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New insight into the spreading dynamics of liquids on rough surfaces

using computational fluid dynamics
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Abstract. The potential of modelling of liquid drop spread-
ing on a rough surface by various approaches is analyzed. A
number of examples (silicone oil on glass, mineral oil on
stainless steel, etc.) are used to demonstrate good agreement
between the results obtained by computational fluid dynam-
ics and experimental data. The effects of various parameters
(surface characteristics, properties of the liquid) on the
process of spreading and the possibility to take account
for these factors in the modelling are considered. Data on
different spreading mechanisms on rough surfaces are
presented. The bibliography includes 69 references.

I. Introduction

The dynamics of spreading is a very active area of research,
not only for purely scientific reasons but also because many
industrial and material processing operations require the
spreading of liquid on a solid. To name just a few, we
mention surface coating, printing, painting, and processes
in trickle bed reactors, packed beds, structured reactors and
monoliths. Although wetting has been studied for many
years,!-?> many fundamental problems remain open, espe-
cially those related to the motion kinetics of the contact-
line, particularly, on rough surfaces.®*> However, most
practical solid surfaces are rough to some extent, and for
some applications of wetting, roughness of the surface may
even be essential. Because the involved phenomena are
complex, our understanding of the drop spreading on
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rough surfaces remains limited. Thus the present-day ability
to predict the dynamics of wetting and to model processes
that are dependent on wetting on rough surfaces is still
significantly restricted.?

It becomes then necessary to develop a numerical tool in
order to simulate the complex hydrodynamics of wetting on
rough surfaces. Several numerical methods of computa-
tional fluid dynamics (CFD) are available to simulate free-
surface flows (flows with moving interfaces). The volume of
fluid technique (VOF) is one of the most widely used
methods in modelling of free surfaces.®~19 This is a fixed-
mesh method, in which the interface between immiscible
fluids is modelled as the discontinuity in a characteristic
function (such as volume fraction). Nichita ef al.''>1? suc-
cessfully developed a dynamic contact angle model into the
VOF method to simulate the dynamics of spreading of a
water drop on a smooth coated silicon wafer surface. This
model accounted fairly well for the experimental spreading
behaviours observed for large drops for which gravity
cannot be neglected. In the same way, Gunjal er al.!3-14
applied a similar CFD/VOF approach to simulate the
process of spreading/recoiling of a liquid drop after colli-
sion with a flat smooth solid surface at relatively high
impact velocities (the Reynolds numbers based on drop
impact velocity were 550 to 2500). The simulations showed
reasonably good agreement with the experimental data for
the water/Teflon system. Recently, we have adapted these
CFD/VOF models to simulate the dynamics of spreading in
the case of a drop previously deposited on a surface.!> We
studied the spreading of glycerol—water mixtures with and
without a surfactant on smooth hydrophilic glass surfaces
for a large range of viscosity (0.02—1.15 Pa s), surface
tension (29—-64 mN m~—!) and drop volume (8—60 pul). A
very good agreement with experimental data was
reported.!'> However, simulations by computational fluid
dynamics of drops spreading over rough surfaces, for which
the details of surface geometry must be resolved, pose major
challenges. The approach developed by Natarajan and
Hangan !¢ is of particular interest for the spreading on
rough surfaces. They implemented a CFD model in order
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to address the effect of surface roughness on tornado-like
flows. The roughness was introduced in the simulation as an
equivalent sand-grain roughness. The roughness was
expressed by means of wall functions applied to the bottom
of the computational domain.!” This type of roughness
modification is currently present in many CFD codes. The
predictions of the velocity vectors, pressure deficit and core
radius were in good agreement with experimental data
during the numerical study of the effects of surface rough-
ness on tornado-like vortices. However, no information is
available about the validity of this ‘roughness’ approach for
the VOF method and more particularly in the case of the
spreading of drops on rough surfaces.

It is also essential to provide a large amount of exper-
imental data in order to validate and guide the development
of this numerical model. The experimental study of spread-
ing on practical rough surfaces is difficult, because the
problem of defining roughness is complex. For this reason,
much work has been done on spreading on surfaces with
well-defined grooves or roughness.'$~2! Nonetheless, some
measurements of the kinetics of spreading of liquids on
practical rough surfaces were also made.??2~27 These latter
studies show that a rich set of behaviours can be obtained
by varying the surface pattern and the wetting properties of
the liquid. On the one hand, Cazabat and Cohen Stuart 2223
explored experimentally the dynamics of spreading of sili-
cone oils on rough glass surfaces (roughness height range of
2 um to 50 um). This study revealed that the spreading of
the liquid occurs by two modes: on top of the rough surface
and inside the capillary grooves which make up the rough-
ness (Wenzel state). On the other hand, Narayan Prabhu et
al.?>* have experimentally studied the dynamics of drop
spreading of mineral and vegetable oils on stainless steel
surfaces for substrate roughness heights ranging from 0.5 to
2 um. They showed that the liquid was only in contact with
the upper part of the relief during the spreading process
(Cassie state). In other words, the spreading of the liquid
occurred by only one mode: on the top of the rough surface.

To this extent, the simulated results can be compared
with the experimental data reported by Narayan Prabhu et
al.?>* and Cazabat and Cohen Stuart.??23 These two typical
cases have been selected to illustrate the model. The aim of
this article is to verify the validity of the model mentioned
above, over rather long time periods (more than 103 s), for
the different spreading regimes that are observed with a
large range of surface wetting characteristics, liquid proper-
ties and roughness sizes.

I1. Choice of the simulation method

Numerical modelling of contact-line motion is difficult
because of the widely differing length scales involved in
the problem. Several numerical studies on the dynamics of
liquid drop spreading over solid surfaces have been reported
in the literature.!'=!> In the following, the main computer
simulation methods, including computational fluid dynam-
ics (CFD), lattice Boltzmann (LB), and molecular dynamics
(MD), are briefly reviewed.

The lattice Boltzmann method is based on a minimal
form of the Boltzmann kinetic equation describing the time
evolution of discrete particle distribution function fi(x,?),
denoting the probability of finding a particle at lattice site x
and time ¢ moving along the lattice vector c¢;, where the
index i1 labels the discrete directions of motion. It is

necessary to introduce an additional interaction force
between the wall and the liquid responsible for surface
wettability.?8 3% This extra force is acting in all cells of the
interface between the wall and the liquid, and produces
artificial density distributions in the liquid near the inter-
face.?!-32 In addition, there is no unambiguous correlation
between the strength of the interaction force and the wetting
angle, i.e., the interaction force has to be adjusted when the
size of the drop is changed.??

Molecular dynamics is one of the few tools available to
explore the molecular details of wetting. However, it is only
within the last 25 years that computer power has grown
sufficiently to make it practical to compute the dynamics of
quasi macroscopic systems and then simulate a real experi-
ment.3*~37 Molecular dynamics has been extensively used to
shed more light on molecular processes close to the contact-
line region.?®3% In the MD simulations, the fluid particles
interact with each other through a Lennard-Jones potential.
The obvious strength of the technique in the study of
dynamic wetting is that it can delve into the process at the
molecular level. Another advantage is that it can provide a
level of control that would be impossible to achieve in
wetting experiments. The appealing feature of MD is that
it follows the actual dynamical evolution of the system. On
the negative side, the simulations are still restricted to small
systems of the order of a few tens of nanometres and short
times of the order of a few nanoseconds. The simulations
are also subject to significant thermal and statistical fluctu-
ations. In addition, MD models can also provide useful
information on the local boundary conditions but they
remain valid only for specific situations and none of them
can satisfy all cases.

In principle, continuum fluid mechanics (CFD) provides
the most economical description of microflows. However,
this approach fails to describe a series of phenomena such as
near-wall slip-flow in which the continuum assumption is
under question because of the onset of molecular effects,
especially near solid walls. MD provides a high degree of
physical fidelity at the price of a very substantial computa-
tional burden. The lattice kinetic approach is well posi-
tioned to offer a good compromise between the physical
realism of molecular dynamics and the computational
efficiency of continuum mechanics. The LB method finds
increasing applications in microfluidic problems because it
allows the handling of fluid-wall interactions at a more
microscopic level than do the Navier—Stokes equations
while simultaneously reaching much larger scales than
MD.#0-41 However, the LB approach is subject to a number
of limitations, such as the existence of spurious currents
near curved interfaces as well as enhanced evaporation/
condensation effects due to the finite width of the inter-
face.*? Although the CFD method is well suited to handle
complex geometries, it also shows some physical and com-
putational limitations, namely, anomalous long transients
and the need for a large computational grid to ensure the
required accuracy, which entails a correspondingly long
computational time, which is much closer to the MD
requirements than to the LB ones. By construction, the
CFD approach is able to reproduce exactly all of the
physical properties of the flow while both LB and MD
show some discrepancies in the values of the surface tension
and vapour density. These discrepancies render them irrel-
evant for the investigation of the macroscopic features of
capillary imbibition.*3
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A detailed comparative assessment of the merits and
disadvantages of the three levels of description is therefore
of great importance in the ultimate goal of developing
efficient, robust multiscale coupling methods for complex
microfluidic flows. In a previous work, Chibbaro et al.**
presented a comparative study of capillary filling in the
presence of wall corrugations, using all the methods men-
tioned above (CFD, LB and MD). The numerical results of
these approaches were compared and tested against the
Concus— Finn (CF) criterion, which predicted pinning of
the contact-line at rectangular ridges perpendicular to flow
for contact angles larger than 45°. All the three methods
exhibited satisfactory agreement with the experimental
results, although on a different range of timescales. Whereas
the pinning of the liquid front was observed in the LB and
CFD simulations, MD calculations showed that molecular
fluctuations allowed front propagation even above the
critical value predicted by the deterministic CF criterion,
thereby introducing a sensitivity to the obstacle height.

In summary, none of the above discussed approaches
can be used as general numerical solution for dynamic
wetting problems. It is obvious that the available methods
for wetting simulation display limitations. Ideally, one
would combine the three methods within a synergistic
multiscale procedure, using each of them wherever/when-
ever appropriate in different regions of the microflow. In
the following, the volume of fluid method (CFD/VOF) will
be used for the simulation of drop spreading on rough
surfaces since it is still the most preferred method for the
computations of drop impact and spreading where strong
topological changes of interfaces occur.® 13

I11. Implementation of the computational fluid
dynamics model

1. Model equations

We study the time evolution of a sessile liquid drop, which is
initially placed (at time # = 0) on an horizontal rough solid
substrate exposed to air in a nonequilibrium configuration
and then evolves towards its equilibrium shape.

We first introduce the solution domain and the compu-
tational grids. A three-dimensional domain is considered to
carry out simulations of drop spreading. To minimize
demands on computational resources, without jeopardizing
the ability to capture key features, the solution domain for
such 3D simulations is restricted to 90° with two planes of
symmetry (instead of the full 360°). The axisymmetric
solution domain is shown in Fig. 1 a. The computational
grid is generated using GAMBIT software. A uniform grid
is used in the whole domain. The computational domain is
mapped with structured square meshes of constant size
(Ax).

The volume of fluid approach (VOF), with piecewise
linear interface calculations method (PLIC) for interface
reconstruction, is used to simulate the liquid/gas interface
and also the drop spreading on the solid surface. A VOF
interface tracking method is adopted to represent the fluid
domain and track the evolution of the domain’s free
boundaries. Gas and liquid phases are considered to be
incompressible, laminar and Newtonian fluids with con-
stant values of viscosity and surface tension. The continuum
surface force technique (CFS), is applied to model surface
forces and surface adhesion.*’

The mass and momentum conservation equations for
each phase read as

Va0 (1)
Ou 1 2 !
GV ) = (VP i) gy @)

where u represents the velocity vector, P is pressure, pu is
dynamic viscosity, p is density, g is the gravitational accel-
eration, V is vector differential Del operator, and Fsg is the
continuum surface force vector due to the surface tension.
This single set of flow equations is utilized throughout the
domain and mixture properties as defined below are used.

A scalar parameter of F is defined to mean the fraction
of the volume of each computational cell in the grid that is
occupied by the liquid.® The volume fraction of gas is by
definition 1—F. Thus, F takes the value one in cells that
contain only liquid and the value zero in cells that contain
only air. A cell that contains the gas/liquid interface would
have an F value between zero and one (Fig. 1a).

The density and the dynamic viscosity of the mixture are
calculated as

p=pL+ (pGg — pL)F ©)
p=p+ (pg — u)F )

where the subscripts L and G denote liquid and gas phases,
respectively.
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Figure 1. Schematic diagram of the free-surface reconstructions:
(a) Actual interface: the exact VOF colour function for a circular
arc over a square grid. The figure also contains the solution domain
and boundary conditions. () Interface reconstruction with PLIC
method. The number of cells is reduced compared to those used in
the actual simulation for clarity reasons.
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The manner in which the volume fraction distribution F
(and hence the distribution of liquid) evolves is determined
by solving the passive transport equation

oF
3, U VE=0 (5)

In addition to the mass and momentum balance equa-
tions, surface tension and wall adhesion must be accounted
for. Surface tension is modelled as a smooth variation of
capillary pressure across the interface. Although represent-
ing the surface force in the form of volumetric source terms,
stresses arriving as a result of a gradient in the surface
tension are neglected. Following Brackbill et al.,*® it is
represented as a continuum surface force (Fsg) and is
specified as a source term in the momentum equation as

poVF

Fgp=yp—0n—"
SE 206 + p1)

(6)

where 7y is the liquid/gas surface tension and o is the
curvature of the interface calculated as

-l oo

The normal vector to the surface n is estimated in the
cells that contain the liquid/gas interface and requires the
knowledge of the volume of fluid present in the cell.

Surface reconstruction is a prerequisite for determining
the flux of liquid from one cell to the next, and surface
curvatures when the surface tension model is activated. The
VOF algorithm solves the problem of updating the volume
fraction field F given the fixed grid, the velocity field and
the field F at the previous step. In this scheme, a straight-
line segment approximates an interface within a computa-
tional cell. The interface is considered to be a continuous
piecewise smooth line, and the problem of its reconstruction
is that of finding the approximation to the section of the
interface in each cell, by knowing only the volume fraction
F in that cell and in the neighbouring cells. The VOF
technique based on piecewise linear interface calculation
(PLIC) attempts to fit the interface with piecewise linear
segments.*%-47 Figure 1 a shows the exact VOF function for
a smooth circular arc. Figure 1/ exhibits an interface
reconstructed with VOF/PLIC. Note that the number of
cells depicted in the Figure is reduced for clarity reasons.
Since F in Eqn (5) is not a continuous function, the VOF/
PLIC algorithm is divided into two parts: a reconstruction
step (i) and a propagation step (ii). The reconstruction step
(i) allows the determination of the orientation of the seg-
ment. This is equivalent to the determination of the unit
normal vector n to the segment. The normal vector n and
the volume fraction F then uniquely determine the straight
line. The propagation step (ii) is done using a fractional step
or an operator split method, which updates the volume
fraction F along one spatial direction at a time.

Wall adhesion is included in the model through the
contact angle. For fluids exhibiting a nonzero contact
angle, the presence of wall also affects the surface normal
and therefore wall adhesion forces are included in the
present work. The wall adhesion is modelled in a manner
similar to that of the surface tension in the case of a gas/

liquid interface,*> except that the unit normal n in this case
is determined using the contact angle 04 according to

n = nycos 04 + t,sin 64 (8)

where ny, and ty, are the unit vectors normal and tangential
to the wall (see Fig. 1 a), respectively, and 64 is the dynamic
contact angle at the wall. Surface normal obtained from one
cell above the wall and near the wall [from Eqn (8)] are used
to obtain the body surface force from the surface tension.
Several models describe the evolution of the contact angle
of the fluid. One approach is to assign a constant value to
the equilibrium contact angle 04 neglecting the contact
angle hysteresis. This is also referred to as a static contact
angle model. An alternative way is the application of a
varying value of the contact angle, which depends on
instantaneous flow parameters. These models are called
dynamic contact angle models. One of the most recent and
accurate ones is the Kistler model,*® which calculates the
dynamic contact angle 04 using the Hoffman function fuorr
as follows

04 = fitor {# +falm~<e)} ©)

where 0 is the equilibrium contact angle, f5l is reciprocal
of the Hoffman function (fuorr), Uel is the spreading velocity
of the contact-line, u is the dynamic viscosity of the liquid
and y is the surface tension at the liquid/gas interface. The
Hoffman function fuorr is defined as

0.706
X X
Srorr(x) = arccos{l —2th {5'16(1—0—1.31x0‘99> } } (10)

Equation (9) shows that the dynamic contact angle 04
depends on the spreading velocity of the contact-line and
requires the input of an equilibrium contact angle. For
surfaces which are not smooth, the equilibrium angle 0 is
replaced by either a limiting advancing or receding contact
angle 0, or 6g, respectively, depending on the sign of the
velocity Ug of the contact-line. This model is then modified
with the implementation of the advancing angle 0, if the
contact-line has a positive velocity (spreading) and the
receding angle 0r if the contact-line has a negative velocity
(receding). For the dynamic model the Kistler approach is
adopted with limiting advancing and receding contact
angles measured experimentally. To this extent, we use the
experimental data reported by Narayan Prabhu et a/.?* and
Cazabat and Cohen Stuart.?? 23

2. Boundary conditions

In this part, we discuss the relationship between the boun-
dary conditions and the roughness of the surface taking into
account the wetting properties (hydrophobic/hydrophilic)
of the textured surface. The phenomenon of slip refers to
any situation in the dynamics of fluids where the value of
the tangential component of the velocity appears to be
different from that of the solid surface in contact with it.
The slip length is defined as the distance within the solid at
which the flow profile extrapolates to zero.

In recent years, it has become clear that the no-slip
boundary condition at the solid/liquid interface is only valid
for smooth hydrophilic surfaces.#°~>! Thus, the hydropho-
bicity of smooth surfaces could induce a partial slip-
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page.4%-30-52,53 In this case, the slip length can be of the
order of tens of nanometres.*® The behaviour becomes
different with rough surfaces.>* The value of the slip length
is significantly affected by the nature of the rough surface.
The flow of poorly wetting liquids on the topography of the
surface favours the formation of trapped air bubbles within
the texture (Cassie state). This configuration generates
superhydrophobic slippage.®>33 More precisely, the slip-
page increases dramatically and slip lengths up to hundreds
of micrometres may be attained.’® For rough wettable
surfaces in a Wenzel state, the situation remains ambiguous
since opposite conclusions have been reached. Bonaccurso
et al.>> demonstrated that the roughness leads to large slip,
while Granick et al.5 claimed that the topography dimin-
ishes the extent of slippage. To summarize, the slippage and
the slip length remain larger for drops in a Cassie state than
for those in a Wenzel state.

Consequently, the flow boundary conditions (i.e., the
effective hydrodynamic boundary conditions) for rough
surface depend significantly on the state of the drop on the
surface. For Wenzel state, it appears necessary to use the
effective no-slip boundary condition, which is applied at the
imaginary smooth homogeneous isotropic surface located at
an intermediate position between the top and bottom of
grooves.>” It is interesting to note that the position between
the top and bottom of the roughness is affected by the
density of the roughness element. Calculations based on this
approach lead to an excellent description of the experimen-
tal data.5” On the contrary, on hydrophobic solids in the
Cassie state, the situation and the boundary conditions are
different. The rough surface has to be considered as per-
fectly smooth with a pattern of boundary conditions: (i) no-
slip condition on the top of the roughness (solid/liquid
interface) and (ii) partial slip inside the roughness (gas/
liquid region).>?> Using this concept, it appears that the
calculated results are in good agreement with experimental
data.>?

