of the enthalpy distribution
function in different directions, pj’i is the mass fraction of the

k component at the current lattice point, with Zzzl & k—1,T*k
is the temperature of the k component before sufficient mix-
ing, and T is the uniform temperature reached after sufficient
mixing of different components. The temperature 7* before
sufficient mixing is defined as follows:

pyH" k 7k Kk
p,gCP,A ) IOfH < p_st ’
pkH*—pEHE
T = 1T + S (T = 1), pfHE < pjHY < pfHf, (15)
k. PrH —piHf krk kppk
Tr + R T pyH" = prHJ,

where T is the temperature when the k component solid
completely melts into liquid, TS" is the temperature when the
k component solid starts to melt, H,k is the enthalpy when
the k component solid completely melts into liquid, and H*
is the enthalpy when the k component solid starts to melt.
The temperature 7 for different components after sufficient
mixing and the introduction of latent heat is more complex
and is elaborated in the following section.

It is important to note that, typically, the source term
should be added during the collision process. However, to
ensure that the thermal source term acts entirely on the

J

G - EX(x + €8, )0k (x, 1),
i x+ei r,t =

(6" (x + &8, 1) — &5 (v, DO (x, 1) + §"(x, O} (x, 1),

where considering the spatial variation of the component frac-
tion ensures accuracy in cases where the component fraction
is not constant.

III. CONSTRUCTION AND VALIDATION OF WATER
FREEZING MODEL IN AIR

To provide a more detailed description of the multicom-
ponent solidification model, in this section, we focus on

(

effective part and not on the ineffective part, it needs to be
incorporated during the streaming process. Inclusion during
streaming requires consideration of the migration of the ther-
mal source term. During the migration process, there is a
distinction between the gradient of the component fraction in
the forward direction and the gradient in the reverse direc-
tion. In the case of the reverse component fraction gradient,
excess thermal sources are reflected to fill the gaps in the
forward component fraction gradient. Based on these consid-
erations, the thermal source term in the streaming process is
as follows:

g (x, 1) < E (x + e, 1),
(16)
E5(x, 1) > £ (x + €8, 1),

(

constructing a liquid-gas biphasic solidification model based
on air and water. Initially, a more specific explanation of the
formulas applied in the second part of this paper is provided,
supplementing the details required for the liquid biphasic
solidification model. Finally, the completed liquid-gas solid-
ification model is applied and compared with experimental
results to verify the accuracy of the model presented in this

paper.
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FIG. 1. Schematic of the distribution function transfer within and between liquid-gas two-component phases in D1Q3 (gray arrows
represent the transfer process of the enthalpy distribution function for each component, red arrows indicate the process of temperature transfer
between components, and the invalid areas are parts where no energy transfer occurs).

A. Construction of liquid-gas two-component model

Previous work [41,59] employed a single-component
enthalpy-based model to describe the solidification process
of water in air. However, this method has certain limita-
tions in handling energy conservation because it relies on
the form of the enthalpy-temperature equation. Specifically,
for liquid water, its enthalpy mathematical expression can be
defined as H)(T) = C, (T — T;) + C, ;T + AH,, where for
water T; = Ty, and AH), represents the latent heat of solid-
ification for water. For air, the enthalpy can be defined as
Hy(T') = C, ,T. The enthalpy expressions for both substances
at the same temperature include their respective physical pa-
rameters. Regarding the enthalpy distribution function, the
sum of its directions equals pjlin = Z;:ol hf, indicating
that the enthalpy distribution function is a function of its
density, specific heat capacity, and temperature, specifically
expressed as

= f(o}.Cp. T). (17)

For the process of solving, the enthalpy distribution function
during the streaming process [43] is as follows:

B + e, t + 8,) = H* (x, 1). (18)

At the liquid-gas interface during this process, the gas trans-
fers its distribution function, containing its specific heat
capacity and density physical parameters, to the liquid and
vice versa. This leads to confusion in heat transfer at the inter-
face, causing energy nonconservation. The multicomponent
form can avoid this issue.

To provide a more detailed description of the distribution
function transfer within a multicomponent system, in this
paper, we introduce the concept of gas fraction, which is the
air fraction at a given node, specifically defined as

PP

= , 19)
P1— Pg

fe

where p is the density at the current node. At 0°C, the air
dissolved in water can be considered negligible; therefore, we

assume that the air part contains no water, i.e., f, = 1, and the
water part contains no air, i.e., f; = 0.

In the liquid-gas multicomponent system, the liquid com-
ponent in the gas region is defined as the invalid area of the
liquid component, and likewise, the gas component in the
liquid region is considered an invalid area. During the process
of distribution function transfer, if the next node contains
an invalid area, the invalid part of this node is reflected, as
specifically illustrated in Eq. (13). This approach is like the
GLBE method [50] used within fluid domains. Heat transfer
between components is implemented in the form of a source
term acting on the enthalpy distribution function, effectively
avoiding the issue of transferring physical properties. For a
more intuitive representation, we use D1Q3 (one dimension,
three directions) for a simple illustration in Fig. 1.

For the solidification process of water, the concept of liquid
fraction is used to differentiate between water and ice, with its
value determined by the enthalpy, specifically defined [43] as
follows:

0, pr < ;OsHsa
H—p,H,
fr={20=00,  psHs < ppH < piHj, (20)

1, o) < prH.

At 0°C, the proportion of water vapor in air and air in water
is very low, so in this paper, we neglect the presence of air in
water and water vapor in air. In the entire model of a water
droplet solidifying in air, it is divided into seven regions,
namely: the gas zone, liquid zone, solid zone, gas-liquid in-
terface zone, liquid-solid mushy zone, gas-liquid-solid zone,
and gas-solid zone. The specific proportions of these regions
are illustrated in Fig. 2. It is important to note that, although
the computational domain is divided into three main areas—
gas, liquid, and solid—it remains a two-component system
of air and water, with liquid water and solid ice included
within the water component. The concept of liquid frac-
tion primarily originates from previous studies [32], mainly
acting within the water component and not affecting the air
component.
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Gas
Gas: 1, Liquid: 0, Solid: 0

Interface
Gas: fg, Liquid: 1 — f , Solid: 0

Gas-Liquid-Solid
Gas:f,
Liquid: f; (1 - f,)
Liquid Solid:(1 — f)(1— f,)
Gas: 0, Liquid: 1, Solid: 0

Gas-Solid
Gas:f,
Liquid: 0
Solid:(1 — f4)

FIG. 2. Schematic of the liquid-gas two-component solidification model (gas zone: area where only gas exists; liquid zone: area where
only liquid exists; solid zone: area where only solid exists; gas-liquid interface zone: intersection where gas and liquid mix; liquid-solid mushy
zone: coexistence area of liquid and its solid form; gas-liquid-solid zone: intersection where liquid and its solid form coexist with gas; and
gas-solid zone: intersection of the completely solidified part of the liquid with gas).

Based on the introduction of the gas fraction concept, the
total enthalpy of the two components, gas and liquid, is de-
fined as

IOfH zfgngg+(1 _fg)lels 2n

J

prH
JePeCpgt(1=f)psCps°

_ pr_(fgng1LgT:v+(l_fg)psHs) _
=1L+ ngng,gnJr(l*fg)PlHl*(ngng,gTrJr(l*fg)ﬂ.:Hs)(TZ I),
prH—==fo)(otH—p1CpiTh)

fgpgcp.g+(1_fg)%)lcg),l

The temperature before full mixing is the same as defined in
Eq. (15).

Before proceeding with numerical validation, it is neces-
sary to construct the computational domain. The size of the
computational domain is 200 x 200 x 120, with a hemi-
spherical droplet of 50 l.u. radius initialized at the center of
the wall, which is equivalent to a spherical droplet with a
radius of 40 lL.u. based on volume conversion. For the flow
field boundary conditions, the top and bottom boundaries use
the halfway bounce-back boundary condition, while the rest
employ periodic boundary conditions. Regarding the temper-
ature field boundary conditions, the bottom boundary is set
with a constant temperature boundary condition, and the rest
use the fully developed boundary condition, as illustrated in
Fig. 3. In the initialization part, only the flow field is simulated
to prevent fluctuations during initialization from affecting the
temperature field.

where p, is the density of air, which does not undergo density
changes due to phase transitions, and thus the density of the
air part is unaffected by the liquid fraction. Based on Eq. (21),
the temperature 7 of air and water when fully mixed can be
derived with the specific formula:

pr g fgpgcp,gjtv + (1 - fg)pSHM
JepsCp o Ts + (1 = fo)psHs < prH < fopeCpoTi + (1 = fo)piHi,

JepCp Tt + (1 = fo)piHy < prH.

