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A CONSERVATIVE SAINT-VENANT TYPE MODEL TO DESCRIBE THE
DYNAMICS OF THIN PARTIALLY WETTING FILMS WITH REGULARIZED
FORCES AT THE CONTACT LINE

PIERRE TRONTIN' 2, JULIEN LALLEMENT!?3 AND PHILIPPE VILLEDIEU ! *

Abstract. This paper deals with the numerical simulation of thin liquid films flowing on partially
wetting solid substrates. A 2D Saint-Venant like model is proposed. Its originality lies in the conserva-
tive formulation of the capillary forces and in the model used for the disjoining pressure that accounts
for the contact line capillary forces. A finite volume scheme is proposed for the resolution of the system
and various numerical examples are presented and discussed. In particular, when the mesh resolution
is fine enough, the model is proved to be able to predict correctly the spreading of a film with the exact
contact angle in the vicinity of the contact line. When the mesh size is larger than the film thickness
(which could be the case for many industrial applications), it is of course no longer possible to recover
the contact angle. However, the model is proved to correctly predict the spreading of the film. This
important feature is related to the thermodynamic consistency of the model in the sense that the latter
ensures by construction the decrease of the film total free energy in the absence of external driving
forces.

INTRODUCTION

The motion and stability of liquid thin films and droplets which wet a solid substrate are present in a lot of
natural and industrial processes and have been the object of a lot of research studies for several decades [8}13}/33].
For instance, in the context of in-flight aircraft deicing, when a thermal protection system is activated, the
supercooled water droplets impacting onto an aircraft surface do not freeze instantaneously and can coalesce
and form a thin liquid film as a result of aerodynamic forces. Experimental studies show that this liquid film
is not always stable and can split into rivulets that may refreeze on unprotected surfaces [38]. The modeling of
rivulet flows and the accurate prediction of wet and dry surfaces is important since it has a direct influence on
the exchanges between the film, the wall and the airflow boundary layer.

A classical approach for the modeling of thin liquid films is based on the averaging of the Navier-Stokes
(N-S) equations over the film thickness h under the assumption that the ratio between h and any in-plane
length-scale is small (long-wave approximation). The reduction of the N-S equations can lead to the single
non-linear fourth-order partial differential lubrication equation for h [2], or to the Saint-Venant third-order
system composed of two equations for h and the flow mass rate ¢ [32]. The basic formulation of these models is
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limited to fully wetting films which spread indefinitely without contact line. Film rupture to rivulets or isolated
droplets through the destabilizing molecular forces is not included [12}20}27}30}34}35].

To take into account the long-range forces in the vicinity of the contact line with possible film breaking into
rivulets and partial wetting, an additional pressure term introduced by Frumkin and Derjaguin [4}[5[/11}15],
called the disjoining pressure, is included into the lubrication equation. The disjoining pressure I1%(h) is an
additional term arising from the interaction between two interfaces separated by a distance h. The first interface
is the one between the liquid film and the solid substrate. The second interface is the one between the liquid film
and the gaseous boundary layer above it. The disjoining pressure I1¢(h) can be classified into several interactions
like the van der Waals interactions, the electrical double layer or the polar interaction. However, to investigate
the behavior of a macroscopic film, I1%(h) only has to verify the augmented Young Laplace equation [21].
Following this interpretation, alternative phenomenological models for the disjoining pressure have appeared in
the literature like a diffuse interface model by Thiele & Pomeau that is based on exponential functions [26},36],
power-law expressions [16}[19,29], or combinations of power-law and exponential expressions [1,[31]. These
models are based on a disjoining pressure defined between two unbounded parallel interfaces. In reality, and
especially near the contact line, the interfaces are generally not flat. Dai |7] and Hocking [17] incorporated the
gradient and curvature of the liquid film into the expression of the disjoining pressure.

Another difficulty is the hydrodynamic contact line singularity in the configuration of partial wetting [18[24].
To prevent viscous dissipation divergence for vanishing film thicknesses, a first solution is the add of a slip
length that allows the fluid to slip at the boundary [3}/14,28]. Some authors rather use a disjoining pressure
combining long-range repulsive and short-range attractive forces leading to an energetically stable precursor
film of thickness hpree < h [15/16}|19L29[31]. The latter, which is present everywhere on the substrate actually
acts as a slip length.

This paper is the first of a series of two articles dedicated to the 3D macroscopic numerical simulation
of the transition from a continuous liquid film to rivulets. Having in mind future industrial applications, in
particular in the field of ice protection system (IPS) numerical simulation, this involves the use of complex
general geometries with any unstructured surface grids. To our knowledge, only the lubrication equation has
been generalized to partial wetting by adding a disjoining pressure to the pressure term |4, 5[11}[15] with a 4"
order capillary term. The objective of this paper is to propose a general formulation for partially wetting films
adapted to a classical 2% order finite volume space discretization on any grids. This involves a conservative
formulation of the equations with the writing of an augmented system [25]. Particular attention is paid to
obtaining the most generic model possible, verifying the existence of a mathematical entropy having here the
meaning of a free energy. A second requirement which is related to the industrial context is the need to propose
a simplified model for the capillary effects. Indeed, a description at molecular scales is not possible. The model
must account for the macroscopic properties of a partially wetting film without solving the smallest scales.
This paper is focused on the general equations in 2D with the presentation of the model and its numerical
discretization. A forthcoming paper in 3D, based on the same approach, will complement the results already
presented in [|22].

The model is established in the first part. The equivalent Saint-Venant type system is derived as well as its
associated energy equation. The second part is dedicated to the numerical method. The last part of the paper
is dedicated to numerical applications of the model for some academic but generic test cases. The influence of
the regularizing length scale involved in the definition of the model chosen for the disjoing pressure is discussed
and best practises are derived depending on the mesh resolution.

1. MODEL DERIVATION BASED ON THE LUBRICATION EQUATION

1.1. Lubrication equation for partially wetting films

We consider an incompressible liquid film moving on a planar solid surface. The substrate curvature effects
will not be addressed in this paper. The z and z axis are respectively parallel and perpendicular to the
substrate. The interface between the air gas and the liquid surface corresponds to z = h(z,t), where h is
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the liquid film thickness. The velocity field in the liquid film is written w (z, z,t). The liquid film thickness
is assumed to be small (¢ = Z—‘: < 1) with h, and L, respectively the characteristic length scales related to
the liquid film thickness and spreading. The inertial forces inside the liquid film are supposed to be small or
at most comparable to the viscous ones leading to a Reynolds number lower than 1 (Re < 1). Depending on
the targeted applications, the Froude number is supposed to be large for air-sheared liquid film (Fr > 1) and
of the order of 1 for falling films (Fr ~ 1). Both Reynolds and Froude numbers are computed from hg and
a characteristic velocity scale ug of the film motion. Under these assumptions, the liquid film motion can be
described by the lubrication equation [2]:

D(oh) _ O (phtn)
ot ox

=0 (1)

where the density of the liquid film p is a positive constant that does not depend on space and uy is a function
of the unknown h defined by:

ﬂh(ﬂf) = *M (a [Pa + pgnh + Yigh — Hd(h)]

(2 37, [h + 2b/3D o)

TP TR | Thto

1 is the dynamic viscosity of the liquid film, P, stands for gas pressure above the film, pg,h is the hydrostatic
pressure, 4 is the Laplace pressure, with x being the curvature of the gas/film interface and v, the liquid/gas
surface tension coefficient. & is given by:

Oh
1+ (32

gn and g; are respectively the components of the gravity acceleration g projected onto the z axis and the z axis.
7. is the shear stress of the outer air (x component). The term I1¢(h) represents an additional pressure term
that models the interactions between the molecules of the fluid and the substrate when the liquid film thickness
h tends toward zero [11]. It is the cause of partial wetting effects (dewetting and film rupture phenomena).
The so-called disjoining pressure I1%(h) can be derived from the disjoining energy ey including long-range
contributions [11] by:
ded

n(n) = ——n (M) (4)

The expression of e4(h) will be given later in Sec.
In Eq. , ap, is the z-average of the velocity profile of a 2D Poiseuille flow uj, reading:

1/0 22 -
un(@,2) = == ( 5= [Pa+ pgnh + gk = N4R)] = pge | ( h(z +b/3) = 5 ) + = (2 +b/3) (5)
w\ oz 2 1
By construction, u satisfies:
8uh
w—= = 7a(T) (6)
0z z,z=h
and:
Oup, up(z,0)
Zoh = 7
7 R YE Q

b is a slip length (Fig. [1]) preventing the divergence of the viscous dissipation rate for vanishing film thicknesses
[18]. From [9], b can be physically related to a characteristic molecular length scale. Typically, it can be assumed
that b ~ 1072, This is this value that has been used for all the simulations presented in Sec. It is worth
mentioning that for such a small value of b, no influence is expected on the numerical results since it is too
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FIGURE 1. Definition of the slip length b so that u %L . u% (Eq. (7))-

small compared to the film thickness even in the cells located in the vicinity of the contact line. Equation @
may be rewritten:
Ouy, 3utn, T4 h
H 92 = 571 7 (8)
z o h+bd 2h+bd

x,z

1.2. Equivalent Saint-Venant model

Back to Egs. and , the term corresponding to the capillary forces (y;4%) is of the fourth order in space.
To avoid numerical difficulties due to the spatial discretization of such a high order term (especially regarding
the 3D extension of the model with unstructured grids on 2D surfaces), it may be interesting to reduce it by two
orders in space. A first step to do this is to replace Eqgs. and by the following third-order Saint-Venant
system, where the unknowns are now h and ¢ = hu:

Oph) | 9 (phu)

ot or " (%2)
Neg) | 0 (. o 9 Ao
51 T 5 (PT) +h o [Pat pgnh+ qigr = (R)] = phgy — T + Ta (9b)

Similarly to the lubrication equation (Eq. ), the closure formulation for the wall shear stress 7, is obtained
by assuming a Poiseuille flow inside the liquid film (Eq. (8)):

_3pu T4 h
 h+b 2h+0D

Tw

(10)

In Eq. , the closure hypothesis u? = %2 has been done for the convective term. Although this assumption
is not consistent with a Poiseuille profile inside the film, it has no consequences on the validity of our model
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under the assumptions € = % < 1 and Re < 1. Indeed, Eq. is equivalent to:

dui  O0u  _Ou  u—Tuy,
E*&‘FU%—* T,, (11)

where %y, is defined by Eq. and T, = ph(h + b)/3u is the viscous time scale. In our study, the characteristic
time scale at which physical phenomena are observed is the convective time scale Teony = Lo/to. From the
hypothesis € = Z—Z < 1 and Re < 1, the ratio between T, and Tiopn, is given by:

Ty Toome = = "0 ¢ Re <1 (12)
3 h
Hence, it can be assumed that the solution of Eq. satisfies w ~ uy. This proves the formal equivalence
between the proposed Saint-Venant system @ and the lubrication equation + at the relevant time scale
for our targeted applications. For the rest of the manuscript, @ will be written simply w to simplify the notations.
In Eq. 7 the pressure terms (except P,) can be re-written in a conservative way as follows:

0 0 h?
hg (pgnh) = o (pgnQ) (13a)
) . oh 9 oh
h% (’Ylgﬁ) = ox (h’ﬂg/ﬁ) + ’)’lg%% ﬁ (13b)
+(52)
0 0 1
87 (h’ﬂq ) 'Ylg% o *2 (130)
1+ (5;)
P [—T(R)] = o (=B (R)) + T1(h) (13d)
0 Oey Oeq ,. . Oh
= o (hah(h)> ~an Mas (13¢)
0 88,1 86(1
= o (hah(h)> o (131)
This leads to an equivalent conservative formulation of the Saint-Venant system @ given by:
d(ph) | 9(puh) _
o + o 0 (14a)
Opa) | 0 ) O (00 PIY] (o,
ot +a u) + 50 1P\ Mg gaz )| =P =5 )~ t (14b)
where F is given by :
oh 9%h h? Oey Vig
F <h, s axQ) Pgn + [h ah (h) — ed(h)] R ] + Yighk (15)

1+ (52)

The term —x in Eq. is still of third order in space. The spatial order of the system can be reduced yet
by introducing the new mdependant unknown p = (9h/dx) [25]. By spatially deriving Eq. ([4a]), the following

equation for p is obtained:
Op O(u-p) 0 au
ot + ox Oz 856 (16)
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Adding this equation to system results in the following second-order in space system:

9 (ph) _ 9 (puh)

5 o =0 (17a)
op  Ou-p) 0 (, Ou
o or o \"an (17b)
d(pg)  O(pug) 0 I\ _ _ 0P
5 " s T o F | h,p, 9 ) | = h | pg: o Tw + Ta (17c)

where the unknowns are now ph, p and pq.

1.3. Energy equation associated to the Saint-Venant model

From physical arguments, the film free energy e per unit surface area is given by:

e (ph,p, pq) = ek (ph, pq) + e, (ph) + ec (ph, p) (18)

where ey, e, and e, respectively the kinetic, potential and capillary energy densities, are defined as:

hu? q2

ex (ph,pg) = p2 =(5p,)1
B2 g (ph)? 19
ep(ph) = P9 =9 (ph) (19)

2 2p
ec(php) =Yg V14?4751 + ea(h) =Yg 1+ D% + 751 + ea(2)

The first (resp. second) term in the definition of e, stands for the liquid/gas (resp. liquid/substrate) interfacial
energy. The third one is detailed in Sec. [I.4] It stands for the disjoining energy associated to partially wetting
effects.

Defining the following variable ¢ by:

T
T e e e
= (P ¢prq) = (éi)h’ o aaTq)
u? Ode
gnh — % +p%7;f (h) (20)
- v
u
the flux function 7 (Eq. (I5)) can be rewritten:
¢
F=L-h-2 21
D (21)
with £ the Legendre transformation of e defined as:
L=¢p-U-e (22)
where U = (ph, p, pq)T. System can then be rewritten:
U owub) 9 8 _ 9 (a2, 8 (23)
ot ox ox r - Ox ox S
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where S = h (pgt — 881; “) — Tw + T4 represents the source terms and A is the following skew symmetric matrix:

0 0
A=[0 0 —h (24)
0 h

Multiplying Eq. by ¢ and using Eq. and the skew symmetric property of A, we get, after some

algebra:
de 0 0 op
L (- _ 2l (A =0 2
8t+8sc (u-(e+ L)) 5 [ga ( 83:)} u-S (25)
This equation describes the decrease of the free energy of the film in the absence of external driving forces. The

term ®=u-(e+ L) — - (A g—f) corresponds to the energy flux. The dissipation term reads:

3pu?
STy = — <0 26
i u- T, hah = (26)

System is thus thermodynamically consistent. It is worth mentioning that if the disjoining energy ey is a
convex function of h (which is not the case for a partially wetting film as shown in Sec. , e can be proved
to be a convex function of the conservative variables ph, p, pg, and thus plays the role of a Lax entropy [23] for
Egs. (17). This implies in particular that in this case system Egs. has a hyperbolic structure compatible
with the second-order terms. However this mathematical structure is no longer present in the case where the
eq function is concave.

1.4. Model for the disjoining energy ¢4

The objective is to model the competition among the following surface energies, each of them being associated
with an interface between two phases:

e The surface energy between the solid substrate and the liquid film -,
e The surface energy between the liquid film and the gas flow above it v,
e The surface energy between the solid substrate and the gas flow above it vsg.

This balance drives the behavior at the contact line, in particular the wetting and unwetting properties of
the film. To ensure that eg(h) is able to address partial wetting situations with both wet and dry areas, it is
necessary for the film energy formulation (Eq. ) to degenerate into the one of a dry substrate when h =0
and into the one of a wet substrate when h > R where R is the characteristic length scale of the long-range
molecular forces. In this paper, only macroscopic scales will be considered. It is then recommended to define
eq as simple and regular as possible so that the following conditions are verified:

e For dry conditions, the only surface energy involved is the one at the substrate/gas interface vs,. This
corresponds to x = 0 in Fig. Where h(0) = 0 and p(0) = % +—o = 0. Therefore, from Egs. and
(1L9):

Vsg = €|n =0 = Vst + Vg + €a(0) (27)

h =0
p=0

which leads to:
ea(0) = Ysg — Vst — Vg = S = Vg (cosfls —1) (28)
where S is the so-called spreading parameter (here negative since the substrate is supposed to be
partially wetting) and 6, is the static contact angle derived from g, vsg, 114 and the Young-Dupré
equation [§].
e For wet conditions such as h > R:
ea(h>R)=0 (29)
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As it will be shown in Sec. [2| the two conditions written for (h,p) = (0,0) and h > R are relevant to address
partial wetting at a macroscopic scale. On the other hand, these conditions alone are not accurate enough if
physics has to be described at the very microscopic level.

For S < 0 and for partially wetting configurations, the disjoining energy e; must be a concave function [10].
In the present work, we propose to use the following simple expression for ey that meets the previous boundary

conditions (Egs. and (29)):
eq(h) = Sexp (—h/hy) = vy (cosOs — 1) exp (—h/hy) (30)

As will be shown, this simple smooth model for the disjoining energy allows to recover the macroscopic behavior
of the liquid film in the vicinity of the contact line. Indeed, provided a concave shape for ey, only its asymptotic
behavior matters but not its own expression. Long-range forces located at the contact line are simply regularized
over the characteristic length h, which will play the role of a “numerical” scale for the long-range molecular
forces that does not need to be as small as the real physical scale to get the correct macroscopic behavior.
Recommended best practices regarding the choice of h, are proposed in Sec. [3|

1.5. Macroscopic consistency of the model

The objective here is to highlight the model capability to reproduce the typical physical behaviors observed
in the vicinity of the contact line in both static and dynamic regimes. A volume of liquid film near the contact
line is considered (in light blue in Fig. . Its borders are defined by:

The solid substrate,
The gas phase,
The point z = 0 where h(0) = 0 and p(0) = % oo =0

The point = where the thickness h(z) and the angle 6(x) are defined.

Using Eq. (17a]), Eq. (17¢) can be rewritten:

Du 0 op\| _  3pu
et o H’”’axﬂ = hto (31)

in the absence of external driving forces and where % stands for the total derivative. The volume of liquid film
is assumed to advance with the constant velocity of the contact line ucy, [8] so that the previous equation may

be rewritten:
0 dp 3pucr

Equation is integrated from the positions £ = 0 to £ = z, leading to:

x)? e z U
P%% + h(a:)%(h(x)) — ed(h(x))} + yigh(z)r(x) — \/% + (ea(0) + v1g) Jr/o % d¢ =0 (33)

After some developments, some terms of the previous equation can be simplified as follows:

Vg T
= = 734 cos (0(x 34
V1+p@)2 1+ tan? (0(z)) g cos (8(z)) (34
e From Eq. (30)), it is obtained:

h(w)%(h(w)) —ea(h(z)) = =5 - [1 + h(z)/h.] - exp [=h(zx)/h.] (35)

where S = 7,4 (cos s — 1)
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h(z) >R
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molecular region

liquid film

0 x
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FIGURE 2. Vicinity of the contact line for a liquid film at rest. In a similar way to [9],
four regions are defined: the molecular region, not addressed in this manuscript, where the
continuum description breaks down, the proximal region (h(z) ~ R) controlled by long range
forces, the central region (h(z) > R and h(x) < I.) controlled by capillarity and the distal
region (h(z) 2 I.) controlled by gravitational forces. The liquid film is assumed to advance
with the constant velocity of the contact line ucry,.
e The boundary condition (Eq. ) for the disjoining energy gives:
€a(0) + g = g c0s (0) (36)
* h(z)
¢ 1 o dn
——df = — 37
/0 h(&)+0b d /0 tan(f) n + b (37)
where dn = tan()d¢, the angle 6 being defined in Fig.
Equation can be rewritten in a dimensionless form:
1 (h(z)\? h M@ 4
3 ( Ef)) +[1—cos(bs)]-G < ]ET)> + h(z)k(z) + [cos (0s) — cos (8(z))] + 3C’a/0 tan(d) ni—:—?b =0 (38)
_ Hucr . . _ Mg . . . . .
where C, = is the capillary number, [, = , /—= is the capillary length and the function G is defined as:
Vig PYn
G () = (1+1)-exp (=) (39)

Equation is now written for the central region where R <« h(x) < l. (Fig. [2). In that region, the
dimension of the liquid film is small when compared to the capillary length [, so that the gravitational forces
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can then be neglected [8]. Figure |3| shows a steep decrease of the function G and the associated long-range
forces for h(z)/h, > 1. Assuming R ~ h,, the contribution G (%ﬁ”)) can then be neglected in the central

1 — T T

01}
0.01f
0.001f
0.0001
O je-05f
le-06f
1e-07f
1e-08f

le-09F

_ N | N | MR |
lel0or 0.1 ] 10
h/h,

FIGURE 3. G function vs. h/h,.

region. Regarding the curvature effects, the hypothesis of a simple wedge shape in the central region is done [9],
leading to k() ~ 0. Therefore, in the central region, Eq. can be rewritten as:

R
tan(@)n+b
—_—

I(n,b)

h(z)
cos (6,) — cos (0(x)) + 3C, /0 (40)

Regarding the integral contribution and provided the simple wedge shape hypothesis in the central region [9),
the angle # is constant in the central region. Therefore, one obtains:

1 1
1 = if 1 regi 41
(n,b) tan(0(z)) 71+ if R < n < h(z) (central region) (41)

On the other hand, near the contact line, as a consequence of the boundary conditions h(0) = 0 and % ’:c:O =
tan(6(0)) = 0, one has tan(d) < tan(f(z)) for 0 < h(§) < R, leading to:

1 1
I(n,b) > ——————— if 0 R imal regi 42
(n,b) > tan(0()) £ if 0 < n <R (proximal region) (42)
So,
| " amr w | T (43)
o tan(@)n+b " tan(6(x)) Jo n+b
We can thus introduce a macroscopic length scale H(x) associated to the film thickness in the central region
and defined as follows:
1 H(x) d h(x) 1 d
J A e (44)
tan(6(x)) Jo n+b o tan(@)n+0b

By definition, because of Eq. , one has H(x) > h(z). Equation can then be rewritten:

cos (65) — cos (6(z)) + mfg&))/o % =0 (45)
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leading finally to:
tan (6(x)) - [cos (As) — cos (A(x))] = —3C, In (1 + Hl():v)> it R<hx) <l (46)

The logarithmic behavior of the right-hand side can been found in all dynamic contact line models and is in
particular in line with [9] for the case of small angles (6, 6, < 1). For a receding contact line (C, > 0 in Fig. [2)),
cos (05) < cos (A(x)) and 6 < 05 whereas for an advancing contact line (C, < 0 in Fig. [2)), cos (65) > cos (6(z))
and @ > 05. This is consistent with the experimental observations. If the film is considered to be at rest
(Cy =0), Eq. leads to:

cos (6(x)) = cos (05) (47)

which is consistent with the Young-Dupré equation.

2. NUMERICAL METHODS

This section is devoted to the presentation of the finite volume numerical scheme used to perform the
simulations of Sec. []and to some theoretical considerations regarding its consistency with the energy balance
equation (Eq. ) The proposed scheme is only of first order in space and time but could be easliy extended
to second order by using the classical MUSCL approach.

2.1. Discretization scheme

For the sake of simplicity, let us first consider the spatial discretization of system only and let us restrict
ourselves to a uniform mesh of size Axz. The finite volume method, which consists of integrating system
over a given cell 7, leads to the following semi-discrete system:

dU; 1 1
a + A (-Fi+1/2 - -Fi—1/2) = Az (Bi+1/2 - Bi—1/2) +S; (48)

where U; and S; are respectively the averaged values of U and (0,0,S )T over the cell 7, and Fy /o and Bj; 12
are respectively the numerical fluxes at interface i + 1/2 between cells 7 and i 4+ 1 that respectively correspond
to the terms u U + (0,0, E)T and A ‘3—‘5. Regarding first F; /o, we have chosen the following scheme:
)" (49)

Fiii)0= U:Srl/g Uitug Ui + 0,0, L;41/2

with ui++1/2 (resp. u;+1/2) being respectively the positive (resp. negative) part of u; 1/, defined as ;)9 =
(u; +uiy1) /2 and:

1
Livryz =5 (Li+ Liv1) (50)

This corresponds to an upwind scheme for the convective part of the flux and a centered scheme for the force
term L. Regarding now the term B; /5, the scheme used is a centered scheme that reads:

B = A¢+1/2% (51)

where A, 1/5 = 3 (A; + Ai41). For the time discretization, we used the implicit Euler method in order to avoid
any resctrictive stability condition on the time step (at least from heuristic considerations). This finally leads
to the following numerical scheme:

Uin+1 _ Uzn + =

A
ar (

At
n+1 n+1 _ n+1 n+1 n+1
Fi+1/2 o Fi71/2) N (Bi+1/2 - Bi71/2) + AtS; (52)
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2.2. Semi-discrete energy equation

Let us now consider the problem of deriving a discrete counterpart of the continuous energy equation (Eq.
([25)). Taking the scalar product of Eq. with ¢;(t) leads to:

dei

dt

Ar—"+@; (Fip1/2 — Fi_1)2) = i - (Bit1/2 — Bi—12) + @i - SilAx (53)

Using the expression of Fj /o and the definition of ¢; we get:
_ 1
i (Fip12— Fi_1)2) = @i - (u:’:;'_l/g Ui +ui ) Ui+1) + iui(ﬁi +Lit1) (54)

Then, using that £; = ¢; - U; — e; (by definition of £), we get after some algebra:

@i (Fipr2 — Fiovy2) = (u€)iy1y2 + (ul)iy1y2 — (ue)i—1y2 — (ul)i—1/2 + D; (55)
where:
(ue)itryz = Uiy €t Uiy yp €ita (56)
1
(Wl)it172 = 5 (Wir1Li +uiliry) (57)
Di = 7u;+1/2 (eir1— € — @i (Uir1 —Ui)) + u;-tl/Q (i1 —ei — @i~ (U1 — Uy)) (58)
The skew-symmetry of A;; /7 leads to:
Pitl —Pi _ Pi T Pit1 Pit1 — Pi
Pi- Ai+1/2 Az = B : Ai+1/2T (59)

In the absence of external driving forces:

3uu?

Gathering all the intermediate results, we finally obtain the following local semi-discrete energy inequality (in
the absence of external driving forces):

dei
Az i +Giy12—Gic1jp+ Pip1o—Pi12+ D <0 (61)
where: )
Gi+1/2 = u;:_l/g e; + ui_+1/2 €;i+1 t+ 5 (g1 Li +uiliyr) (62)
Pi + Pit1 Pi+1 — Pi
P, =—T""". A — 63
i+1/2 2 i+1/2 Az ( )

Summing Eq. over all cells, we finally get:

dE
dt

= - Z D; (64)

€L

with F = Z e;Ax. The decrease of the total energy at the discrete level is therefore guaranteed if all the terms
i€z

D; are non-negative. By definition of D;, this property is verified if and only if the film energy density e is a

convex function of U (i.e. of h, p and pq). It can be easily verified that e, e, and e. — e4 are convex functions
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of U. So, for fully wetting films (e; = 0), the proposed semi-discrete scheme ensures the decrease of the film
total energy. But, for partially wetting films, the disjoining energy e4 being intrinsically a concave function of
h, D; can not be proved to be non-negative for all conditions. Thus, for partially wetting films, unlike the case
of the continuous formulation, the semi-discrete scheme (Eq. ) cannot be proved to be consistent with the
decrease of the film energy. This question will have to be further investigated in the future but is out of the
scope of the present paper. Finally, it is worth mentionning that in practice (using an implicit euler scheme
for the time discretization), the monotonous decrease of the film energy has always been verified for all the
applications presented in the next section.

3. NUMERICAL RESULTS AND RECOMMENDED BEST PRACTICES REGARDING THE CHOICE
OF h,

In the definition of the disjoining energy eq (Eq. ), the characteristic length scale h, stands for the
regularizing scale of the long-range molecular forces in the vicinity of the contact line. If we are only interested
by the macroscopic behavior of the film, it can be expected that h, does not need to be as small as R. That is
what will be shown in the numerical examples presented in this section. The length scale h, will be compared to
the characteristic macroscopic length scale h,.y of the studied configuration. In Sec. hres is the thickness
ho of a puddle at equilibrium. In Sec. hres is the maximum thickness hy of the equilibrium profile of a
droplet spreading in the absence of gravity. In practice, two different cases must be considered depending on
the targeted application.

On the one hand, if the mesh size needs to be chosen such that Ax > h,.y, it is obvious that the numerical
method cannot be expected to capture the correct contact angle whatever the value of the parameter h,. In
that case, it will be shown that the choice hycr/100 S hy < hyref/10 allows to capture the correct spreading of
the film. Larger values of h, may lead to spurious dewetting phenomena (due to spinodal instabilities). Smaller
values may lead to a wrong localization of the contact line forces since h, needs to be greater than the residual
film thickness downstream of the contact line due to the numerical diffusion of the scheme.

On the other hand, if the mesh size can be chosen such that Az < h,e¢, then it will be shown that
the model allows to compute both the contact angle and the spreading of the film provided that h, satisfies
Ar S h, € h'ref~

In the test cases presented bellow, we focus on a film moving on an horizontal flat plate (g = 0) in the
absence of outer air flow (%i; and 7, = 0). Two configurations are studied: the steady state of the stabilization
of a puddle subject to gravity, and the contact line dynamics of a spreading film in the absence of gravity.

3.1. Static test-case

The equilibrium shape of a 2D heavy droplet deposited on a horizontal plate and subject to gravity is
studied. The initial radius of the droplet is supposed to be large enough compared to the capillary length [, for
the equilibrium shape to be that of a puddle [10]. The thickness profile h; of the initial droplet is given by:

hi(r) = max max — ,
(=) sin (6;)° tan (6;)

2 .
_R _M] R (65)

where R; = 0.025m. The initial contact angle 6; between the liquid phase and the solid wall is 15°. The
properties of the liquid droplet are similar to those of silicone oil (Tab. .

The equilibrium (Fig. [4) is characterized by the puddle thickness hg far from the contact line and given
theoretically by [10]:

ho = 2l.sin (9;) (66)
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p G ®) [ (%5 7y (No) [ 05 )
1000 10~° 0.03 60
TABLE 1. Properties of the liquid droplet.

h
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FIGURE 4. Puddle in equilibrium. hgy: puddle thickness. Wj: puddle spreading. 6s: static
contact angle.

I, ho y
1.749mm | 1.749mm | 110.1mm?

TABLE 2. Geometrical parameters of the final steady puddle (Fig. |4)) initialized from Eq.

The volume V of the droplet is obtained from the integration of Eq. :

0, R R?

R;
V= /_R hile)de = 2 () tan (6;) (67)

The spreading W is then defined by:
Vv
Wy = 7 (68)

The numerical values for I, hy and V are given in Tab. [2|

An analysis is proposed at two different space scales. Firstly, provided that both scales hg and h, are
accurately resolved by the mesh size Az, the influence of h, on the solution is studied. Both global (like the
computed puddle thickness) and local (like the angle 6 at the contact line) quantities will be compared with
the theoretical values hg and 6 respectively. Then, and this is the configuration encountered in practice with
a film whose spreading is large compared to its thickness, the influence of h, will be studied when h, and even
ho can no longer be resolved spatially. The ability to estimate macroscopic quantities such as spreading will
then be investigated.

As an example, time evolution from the initial droplet (Eq. ) to the final puddle (Fig. [4) is represented
in Fig. [p| with hy/ho = 1/100 and Az/h, = 0.25. The equilibrium shape of a static puddle is reached at t = 1s.
To ensure stationarity, all the computations have been conducted up to at least 10s.

3.1.1. Reference numerical solution. Both hg and h, are spatially well resolved.

The computational domain, set to [—Lo/2; