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Abstract. The Lattice Boltzmann method has been applied with relative sucess to simulate fluid flows in porous media,
phase transitions and interfacial phenomena. In this work, droplet spreading dynamics in homogeneous and hetero-
geneous surfaces is studied using the Immiscible Lattice Boltzmann based on field mediators. This method permits to
simulate immiscible fluid dynamics and the interaction of the fluids with the solid surface. The results of simulations are
compared with published experimental data.
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1. Introduction

The study of surface phenomena problems, i.e., in which different fluids can interact with a solid substrate, was
always subject of great scientific and economical interest. One commonly studied phenomena is the surfaces wettability.
It happens due to the intermolecular forces action among the both fluids molecules and the solid ones and results in the
macroscopic contact angle, usually defined through the Young-Dupré equation. In what refers to contact line dynamics, it
is known that the three phases simultaneous interaction in the contact line area influences directly static and dynamics of
wettability (Dussan, 1979). However, it is not known the precise mechanism for contact line movement through the solid
surface and how that mechanism interacts with the rest drainage (Blake and Coninck, 2002). Even Young-Dupré equation
- that describes the thermodynamic balance characterized by a certain contact angle - has its validity questioned (Liu and
German, 1996). In order to study the wettability phenomena, the Immiscible Lattice Boltzmann (ILB) model, developed
by Santos, Facin and Philippi (2003), was used to simulate droplet spreading dynamics on solid surfaces with different
wettability conditions. In this way, the chemical heterogeneities influence on contact line dynamics can be observed.

2. Lattice Boltzmann Method

The Lattice Boltzmann Method (LBM) can be regarded as a discrete counterpart of the Boltzmann’s transport equation,
in which space and velocities can assume only discrete values. The continuous space is replaced by the vertices of a regular
lattice, named lattice sites. Each site is characterized by a particle distribution functionNi(X, T ) which evolves according
to the Lattice Boltzmann Equation:

Ni(X + ci, T + 1) = Ni(X, T ) + Ωi, (1)

whereT is the time variable, the indexi indicates the neighbor,ci is a velocity vector pointing to neighbori (i = O refers
to the rest particle distribution). The term in the right side is called collision operator and is writen in such way that∑

i

Ωi = 0, (2)

∑
i

Ωici = 0, (3)

in order to preserve the mass and momentum of each site.
The evolution of the model, given by Eq. (1), can be split in two processes. In the first, designated as collision,

the distribution functionNi(X, T ) is changed by the action of the collision operator. In the second process, called
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propagation, the valuesNi are propagated to the neighboring sites, in accordance with the direction of the vectorci. The
mass and momentum variables are defined with the help of the distribution function:

b∑
i=0

Ni = ρ, (4)

b∑
i=0

Nici = ρu. (5)

Usually, a single relaxation time approximation for the collision is used (see Qian et al., 1992):

Ωi =
Neq

i −Ni

τ
, (6)

whereT is the relaxation time andNeq
i is called equilibrium distribution.

With a suitable choice of the equilibrium distribution it can be shown that the model evolves accoding to following
equations:

∂t(ρ) + ∂β(ρuβ) = 0, (7)

∂t(ρuα) + ∂β(ρuαuβ) = −∂α(p) + ν∂β [∂β(ρuα) + ∂α(ρuβ)] , (8)

where the pressurep and the kinematic viscosityν are given by

p =
1
3
ρ, (9)

ν =
1
3
(τ − 1/2). (10)

The mass balance equation is, exactly, the same equation obtained in classical hydrodynamics. Considering low Mach
number (p constant), the obtained momentum balance equation will be, clearly, in agreement with the Navier-Stokes
equation.