In the present study we use a slightly different approach.
The main advantage of our approach is that it does not
depend on the state of the drop on the surface (Cassie or
Wenzel state). Due to the importance of the surface rough-
ness in the wetting behaviour of a drop on a surface, the use
of wall functions is required for near-wall modelling inside
the roughness in order to create an interaction between the
liquid and the porosity (roughness), i.e., the immersion of
the liquid inside the roughness. This means that the wall
function is necessary for the liquid to find ‘navigable
channels’ inside the roughness. In the absence of wall
function, the simulation is unable to pull the liquid inside
the roughness. However, the wall function is a calculating
tool without real physical meaning and is only used to
initiate the flow of liquid inside the roughness.

There are a range of parameters which are reported to
describe the roughness of a surface.*®>® The most common
are the average roughness height and the peak-to-peak
distance. While the experimental roughness created on the
surfaces is random, numerical modelling with a well-defined
roughness model can provide valuable information about
the spreading behaviour of the drop.

Roughness effects are introduced in the CFD code by
modifying the wall function which is based on the universal
near-wall velocity distribution. In this section, the rough-
ness modification that is based on experiments with sand-

grain roughness is described. The modified wall function is
given by 1617

1 u*
=—In( Epx,— |—AB 11
cin(Epry ) an

where u, and x,, are the velocity and height to the surface
(bottom of the domain) at the midpoint P of the wall
adjacent cell. E represents an empirical constant for a
smooth wall with a value of 9.793, 1 is the wall shear
stress, k is the Von Karman constant (~ 0.41), u* is the wall
friction velocity and AB is the roughness function.

The wall friction velocity u* is defined as

ut = C)*ky? (12)
where k, denotes the kinetic energy in the wall adjacent cell
midpoint P and C, refers to a constant with default value of
0.09.

The roughness function AB depends on the type (uni-
form sand, rivets, threads, ribs, mesh-wire, etc.) and the size
of the roughness. There is no universal roughness function
valid for all types of roughness. The roughness is imple-
mented in the simulation as an equivalent sand-grain rough-
ness as discussed by Blocken and co-workers.!” For a sand-
grain roughness and similar types of uniform roughness
elements, AB is defined as a function of the dimensionless
sand-grain roughness height #*. The dimensionless rough-
ness height /#* is then defined by

h *
h*:p U

(13)

where 4, is the equivalent sand-grain roughness height. In
the present case, we consider that /i, represents the physical
roughness height.

Depending on the value of /*, the roughness can be
classified into three regimes.!6-'7 When h* < 2.25, we deal
with an aerodynamically smooth regime, while when /*
ranges between 2.25 and 90 it is a transitional regime. The
fully rough regime is obtained for /A* > 90. The formula
used for AB depends on the roughness regime. In the
present study, the surface roughness height /4, ranges
between 0.5 and 50 um, which corresponds to A* < 2.25.
Consequently the wetting of the drop over the surface falls
in the aerodynamically smooth regime. The roughness
function AB corresponding to this regime is given by

AB = %ln(CSh*) (14)

where Cs is the roughness constant, which takes into
account the peak-to-peak distance. To summarize, the
roughness is then introduced in the Fluent software by
specifying the values of the roughness height 4, (average
roughness height) and the roughness constant Cs (peak-to-
peak distance) in the wall boundary conditions inside the
roughness.

The other boundary conditions are discussed. Along the
symmetry axis (x-axis in Fig. 1b) a symmetric boundary
condition is imposed in which normal velocity and normal
gradients are set to zero, i.e., u = 0 and Ou/O0x = 0. A no-slip
boundary condition is used at the wall on the top of the
rough surface where all the components of velocity are set
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to zero. Although the no-slip boundary condition (zero
velocity on the wall) is implemented at the wall boundary
on the top of roughness, the gas/liquid/solid contact-line
moves along the wall, presenting a kind of singularity.
Because velocity profiles at the other two planes (other
than symmetry and wall planes) of the solution domain are
not known, a constant pressure boundary condition is used
at these planes (Fig. 1a). The numerical treatment of a
moving three-phase (gas/liquid/solid) contact-line requires
further discussion. Slip is necessary for the translation of
the contact-line of a drop on a solid surface. While a no-slip
boundary condition is imposed for the fluid velocities at the
solid surface, the moving contact-line feels a slip. In our
CFD simulations, a no-slip boundary condition at the wall
is then imposed. However, this does not mean that the
contact-line with the wall cannot move, as the code integra-
tes over the whole cell adjacent to the wall to compute the
mass flux of the second phase, which, when using a finite
grid size, will average out to give an apparent finite interface
velocity at the wall. The numerical velocity of the element at
the vicinity of the surface was already estimated and is
typically in the range of a few nm per second.’-%® The
numerically induced slip was also described by Renardy
et al.®! and Afkhami et al.,°? who showed that the contact-
line motion is not very sensitive to the addition of artificial
slip lengths with magnitudes in the order of the grid size. In
most of the applications, the slip length is expected to be
much smaller than the mesh size used in the numerical
computations. The available computational resources do
not allow the mesh size to be refined in such a way that the
true slip length is captured correctly. In the present work,
therefore, no explicit slip length is imposed. However, it
should be noted that the algorithm itself introduces the
implicit slip length of the order of the grid spacing.

To summarize, the wall function is applied for near-wall
modelling inside the roughness, while a no-slip boundary
condition is used at the wall on the top of the rough surface.
The model equations given above are solved using the
commercial flow solver Ansys Fluent 12.0.16. The spatial
derivatives in Eqns (1) and (5) are discretized using the
quadratic upwind interpolation for convective kinetics sys-
tem (QUICK) scheme while the temporal derivatives are
discretized using a first-order implicit method. The pressure
implicit with splitting of operator (PISO) scheme is used for
the pressure velocity coupling in the momentum equation.

IV. Numerical parameters

Care is taken to ensure that the results are not influenced by
the numerical parameters such as grid size, time step, and
drop radius at time 7= 0. One limitation of the CFD
approach is the estimation of the initial drop radius and
contact angle. It should be noted that any differences in
initial conditions would amplify the discrepancy between
simulated and experimental results as time progresses. The
behaviour of a liquid drop after impact on a solid surface
depends on impact velocity.!? The aim of the present work
is to study the spreading in the capillary regime, where
inertial effects are small. For that reason, the spreading is
studied in situations where the drops are gently contacted
with the surface (drop impact velocity <1 m s—1). For the
CFD model, the multiphase flow must be initialized so that
the simulation starts from a stable initial position. Because
it is impossible to specify the exact initial conditions

corresponding to the experiments in the VOF simulations,
all calculations are initiated with the experimental value of
the initial radius.

In the analysis of the temporal evolution, it turns out
that the dynamic behaviour is sensitive to details of the
dynamic contact angle, which is related to mesh size (Ax)
and time step size (Af). An optimization between time step
size and mesh size needs to be performed. The optimization
principle is to find the larger mesh size which gives no
variation between the numerical solutions obtained with
different mesh sizes. In order to investigate the effect of the
grid resolution, simulations are performed with mesh sizes
ranging from 5x 10~° mm to 5x 103 mm at a constant
time step of 5x 10~ ¢s. The simulations are made with a
drop of silicone oil on a glass surface of roughness height
equal to A, = 50 pm and a peak-to-peak distance of 12 pm.
Figure 2 represents the dependence of the time variation of
the calculated base radius on mesh size. When using meshes
of size of 8 x 10~* mm and above, the dimension of the
domain affects the calculated results. The mesh size is too
high to ensure grid-independent results. As the mesh size
increases, the simulated curves become somewhat steeper.
However, all the curves reach a plateau at the same value.
On the contrary, when using mesh sizes less than or equal to
5% 10—% mm, the calculated radii are not affected by the
dimension of the meshes. For instance, simulations using
Ax =5x1075 and 5x10~%mm exhibit no variation
between the simulation results. The trend is similar to that
described by Afkhami er al.%? for the CFD/VOF simulation
of the spontaneous spreading of a drop at small capillary
and Reynolds numbers, and Schonfeld et al.°3 for the CFD
calculation of the capillary rise. All previous studies illus-
trate that the large friction in close vicinity to the three-
phase contact-line is more accurately reproduced on finer
meshes.®! 65 Therefore, a mesh size of 5x 10—4 mm is used
for all the simulations.

Radius /mm

25

20

15

500 1000 1500 2000 2500 3000

Time /s

Figure 2. Mesh size optimization. Time evolution of the calcu-
lated drop radius of silicone oil on glass surface of roughness height
equal to /=50 pum for different mesh sizes (Ax). For
Ax = 5x 1075 mm, the number of points (calculated radiuses)
depicted in the figure is reduced for clarity reasons.

Ax /mm: 5x 1073 (1), 1073 (2), 8 x 10~4(3), 5x 104 (4), 5x10~7
).

Parameters used in calculations: y =24 mN m~—!, u = 0.02 Pa s,
hy = 50 pum, peak-to-peak distance = 12 pm, and At = 5x 10~ s.
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Figure 3. Time step size optimization. Time evolution of the drop
radius of silicone oil on glass surface of roughness height equal to
hy = 50 um for different time steps (Afr). For At =107 and
5x 107 s, the number of points (calculated radii) depicted in the
figure is reduced for clarity reasons.

At[s: 8x 104 (1),5x107°(2),5x10=¢(3), 5x 107 (4), 10=7 (5).
Parameters used in calculations: y =24 mN m~!, 4= 0.02 Pa s,
hy =50 um,  peak-to-peak  distance = 12 um, and Ax=
5x10~% mm.

In order to identify the appropriate temporal discretiza-
tion, several simulations are carried out with time steps (A?)
varying from 10~7 to 8 x 10~ * s using a constant computa-
tional grid size of 5x 10—* mm. The simulations are made
with a drop of silicone oil onto a glass surface of roughness
height of 50 um and a peak-to-peak distance of 12 um
(Fig. 3). For time steps larger than or equal to 5x 10~ s,
the CFD implementation leads to a time step dependence of
the numerical results, mostly because dynamic changes of
the contact angle and the (diverging) contact-line friction
are more accurately captured on finer time steps. A time
step of 5x 10~ ¢ s is found to adequately capture the key
features of drop dynamics since the simulations using
At =10"7 5x10-7 and 5x10~¢s show no difference in
the predicted results.

Note that the previous numerical optimizations (Az and
Ax) were performed using a surface with a very large
roughness size (f#; = 50 pm and a peak-to-peak distance of
12 pm, see Figs 2 and 3). It is anticipated that the size of the
roughness might affect the optimum values of the time step
and mesh size. An optimization between time step size and
mesh size needs to be performed for each roughness height.
In our approach, the computational grid size remains
constant (Ax = 5x 10~4 mm) and simulations have been
performed in order to identify the appropriate temporal
discretization for each roughness size. Table 1 illustrates the
values of the optimum time step for different roughness
heights. The optimum time step displayed in the table is the
maximum value of Az in order to ensure time step-inde-
pendent results. The roughness height influences the values
of the optimum time step. Two ranges of roughness size can
be identified. Within each of these ranges the time steps do
not vary with the roughness dimension. The critical rough-
ness height is equal to 2.4 um. For roughness height lower
than 2.4 pm, the Az values are 10~3 s. However, for rough-
ness size larger than or equal to 2.4 um, a significant drop

Table 1. Optimum time steps for different roughness heights. The
maximum time steps Af that ensure time step size-independent results
are presented.

Roughness Type of oil Optimum At
height /um /s
50 silicone 5x10-°
18 " 3x10-¢
4.7 " 2x10—°
2.4 " 3x10-¢
2 coconut, mineral, palm 103
1 the same 10—3
0.5 " 10—3
of At is reported. The optimum time step becomes

(2-5)x 10—¢ s. Finer time steps are required for high sur-
face roughness due to the large friction in close vicinity of
the surface. In fact, within a measured unit surface area on a
rough substrate there is more surface in contact with the
spreading liquid. This surface, in contact with the spreading
liquid, increases with the roughness size.

V. Comparison of the modelling results with
experimental data

1. Spreading of silicone oil on glass

Simulations of drop dynamics of silicone oil on glass of
varying roughness are performed. The experimental data
were previously reported by Cazabat and Cohen Stuart.??23
They allow us to test the validity of the model for a large
range of roughness sizes (roughness height: 2.4—50 pm) and
also over a very long period of time (140 000 s or 38 hours).
The rough surfaces were obtained either by depolishing
glass slides by means of various grades of abrasive powder
(for fine roughness) or by sand blasting (for large rough-
ness). The roughness heights () were 2.4, 4.7, 18 and
50 pm, respectively. The corresponding peak-to-peak dis-
tances were 0.4, 0.7, 3.6 and 12 um, respectively. A silicone
oil [methyl-terminated poly(dimethylsiloxane)] of viscosity
of 0.02 Pa s, was used because it wets glass well (perfectly
wetting fluid).

We first follow the shape of the drop during the spread-
ing. The simulated spreading of the drop is shown in the
form of contours of liquid phase volume fraction. Figure 4
depicts the simulated results of the drop contour at different
time for two roughness heights (4, = 2.4 and 50 um). Note
that the surface roughness cannot be displayed in the Fluent
images. Each drop shows a similar evolution. After the
contact with the solid surface, the initial shape of the drop is
a part of a sphere and the drop behaves as a spherical cap
with a circular base area. Then, the drop starts to spread
and it is observed that the drop does not retain the form of
an ideal spherical cap during the spreading. From the
Figure, the temporal evolution of the shape of the drop
becomes visible. The surface roughness has a certain influ-
ence on the drop shape during the spreading, since the
roughness contributes to the pinning of the liquid/solid
contact-line.-%¢ It is also interesting to note that the
equilibrium shape of the drop is close to the final ‘pancake’,
which is generally expected in the case of complete wetting.

In order to compare the shape of all drops during
spreading it is more convenient to represent the 2D drop
profile. Figure 5 illustrates the simulated time sequence
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Figure 4. Simulated time sequence snapshots of a drop of silicone oil spreading on glass surface for roughness heights of: 4, = 50 pm
(peak-to-peak distance = 12 um) (a) and A, = 2.4 pm (peak-to-peak distance = 0.4 um) (b). Parameters used in calculations:
y=24mNm~!, u=0.02 Pas, drop volume ¥V = 20 ul, At =2x 10~ ¢s and Ax = 5x 10~* mm.

snapshots of the 2D drop profile for different roughness
sizes. The silicone oil drops show similar behaviour regard-
less of the roughness height. The successive stages of the
spreading of a drop on a rough surface are visible. Initially,
the drop spreads as a whole (see Fig. Sa for t = 0.07 s) and
the macroscopic cap of the drop sustains a capillary-

dominated shape. After some time the ‘foot” of liquid finds
‘navigable channels’ into the roughness and precedes a cap
which feeds the foot ( = 100—500 s).7 Some of the fluid
spreads from the macroscopic edge into the roughness. It is
assumed that the initial invasion process is the result of an
‘essentially constant capillary force’ pulling the fluid into
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Figure 5. Simulated time sequence snapshots of the 2D drop profile of silicone oil spreading on glass surface at different roughness

heights.

hy and peak-to-peak distance /um: 50 and 12 (a), 18 and 3.6 (b), 4.7 and 0.7 (¢), 2.4 and 0.4 (d).
Parameters used in calculations: y =24 mN m~!, u = 0.02 Pas, At =2x10"¢s and Ax = 5x 10~* mm.

the surface roughness.?? 23 The liquid spreads in the rough-
ness of the surface until it becomes consumed by troughs
and valleys on the surface. When this reservoir is consumed,
the drop again spreads as a whole (¢ = 2000 s) because the
fluid in the macroscopic drop relaxes onto the fluid that had
invaded the roughness. This confirms that the spreading of
the liquid occurs by two modes: (i) on top of the rough
surface and (ii) inside the capillary grooves, which make up
the roughness (Wenzel state). The other important feature is
that the final contact angles are very small. This confirms
that the silicone oil completely wets the rough surface.
Moreover, the drop spreads slowly since the contact angle
is significantly reduced within some minutes. The numerical
results cannot be directly compared with the experimental
time sequence photographs under the same conditions since
they are not displayed in the publications.?? 23

We examined more quantitatively the validity of the
model by comparing the calculated and experimental radius
as a function of time for a wide variety of surface roughness
heights (Fig. 6). As expected, the radius increases with the
time for all series. The calculated results compare well with
the experimental data over a considerable temporal range
(up to 140000 s). The CFD approach accounts for almost
all data points. Both the final drop radius and the subse-
quent dependence of the wetting are well described. This
attests that the theory is valid for a very long period of time
and also for large roughness heights (4, = 18 and 50 um).
We have shown, using several independent numerical
experiments, the validity of the model in the case where
the invasion of the liquid into the roughness of the surface
occurs (Wenzel state). This establishes that the theory takes
into account the roughness invasion.
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Figure 6. Comparison of the experimental (symbols, from Caza-
bat and Cohen Stuart??) and calculated (lines) time evolution of the
drop radius of silicone oil on glass surface at different roughness
heights.

hy Jum: 50 (1), 18 (2), 4.7 (3), 2.4 (4).

Parameters used in calculations: y =24 mN m~—!, u = 0.02 Pa s,
At =2x10"%sand Ax = 5x10~* mm.

It was previously observed that several spreading
regimes occurred during the time course of a drop on a
rough surface. The succession of two different regimes was
experimentally observed since the spreading followed two
distinct power laws.?? 23 The initial stage of the spreading
process was very similar to this reported for smooth surface
and the dependence of the drop radius R on time read as
R(1) ~ t'/8. Then, as the drop spreads, an important new
regime appeared where part of the liquid spreads essentially
in the roughness of the surface. This regime led to a power
law of spreading with exponent values ranging from 0.25 to
0.4. The power law exponent value was close to 0.25 for
large roughness height while it became equal to 0.4 for small
roughness size. To validate the succession of these two
regimes, the calculated drop radius has been plotted as a
function of time on a log-log scale (Fig. 7) for several
roughness sizes. The Figure has two successive linear seg-
ments. Each of these linear segments corresponds quite
obviously to a particular spreading regime, and they are
linked to one another by a non-linear stage corresponding
to an intermediate situation. The linear increase in the drop
radius on a log-log scale means that the corresponding
spreading regime can be described by a power law of the
form R = Kx 1", where m and K are the two constant
parameters depending on the experimental conditions but
also on the time range. For each segment, the m; and K;
parameters are optimized, the subscript i (i=1 to 2)
referring to the first and second linear sections. All the
results are listed in Table 2. For the first regime, the power
law exponents do not vary with the roughness size. The
average m; value equals 0.125+0.005. The power law
exponents m; correspond well to theoretically predicted
exponents corresponding to the ‘smooth regime’ (m = 1/8)
for which the drop spreads on the top of the rough surface.
In the second regime, the power law exponents depend on
the roughness size. The values of m» vary with the roughness

Radius /mm
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Regime 2,

6 =
5 my = 0.25-0.35
4
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m; = 0.12
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10! 102 103 104 10°
Time /s

Figure 7. Calculated time evolution of the drop radius of silicone
oil on glass surface at different roughness heights on a log-log scale
(dots). Two distinguished parts of the curve are fit by linear
regression (lines).

hy Jum: 50 (1), 18 (2), 4.7 (3), 2.4 (4).

Table 2. Influence of the roughness height (4;) on the calculated
spreading parameters of silicone oil on glass surface.

hy /pm Regime 1 Regime 2
my K; /mm s=" no K> /mm s—™"
50 0.126 4.71 0.297 1.61
18 0.126 3.85 0.332 1.23
4.7 0.124 2.71 0.328 0.96
24 0.125 2.05 0.320 0.66

size. The values of m; are equal to 0.297, 0.332, 0.328 and
0.320 for roughness sizes of 50, 18, 4.7 and 2.4 pm,
respectively. The power law exponents m, are in fair agree-
ment with the exponents corresponding to the ‘cap + foot’
regime, for which the drop spreads inside the roughness,
since the values of m» range from 0.25 to 0.4. In addition,
the power law exponent value is close to 0.250 for roughness
height of 50 pm. The model reproduces the experimentally
determined ‘smooth’ and ‘cap+foot’ regimes. It is also
important to note that the model successfully describes the
non-linear stages (in a log-log scale) corresponding to
intermediate situation between the spreading regimes. The
CFD quantitative estimation of the evolution of the drop
radius in the intermediate situation is necessary since it is
not provided by the classical theory.

2. Spreading of vegetable and mineral oils on stainless steel

To test the validity of the model at a very short time (shorter
than 3 s) and in the absence of liquid invasion, additional
data from experiments performed with mineral and vegeta-
ble (coconut and palm) oils on stainless steel substrates are
compared with the model. The experimental data were
obtained by Narayan Prabhu and co-workers.?* The surfa-
ces of the stainless steel substrates were prepared using
different grades of silicon carbide papers of various grit
sizes to obtain surface roughness height (4;) of
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0.5+0.02 pm, 1+0.03 pm and 2+0.04 pm, respectively.
The corresponding peak-to-peak distances were 0.1, 0.3,
and 0.5 pum, respectively.

Figure 8 depicts the simulated time sequence snapshots
of the drop contour (2D drop profile) of palm oil spreading
on stainless steel substrate at different roughness sizes. The
results presented in the figure are fairly representative for
the other results (coconut and mineral oils). The drops
spread in a similar manner for all the roughness sizes.
After the contact with the solid surface, the drop starts
from an initial position with a contact angle of 85 to 70°.
Then, the drop starts to spread since the contact angle

reduces within some milliseconds. As the drop spreads, the
drop height decreases while the drop radius increases. This
process continues until the drop comes to the equilibrium
position. From the Figure, the temporal evolution of the
drop base radius and contact angle becomes visible. It is
interesting to note that the drop retains the shape of an ideal
spherical cap at any moment in time. This emphasizes that
the liquid cannot fill inside the roughness. This confirms
that the spreading of the drop occurs only on the top of the
rough surface. The numerical results can be also compared
with the experimental time sequence photographs under the
same experimental conditions. Images in Fig. 8 are in good
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Figure 8. Simulated time sequence snapshots of the 2D drop profile of palm oil spreading on stainless steel substrate at different

roughness heights. A, /um: 0.5 (a), 1 (b), 2 (¢).

Parameters used in calculations: y = 33.8 mN m~—!, u = 0.07 Pas, At = 10~5 s and Ax = 5x 10— mm.
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Figure 9. Comparison of the experimental (dots, from Narayan Prabhu et al.>*) and calculated (lines) time evolution of the dynamic
contact angle of various oils on stainless steel substrate at different roughness heights: mineral oil, y = 30.0 mN m~!, 4 = 0.08 Pa s (a),
palm oil, y = 33.8 mN m~!, u = 0.07 Pa s (b), coconut oil: y = 29.4 mN m—!, u = 0.03 Pa s.

Ay /um: 0.5 (1), 1 (2), 2 (3). Parameters used in calculations: A = 10~° s and Ax = 5x 10—* mm.

agreement with the images reported by Narayan Prabhu
and co-workers.?*

We examined more precisely the validity of the model by
comparing the calculated and experimental dynamic contact
angle as a function of time for a wide variety of oils and
roughness sizes (Fig. 9). All the oils show the same trend.
As expected, the calculated dynamic contact angle decreases
with the time for all the oils and roughness sizes. The oil
starts spreading rapidly at a relatively high velocity result-
ing in a sharp decrease of the contact angle. However,
within a very short period of time, the spreading rate
diminishes significantly to almost zero indicating the stabi-
lization of the contact angle. This is due to the attainment of
equilibrium between the various surface forces under
action. Further relaxation of the contact angle is negligible.
Note that the contact angle reaches an equilibrium value
significantly larger than 0° (~20—40°). This means that the
oils do not wet the solid completely and indicates that we
discuss the motion of the contact-line under conditions of
partial wetting. A very good agreement between the model
and experimental data is found. The CFD approach
accounts for almost all data points. Both the final contact
angle and the subsequent dependence of wetting are well
reproduced. This confirms that the model describes per-
fectly the temporal evolution of the contact angle. The
roughness size has a weak effect on the kinetics of spreading
in the range of roughness heights studied (0.5—2 pm). The
time of drop relaxation does not significantly vary with the
roughness height. It is also interesting to note that the
equilibrium contact angle decreases with the roughness
size. This is in perfect agreement with the Cassie’s and also
Wenzel’s assumptions. These two models are used for
correcting the contact angle variations caused by the solid
surface roughness under static conditions in the equilibrium
state. Depending on the relative magnitude of the roughness
of the surface and the size of the liquid drop, the surface
roughness affects the contact angle in two distinct ways.
One is due to the increased solid/liquid contact area
(Wenzel approach), the other is due to the reduced contact
area (Cassie model). In the Wenzel model, the increase in
the surface area is taken into account. A rough surface
provides an additional interfacial area for the spreading

liquid which results in an increase of the surface energy.
Contact angle variation due to increased contact area is
generally modelled by the Wenzel equation 8

cos0* = rcos 0 (15)
where 0* is the equilibrium apparent contact angle of a
liquid drop on a rough surface, 0 is the equilibrium contact
angle on a smooth surface made of the same material, and r
is the average roughness ratio, i.e., the factor by which the
roughness increases the solid/liquid interfacial area. The
Wenzel equation is based on the assumption that the liquid
completely penetrates into the roughness. However, for
many real rough surfaces, air may be trapped in asperities
on surface by the liquid drop. Under this circumstance the
Wenzel model is not applicable.

In a situation where the liquid drop does not make full
contact with the substrate due to surface roughness, the
Cassie model links the apparent contact angle to the
intrinsic contact angles of the substrate ¢°

cos 0* = ficos0,—f> (16)
where f] is the fraction of the surface that contacts the liquid
drop with a contact angle of 0, and f> is the fraction of
surface that has no contact with the liquid drop. Equa-
tion (16) shows the Cassie model for a simple rough surface
with only one surface chemistry.

When the composite surface consists of a solid surface
and an air layer, Eqn (16) becomes 2!

cos 0* = f(cosO + 1)—1 17)
where fis the fraction of the solid area.

The applicability of the Wenzel model and the Cassie
model is easily verified by plotting cos 6% with respect to
cos 0. The cos 0 values were found using experimental data
previously obtained by Narayan Prabhu e a/.?* upon appli-
cation of some mineral and vegetable oils onto smooth
stainless steel substrate. According to Eqns (15) and (17),
cos 0* is expected to depend linearly on cos 0. If the results
come close to a straight line that passes the origin, this will
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Figure 10. Relationship between the cosine of the equilibrium
contact angle 6* on the rough stainless steel surface and the cosine
of the equilibrium contact angle 0 on the reference smooth surface.
The line represents the best linear fit given by
cos 0* = 1.43cos 0—0.39 (R?> = 0.94). The dashed line is drawn to
guide the eyes.

By Jum: 0.5 (1), 1 (2), 2 (3).

suggest that the change in the contact angle due to the
roughness is explained well by the Wenzel model. On the
contrary, if the straight line does not cross the origin, this
will indicate that the contact angle modification due to the
roughness is described by the Cassie model. In Fig. 10, the
reported cos 0* from the data of Fig. 9 are plotted against
cos 6 for palm, coconut and mineral oils. The data points
for the various oils fall on a single line indicating that cos 6*
increases linearly with cos 0. However, the straight line does
not pass the origin, the intercept being —0.4. This result is
in perfect agreement with Eqn (17). This confirms that the
oil drop contact with the sized rough stainless steel surfaces
can be described using the Cassie equation. The solutions
partially wet the side walls of the roughness but do not drop
onto the bottom of the rough structure, leaving an air layer
between the solution and the surface roughness. Therefore,

the simulations suggest that Cassie’s law holds for weak
surface roughness, provided that very few or no significant
contact-line pinning occurs.

The time evolution of the drop base radius is also
analyzed to confirm the ability of the model to reproduce
the experimental spreading on rough surfaces. We compare
the temporal evolution of the calculated and experimental
radius in three experimental cases (palm, mineral and coco-
nut oils on a stainless steel substrate of roughness size equal
to iy = 2 um) which are quite typical and which have been
selected to illustrate the model (Fig. 11). The Figure indi-
cates that the model is able to satisfactorily describe the
temporal evolution of the drop base radius. The different
wetting properties including the drop base radius and the
dynamic contact angle can be successfully simulated. The
theory remains valid at very short time, i.e., 1.4 s (Fig. 9)
and 3 s (Fig. 11). This is a very important result since the
wetting behaviour is significantly affected during the initial
stage of spreading. Both, the contact angle relaxation and
the increase in the drop base radius are sharp. The model
captures the essential physics of the initial stage of wetting
when the oils spread rapidly, on the top of the rough
surface, at a relatively high velocity.

Due to the high degree of correspondence for a wide
variety of configurations, the model can be used to predict
the spreading behaviour as a function of the roughness size.
Figure 11 shows the calculated radius as a function of the
time for various oils and roughness sizes. The time evolu-
tion of the drop is significantly affected by the roughness
size. The wetting velocity increases with the size of the
roughness since the curves become somewhat steeper. Con-
sequently, the radius relaxation extends longer on low
rough surface before attaining equilibrium. In addition,
the final radius increases with the roughness height. As
expected, the oil viscosity plays a role in the speed of the
motion of the oil drop. Coconut oil shows rapid flow
behaviour while the kinetics of spreading of mineral and
palm oils are slower. The viscosity values for these oils are
significantly different. Coconut oil has the lowest viscosity
(u = 0.03 Pa s) and, therefore, spread faster. On the con-
trary, viscosities of palm and mineral oils are higher and

Radius /mm a Radius /mm b Radius /mm ¢
5 | .
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Figure 11. Calculated radius as a function of time of various oils on stainless steel substrate at different roughness heights: mineral oil,
y=30.0mN m~!, u=0.08 Pa s (a), palm oil, y = 33.8 mN m~!, u = 0.07 Pa s (b), coconut oil: y =29.4 mN m~', u = 0.03 Pa s.

The experimental results, from Narayan Prabhu et al.,>* corresponding to the spreading of mineral, coconut and palm oils on stainless steel
surface of roughness height equal to s, = 2 um (dots) are also shown for comparison. A /um: 10 (1), 5 (2), 2 (3), 1 (4).

Parameters used in calculations: peak-to-peak distance of 0.5 pm, Az = 10~° s and Ax = 5x 10~* mm.
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comparable (¢ = 0.08 Pa s for mineral oil and i = 0.07 Pa s
for palm oil) resulting in slow spreading. This establishes
that the theory takes into account the change of the liquid
viscosity. The CFD estimation of the evolution of the drop
radius for different viscosities is necessary since the dynam-
ics of spreading is modified by the viscosity. The accuracy of
the model results demonstrate that the influence of the
physicochemical properties of the liquid such as viscosity
can be successfully simulated on a rough surface.

VI. Conclusion

The dynamics of drop spreading, for time periods longer
than 105 s, of mineral, vegetable and silicone oils on rough
surfaces can be readily described by a computational fluid
dynamics model applying the volume of fluid method to the
case of a drop previously deposited on a surface. The model
has been implemented to simulate the time evolution of the
drop base radius and contact angle. The simulation takes
into account the surface tension and wall adhesion phenom-
enon. The surface roughness is introduced in the simulation
as an equivalent sand-grain roughness. The surface rough-
ness is characterized by two parameters: the average rough-
ness height and the peak-to-peak distance. The use of wall
functions is required for near-wall modeling inside the
roughness in order to allow the penetration of the liquid
inside the roughness. This type of roughness modification is
currently present in many CFD codes. The only adjustable
parameter is the initial conditions of simulation (initial drop
radius and initial time) which has to be identical to those of
the experiments.

The simulations are quantitatively compared with exper-
imental data reported by other research groups. The oil
nature (silicone, mineral, coconut and palm), surface rough-
ness and type of surface (glass and stainless steel) have been
varied. The calculated results are in good agreement with
experimental data for a large range of oils and surfaces. The
fact that we obtain a good agreement between the proposed
theory and the experimental values for time periods exceed-
ing 10° s is a very strong argument in favour of the model.
We have also shown that the two physical mechanisms
responsible for liquid spreading on rough surface, i.e., on
the top of the rough surface (Cassie state) and/or inside the
roughness (Wenzel sate) can be successfully simulated.

The simulations emphasize the rich set of behaviours
that can be obtained when varying the roughness height and
the wetting properties of the liquid. On the one hand, in the
case of drops of silicone oil spreading on glass surfaces
(hy = 2.4—50 um and peak-to-peak distance of 0.4—12 pum),
for which the spreading of the liquid occurs on the top of
the roughness and inside the roughness, the numerical
results reproduce perfectly the several spreading regimes
which occur during the time course of the drop. The number
and the nature of the regimes are not affected by the
roughness size. The succession of a gravity regime
[R(t) ~ t'/8] and lastly a fast regime [R(f) ~10-29—034] is
demonstrated. The CFD approach is able to specify the
kinetic regime associated with the different mode of energy
dissipation during the drop shape transformation and also
the time window in which each particular regime holds
preferentially. On the other hand, the dynamics of drop
spreading of vegetable and mineral oils on stainless steel
surfaces (b < 2.5um and peak-to-peak distances
< 0.5 pm) occurs on the top of the roughness and the oil

drop contact with the surface can be described using the
Cassie equation. The accuracy of the model results estab-
lishes also that the influence of the liquid viscosity can be
successfully simulated on a rough surface.
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