(22)

B. Validation of liquid-gas two-component model

To accurately simulate the solidification process of air
in water, it is necessary to precisely introduce the physical
properties of air and water. In previous studies, although the
physical properties of water have been accurately restored,
the physical properties of air have rarely been considered
with precision. Especially in terms of the critical parameter of
density ratio, past researchers often did not use real density
ratio values. This approach, without accurately introducing
air density, inevitably leads to deviations in other physical
properties relative to air to make simulation results closer
to reality. This causes the simulation of the air part to lack
reference significance.

To address this issue, the main challenge we face originates
from the drastic changes in density and thermal conductivity
at the phase transition interface. Such significant changes
in physical properties, especially in the LB simulations of
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FIG. 3. Front view of the computational domain (black font: flow
field boundary conditions; blue font: enthalpy equation boundary
conditions).

continuous phase interfaces, present considerable technical
difficulties. In the enthalpy-based model, the sudden shifts
in physical properties directly lead to decisive changes in
thermal diffusivity, thereby affecting the setting of relaxation
times. Under conditions at 0 °C, the thermal diffusivity of
air is 143 times higher than that of water, which theoret-
ically should mean that heat transfer in air is much faster
than in water. However, in previous studies using the same
method, observed changes in the temperature field did not
reflect a faster decrease in air temperature than water. This
finding challenges our understanding of the heat transfer
process and points to potential areas for improvement in
handling these abrupt changes in physical properties within
the model.

To compare with experimental setups, we selected the fol-
lowing dimensionless numbers:

R%(p; — C
Bo 8 (o1 ,Og)’ pr = M nl
o )\.1
C,(Ty — T, At
St:M Fo — —12.’ (23)
AHj ,Olcp.lR

Within the constraints of these dimensionless numbers, the
parameters of water were restored. To achieve the restoration
of the physical parameters of air and ice, we restricted the
ratios of the physical parameters of air, ice, and water. We
set the specific heat capacities of air, ice, and water as 1:2:4,
matching the actual ratios at 0 °C, with specific values set as

@

(b)

Fo=0

Fo =0.180

Fo = 0.360

Cp,=025C,,=0.5, and C,; = 1. For the setting of ther-
mal diffusivity, in this paper, we calculate using the following:

fehg + (A= flfils — (1 — fi)hs] _ ( 1 1) )
=\~ ¢,

JePsCp.g + (1 — fe)(refCpref) o, 2

(24)

where the thermal conductivities are set
0.000309, A, =0.0297, and A; = 0.00731.

Ensuring the same dimensionless numbers as in the exper-
iments: Bo = 0.265, Pr = 13.679, and St = 0.19, and the
droplet contact angle 6 = 103°, since the Stefan number St
includes the wall temperature and the freezing point tempera-
ture of liquid but not the initial droplet temperature, to ensure
the accuracy of parameter settings, we calibrated the initial
droplet temperature using an infrared camera. We fixed the
ratio of the temperature difference between the initial droplet
and the freezing point to the ratio of the wall temperature and
the freezing point temperature, applying it in the numerical
simulation to ensure the correctness of the parameter settings.
In this paper, we aim to compare the morphologies under
different Fourier numbers Fo. In defining the outer contour
of the droplet, we selected the isosurface with a density value
of 0.5 as the criterion.

In Fig. 4, we compare the cross-section at the exact center
of the droplet during the numerical simulation process with
the outer contour of the droplet from the experiment, using
the Fourier number Fo as the dimensionless time axis. The
black dashed line in the simulation results and the red dashed
line in the experimental results represent the growth peak of
the droplet. The growth of the ice peak during the freezing
process essentially matches.

To deeply analyze and accurately compare the differences
between simulation results and experimental data, we utilized
the dimensionless number Fo as a benchmark for comparison,
focusing on the dynamic changes of two key parameters:
phase interface height and relative radius, as shown in Fig. 5.
We observed that, to the left of the time point marked by
the red dashed line, the simulation results closely match the
experimental data. However, to the right of this time point, we
found that the maximum value of the phase interface height
and the minimum value of the relative radius in the simu-
lation results appear earlier than in the experimental results.
Nonetheless, the end time of droplet freezing in the simulation
is consistent with the end time in the experiment. It is worth
noting that, in previous work [13,59], the volume change

to Ay =

Fo =0.539 Fo =0.719 Fo = 0.899

FIG. 4. Comparison of the droplet freezing process in simulation experiments (a) the droplet diameter is 2.8 mm, the droplet temperature is
8.5 °C, the ambient temperature is 8 °C, the wall temperature is consistently maintained at —15 °C, and the atmospheric pressure is at standard
atmospheric pressure. The specific testing methods are referenced in the appendix. (b) The simulation uses isosurfaces where the liquid fraction
is 0.5 or the density value is 0.5 to differentiate between the gas phase and the liquid phase (solid phase).
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FIG. 5. Comparison of phase interface height and relative radius
between simulation and experiment (the red line distinguishes be-
tween areas that conform to and do not conform to experimental
controls).

process of water freezing into ice was achieved through mass
sources. However, their work was conducted using a two-
dimensional axisymmetric system. To ensure the simulation
results matched experimental data, they set the droplet radius
to 100 l.u., which requires an enormous computational effort
to simulate static droplet freezing in three-dimensional (3D)
conditions. For droplets of this size, the volume change during
the later stages of the solidification process is accurately rep-
resented due to the small cross-sectional area of the droplet. In

this paper, we use a 3D model. If we used droplets of the same
size, the computational load and time would be unaccept-
able. For our simulated droplet size (lattice radius of 40 l.u.),
the entire computational domain contains 4.8 million lattice
points and requires 200000 steps to complete the process,
taking nearly a day of parallel computation on our GPU device
(Nvidia A40). We estimate that, for our computational domain
(5R x 5R x 3R), the grid count would reach 75 million,
increasing the computational load by > 15 times. Moreover, to
match the experimental Fo = #, the required time steps

are proportional to the square of the droplet radius, meaning
we would need to compute 1.3 million time steps. This results
in a nearly 100-fold increase in computational load, which
is enormous. Without considering droplet volume changes,
significant deviations in droplet shape during the last 10% of
the solidification process only start to appear in Fig. 6.

Furthermore, to investigate the reasons behind the signifi-
cant deviations between simulation and experimental results
within the Fourier number range from 0.779 to 0.899, we
conducted a detailed comparison of the temperature and solid
fields within this interval, as shown in Fig. 6. A notable
finding is that, influenced by the continuous exposure to cold
air, the sides of the droplet begin to freeze before the center
does. Just before solidification completes, the outer ice peaks
envelop the droplet first, leading to the phenomenon of ice
growth toward the inside of the droplet. This simulation result
explains why the maximum value of the phase interface height
and the minimum value of the relative radius are reached first
in the simulation, even though the actual solidification process
has not yet been completed. This indicates that, although
the droplet shape deviates from the experimental results just
before complete solidification, the solidification time still
matches the experiment.

Fo =0.779

Fo =0.779

(b)

Fl

0.95
0.88
0.80
0.72
0.65
0.58

Fo = 0.899

.

X

0.42
0.35
0.27
0.20
0.12
0.05

Fo = 0.839

FIG. 6. (a) Comparison of the temperature field (left) and solidification field (right) just before the end of solidification. (b) Three-

dimensional perspective.
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Fo = 0.0091, 20005,

Fo = 0.0273, 60008,

Fo = 0.0456, 100005,

Fo = 0.0638, 140005,

FIG. 7. Under the same conditions of specific heat at constant pressure and thermal conductivity, temperature transfer for different liquid-
gas density ratios(T = 1.5 is the freezing point) (a) o;/p, =40, x1/x; = 7.179, (b) pi/p, = 80, x1/x, = 14.357, (c) pi/py = 400, x;/x; =

71.787, and (d) p;/py = 800, x;/x, = 143.574.

We compared the temperature diffusion cloud diagrams for
different liquid-gas density ratios (with linear EOS parameters
setas 0, = 0.5¢2,6; = ¢2,and §,, = —0.03¢2, for each density
ratio, calculating respective p;, p, and adjusting A to ensure
thermodynamic consistency) in Fig. 7. For other parameters,
we adhered to the physical properties of water and air. In real
environments (at 0 °C), the thermal diffusivity of air is 143
times that of water, as shown in Fig. 7(d). In previous work,
the commonly used liquid-gas density ratio is ~40. Authors
of previous studies [13,59] used the Peng Robinson EOS to
represent water and air, with parameters 7 /7. = 0.8, resulting
in a liquid-gas density ratio of ~36 at this temperature. It is
evident that, when p;/p, = 800, within a very short time (Fo
at the end of solidification is 0.899), which is ~1% of the total
solidification time, the cold air rapidly envelops the droplet.
However, when p;/p; = 40 and 80, the air temperature does
not fully envelop the droplet even in the first 10% of the total
solidification time.

To specifically analyze the heat transfer process between
air and water under actual conditions, we have illustrated a
schematic diagram in Fig. 8. In fact, although the thermal
diffusivity of air is much higher than that of water, the droplet
is not significantly affected by the rapid cooling of the air.
This is because the density and specific heat capacity of water
are both greater than those of air (0;C,,;/p,Cp ¢ ~ 3200). The
large disparity in physical properties means that when the
droplet is enveloped by cold air, only the ice peak at the
air-water-ice triple line gradually rises higher than the ice peak
at the center of the droplet over time.

To further deepen the understanding of the extent to which
air affects the solidification process of pure water droplets,
in this paper, we employed a quantitative analysis method
based on these simulation results. By analyzing the solidi-
fication growth rates at the periphery and the center of the

droplet during the solidification process in detail, we observed
key characteristics of the solidification dynamics. Specifically,
from the data comparison in Fig. 9, we identified that, in the
initial stages of solidification, the solidification growth rate
inside the droplet, whether hydrophilic or hydrophobic, is
significantly faster than on the outside. This phenomenon is
manifested in the 3D solid reconstruction images as an initial
protrusion in the center of the droplet. As time progresses,
the influence of the surrounding cold air on the droplet grad-
ually becomes significant, leading to the solidification growth
height on the outside of the droplet exceeding the inside and
increasing at an almost constant rate, eventually surpassing
the internal growth rate to reach a peak. During this process,
the solid phase structure inside the droplet undergoes a mor-
phological change from protrusion to concavity.

IV. CONCLUSIONS

In this paper, we introduce a comprehensive enthalpy-
based model that encompasses the solidification process of
various materials. In this model, the effective and inef-
fective areas between different components are efficiently
delineated using fractions. The heat transfer between dif-
ferent components is evaluated by comparing temperatures
before and after sufficient mixing, and heat transfer be-
tween components is facilitated using a thermal source term.
Compared with previous enthalpy-based models, this model
successfully avoids the potential issue of transferring physical
properties during the enthalpy distribution function transfer
process.

(1) We have developed an enthalpy-based model for dif-
ferent materials. We use different forms of the enthalpy
distribution function between different materials, still utilizing
the enthalpy distribution function for collisions and streaming
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Fo = 0.0091, 20008,

Fo = 0.0364, 80008

FIG. 8. In actual conditions (p;/p, = 800), the schematic diagram of the cold air enveloping the water droplet (dark blue arrows indicate

cold transfer, red arrows indicate heat loss from the droplet).

processes among the same type of material. For different
materials, instead of using the enthalpy distribution function
form, the energy transfer between components is calculated

(a)l.O T T T T T T T T ‘:A y
0.9 | M Inside

0.0 . . v oy =
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0. 0.9
Fo
(b)l.O‘l T T T T AN
0.9 .
I , n
A .

T T
W Inside A
A Outside
| |

FIG. 9. Comparison of the growth peaks inside and outside the
droplet (the red line distinguishes between areas that conform to
and do not conform to experimental controls). (a) Contact angle
6 = 103°. (b) Contact angle § = 82°.

based on the temperature before and after sufficient mixing
of different materials, and this is represented in the enthalpy
distribution function equation of each component through a
thermal source term.

(2) We have specifically applied the enthalpy-based model
for different materials to the case of a water droplet solidifying
in air, constructing an enthalpy-based model for two materials
(water and air) and restoring the ratio of physical properties
of air to water under actual conditions. The simulation results
are in basic agreement with the experimental results. Addi-
tionally, the simulation demonstrates the significant difference
in thermal diffusivity between water and air as well as the
substantial disparity in heat transfer between them.
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APPENDIX

The experiment is primarily divided into four parts: droplet
generation and control, temperature control, surface control,
and image acquisition and analysis. The high-speed camera
operates at a frame rate of 400 fps, while the infrared shooting
frame rate is 100 fps. The experiment is conducted in an
enclosed, insulated environment, with the room temperature
set at 20 °C and the internal temperature of the experimen-
tal platform at 8 °C. The initial temperature of the droplet
is 8.5°C, with the low-temperature surface at —15°C. The
ambient temperature is measured by a temperature sensor, the
droplet temperature is determined via infrared, and the surface
temperature is obtained from the measured temperature of a
frozen and stable droplet. The experimental surface, a regular
smooth aluminum substrate cleaned with anhydrous ethanol,
is either directly sprayed with NC319 hydrophobic coat-
ing or soaked in a 2% (heptadecafluoro-1,1,2,2-tetradecyl)
trimethoxysilane ethanol solution to achieve a hydrophobic
surface.
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