3. Immiscible Lattice Boltzmann

In this work, a lattice-Boltzmann model based on field mediators was employed. The model is fully described in San-
tos, Facin and Philippi (2003), and some slight improvements commented at the end of present section, were performed.
Two particle distribution functions,Ri andBi, are used to describe the immiscible fluidsr andb. Particles interaction is
modeled by splitting the BGK collision term, considering, separately,r-r andr-b collisions. A third distribution function
– namely, the mediator’s distribution functionMi – is used to model the long range interaction, carrying out neighborhood
information. The distribution functions are updated considering two steps:
a) alocal step– involving the particles collision process and the emission/ annihilation of the field mediators;
b) anon-local step, i.e., the propagation step.
In what follows,X is the position vector andci is a discrete velocity. In the local step particle distributions are updated at
each time stepT by a collision process:

R′
i = Ri + ωr R0

i (ρ
r,ur)−Ri

τ rr
+ ωb R0

i (ρ
r, ~ϑb)−Ri

τm
, (11)

B′
i = Bi + ωb B0

i (ρb,ub)−Bi

τ bb
+ ωr B0

i (ρb, ~ϑr)−Bi

τm
, (12)

where

ρk =
bm∑
i=0

Ki , uk =
1
ρk

bm∑
i=1

Kici , (13)

are, respectively, the macroscopic density and the velocity of componentk, k = r, b. R0
i andB0

i are the equilibrium
distributions. Theω’s are the mass fractions,ωk = ρk/ρ. The ϑ’s are the local velocities modified by the action of
mediators,

~ϑr = ur + Aûm , ~ϑb = ub −Aûm , (14)
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and

ûm =
∑

i Mici

|
∑

i Mici|
. (15)

The mediator’s distribution are updated by anemission/annihilationstep, defined by

M ′
i = αMi + β

Ri

Ri + Bi
, (16)

whereα andβ are weights used for settling the interaction length[?]. The propagation step is the only non-local step and
is identical for all the distributions,

Ki(X + ci, T + 1) = K ′
i(X, T ) (17)

whereK = R,B or M . The model described in this section differs from the model previously proposed in Santos, Facin
and Philippi (2003) in two points:
a) A single distribution function is used for describing the distribution of mediators, instead of two, as in the previous
model. This modification can be considered as a computational improvement and does not change the theoretical aspects
of the model, since, in the previous model, the mediators-particles interaction rules were, effectively, based on the differ-
ence between the two distributions.
b) The emission/annihilation step (see Eq. 16) was previously writtenMr

i
′ = αMr

i + βwr. In our simulations, this
change appears to decrease the magnitude of the spurious currents, although a more detailed analysis remains to be done.

3.1 Boundary conditions

At the solid surface, bounce back boundary conditions for the particle distributions were imposed. The boundary
conditions for the mediators distribution try to modulate the interaction process between the solid and the fluid. The
wettability, or the desired contact angle, can be obtained by imposing, at each fluid site adjacent to a solid site, a constant
valueMsolid

i for the mediator distribution along the directionsi leading to the fluid phase in the propagation step. This
quantity determines the contact angle, since it determines the interaction between solid and fluids. As the mediator
distribution carries the values of mass fraction,Mi ∈ [0, 1], whenMsolid

i = 1/2 the contact angle will beθ = 90o. When
Msolid

i > 1/2, fluid r will behave as the wetting fluid, and whenMsolid
i < 1/2, fluid b will behave as the wetting fluid.

Nevertheless, the precise value of the contact angle also depends on the relaxation parameters (τrr, τbb, τm).

4. Wettability

In a broad sense, the interaction among two fluids and a solid surface is called wettability. This property is the result
of molecular interactions among the molecules of two or more fluids and the molecules of a solid substratum. When two
immiscible fluids are in contact with a solid surface, the existence of a common line for the three phases is observed, this
line is known as contact line. This situation originates the definition of the contact angleθ, that is, the resulting angle
between a tangent line to the interface that separates the immiscible, fluids and the solid surface, as shown at Figure 1.

Figure 1. Definition of the contact angle.

4.1 Contact angle determination

Considering the interface as spherical cap (out of gravity action), it can be shown that the contact angle obtained
follows the geometric relationship:

θ = 2arctan
(

2H

B

)
, (18)
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whereH is the drop height andB the contact area diameter between drop and solid. The contact area is not measured
close to the surface to avoid the complex region of the contact line. The parameterδ denotes an height above the base,
where the diameterB is measured. In this studyδ has a value equal to 3 lattice spaces. When a drop is put in contact
with a solid surface three different configurations can result: (i) the drop disperses on the surface until an equilibrium
contact angle is reached. In this configuration the drop phase is called wetting for that surface (θe < 90o); (ii) the drop
contracts on the surface until an equilibrium contact angle is reached. In that configuration the drop phase is called not-
wetting (θe > 90o); (iii) the drop disperses completely, covering the whole surface and forming a fine film of wetting fluid
(θ = 0o).

4.2 Experimental evidences in dynamic conditions

A revision of experimental results (for complete wetting) available in literature was given by Marmur (1983). Accord-
ing to the author, the available experimental data for the drops spreading on solid surfaces obeys an empirical relation,
given by:

R ∝ tn (19)

whereR is the base drop radius (contact area with the solid),t is the time andn is an empiric coefficient. In agreement
with Marmur (1983), it is noticed that the most of values forn are between0.100 and0.145, although values of0.0330
and0.3135 are also reported (according to Cazabat (1987). These deviations can be caused by instabilities in contact line,
produced by temperature gradients in the liquid (Williams, 1977)).

5. Results and discussion

All simulations in this study were done using periodic boundary conditions, in the absence of gravity. The particles
density per siteρ are set equal to1. The relaxation times (τR, τB , τm) are set1, resulting in viscosities,ν = 1/6 (in lattice
units).

5.1 Spread on homogeneous surfaces

The relationship between interaction factor and contact angle for two-dimensional model is shown in Fig. 2. For
three-dimensional simulations the relationship is equivalent (as verified in simulations).
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Figure 2. Relationship between interaction factor and contact angle for two-dimensional cases.

5.2 Variation of the exponentn with the initial condition

To verify the model supplied, results agreement with there available in literature, is considered a drop on a flat and
homogeneous solid surface, in two different initial conditions: (a) spherical drop and (b) semi-spherical. In both cases,
each field of the domain is filled out with only one of fluids. Initially, a sphere with radius equal to30 lattice sites,
composed ofR fluid, is generated in the computational domains center. All of the remaining sites are filled out with
theB fluid. Some time steps are necessary for the drop become perfectly spherical and stable. The stability condition
adopted is∆ρR = ρt+1

R − ρt
R < 10−5. This feels around120 time steps. Then, the area corresponding to the solid plate

is designated as solid in the computational domain. In case (a), the solid area is only a tangent plan to the drop. In case
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(b), this area occupies the whole inferior half of the domain, eliminating half drop, and characterizing the initial contact
situation. When the drop contacts the solid surface, it disperses or retracts until a characteristic contact angle reaches.
This equilibrium contact angle is characteristic of the surface wettability. During the drop spreading, the contact area
radius, between drop and solid, is measured. It is assumed here, implicitly, that the circular symmetry is maintained in
whole spreading. Taking a central cut in planzx (or zy), the position of the lattice site that contain the contact line in plan
xy can be obtain for the following expression:

xint =
∑nx/2

x=1 xρRρB∑nx/2
x=1 xρRiρBi

(20)

whereρRi
andρBi

are the fluidsR andB densities in the site of positionx. From the contact line position, is determined
the contact area radius. Assuming thatR ∝ tn, the exponentn can be determined from the curve angular coefficient in
lnR×ln t graph. Coming this way, it is obtained for case (a)n = 0.617±0.00714, and for case (b)n = 0.119±0.000425
(shown in fig. 4.2). Observing the presented results, it can be noticed that there is a significant variation ofn in agreement
with the initial system condition. The subsequent analyses are made being considered initial condition same to (b).
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Figure 3. lnR × ln t graph of a drop spreading, in condition (b), on a flat and homogeneous solid surface. In this case,
the interaction factor is equal to0.82, resulting in an angular coefficient ofn = 0.119± 0.000425.

Figure 4. Spreading of a spherical drop with30 lattice sites radius on a homogeneous surface. In this case, the interaction
factor is equal to0.82 resulting in an equilibrium contact angle equal to59.5o.

5.3 Variation of the exponentn with the wettability

Besides the initial condition dependence, it is noticed that the wettability variation is accompanied of a substantial
change ofn value, presenting negative values for hydrophobic surfaces (not wettable), in which the drop retracts, and
growing in way approximately lineal with the contact angle decrease (in other words, with the increase of the interaction
factor).
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(a) (b)

Figure 5. Variation of the exponentn in function of (a) equilibrium contact angle and (b) interaction factor.

5.4 Spreading on heterogeneous surfaces

In real situations it is common that solid surfaces contain physical or chemical heterogeneities. These heterogeneities
provoke disturbances in the contact line dynamics during the spread. It has recently become feasible to fabricate surfaces
with well-defined chemical properties on micron length scales and it is becoming possible to perform well-controlled
experiments which probe the behaviour of mesoscopic droplets on chemically and physically heterogeneous substrates.
Thus it is particularly interesting to develop techniques to model the effect of these surfaces on the spreading properties
of a droplet. (Dupuis, 2003) In this section it was studied the chemical effect from heterogeneities on the spreading
dynamics. To simulate situations in that the surface presents areas that are composed by different materials, or presents
some pollutant type, different wettabilitys are attributed on the surface. The analysis will be based on the observation of
three different cases, presented in the following sections.

5.5 Solid surface formed by parallel strips with different wettabilitys

In this case, the surface is divided in strips having two different wettabilitys. Sharply, the drop disperses preferentially
on the strips with greatest wettability. Figure 6 displays the contact line evolution with the time and the referred preferen-
tial displacement. It is also noticed that the spreading on each strip is influenced by the neighboring strip. This influence
is also verified when drop sections are analyzed on different surface strips. With the angles measurement method adopted,
the following contact angles are obtained:63.6o in positionx = 71 that corresponds to the central line of a strip with
interaction factor0.6 and61.2o in x = 79, central line of a strip with interaction factor equal to0.9. The equivalent
equilibrium angles for a homogeneous surface having those same interaction factors are83.0o and47.2o respectively.
They are represented in the left part of Fig. 7, and the measured values are shown in the right part of the same illustration.
This demonstrates a mutual and intense influence of both areas on the equilibrium contact angle. When the images of
the sections used in the measures are analyzed, it is noticed that for a region close to the substratum, the contact angles
approach the values found for homogeneous surfaces (see Fig. 7). These angles are not detected by the used method,
because it bases on a circular approach for the drop section and it measures the contact diameter in a positionz = δ above
the solid surface, as discussed previously.

5.6 Solid surface formed by sites with two wettabilitys, random distributed

A solid surface is formed by sites that presents one of the selected wettabilitys, randomly dispersed. In this case each
surface site assumes the interaction factor of0.7 or 0.9. It is Observed that the contact line moves more quickly on those
areas that present highest density of sites with high wettability. However, as the wettabilitys distribution is randomic, not
presenting preference for a specific wettability, the spreading dynamics is similar to that on homogeneous surfaces. The
drop disperses staying in the central domain area, maintaining the contact line approximately circular. This allows the
same analysis used for the homogeneous surfaces. However, to guarantee a better approach for the medium contact area
radius (R) assuming a circular approach, it is calculated based in the contact area (A) between drop and solid, and is given
by R = (A/π)1/2. Is considered contact area, the number of sites immediately above the solid that presentρR > ρB .
So, it is obtained for the described situation, the exponentn = 0.11± 0.0008. It can be noticed thatn tends to the value
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Figure 6. (a) Contact line evolution on a surface divided in strips with interaction factor of0.6 (grey stripes) and0.9, with
width equal to seven lattice sites. (b) Same to the item (a) for strips width equal to fifteen lattice sites.

Figure 7. In the right side, contact angles measured on the central lines of two strips with different wettabilitys (positions
X = 71 andX = 79) in the equilibrium situation. At left, the equilibrium angles measured in homogeneous surfaces

with the respective wettabilitys, are represented.
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corresponding to a surface with interaction factor equal to the average the used factors, as the case shown in the beginning
of the section.
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Figure 8.lnR× ln tgraph for a drop spreading in condition (a), on a heterogeneous surface with interaction factors equal
to 0,7 and 0,9. The resulting angular coefficient is .

5.7 Squared surface with different wettabilitys

The solid surface is divided in equilateral squares, being attributed to each square an interaction factor chosen randomly
in a defined interval[0.7; 0.9]. Once the wettabilitys distribution (interaction factors) is uniform in the interval, each value
of interaction factor has equal probability of being found in the solid. The smallest possible variation among two factors
was adjusted for0.01. In the same way that in the previous cases, the drop movement feels preferentially on the surface
regions that present larger interaction factor (in other words, smaller contact angle) average. When the square area is
small in relation to the final drop-solid contact area, the dispersal speed variations are small, still allowing the movement
characterization through proportionality lawR ∝ tn. In this cases it can be noticed that the n value found is between
the values corresponding to homogeneous surfaces (n = 0.0804 for interaction factor0.7 andn = 0.1972 for interaction
factor0.9). As the squares areas increases the drop dispersal is more influenced, presenting speed and direction variations
along the time (Fig 9).

(a) (b)

Figure 9. Contact line evolution for a drop dispersing on a heterogeneous surface divided in (a)4 lattice sites squares and
(b) 7 lattice sites squares (interaction factors between0.7 and0.9).

Figure 11 shows the contact line dynamics formed by a drop on a very heterogeneous surface. It is noticed that
dispersing is always followed by drop retraction. This dynamics type illustrates the intermittent drop movement in which
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Figure 10. Drop spreading on a heterogeneous squared surface. Wettability values between0.7 and0.9 and squares with
10× 10 lattice sites.

0 1000 2000 3000 4000 5000
29

30

31

32

33

34

35

36

<R
>

t
Figure 11. Radium average evolution of the drop contact area on a heterogeneous surface divided in10× 10 lattice sites

squares.
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a part of the contact line becomes momentarily fixed in areas with smaller wettability, while it continues moving onto
larger wettability areas. This behavior is similar to the contact line pinning in presence of surface irregularities.

6. Conclusion

The model developed by Santos and Philipi (2003) used in this study allows to simulate, in static and dynamic con-
ditions, drops in contact with a substrate and its movement on homogeneous and heterogeneous surfaces. The model
is capable to simulate dynamic effects among drop and surface, presenting satisfactory results when compared with the
literature for homogeneous surfaces. This qualifies it as a powerful tool for investigation of factors that affect the drops
dynamics on a substrate, as initial condition, contact angle and surface heterogeneities. These heterogeneities are repre-
sented through a local surface wettability variation and influence the contact line dynamics, altering the drop spreading
speed and producing fixation phenomena (pinning) in certain areas. There are situations in that these irregularities can
move the drop for relatively big distances. The contact angles in the heterogeneity place tend to the characteristic value of
its wettability, however they are also influenced by the wettability of its neighborhood. The proportionality law coefficient
n in surfaces with great wettability variation acquires average values among homogeneous surfaces n values. Other studies
on the initial conditions, physical heterogeneities and their influences on drops spreading speed should be developed, to
represent more faithfully practical situations and determine the model applicability.
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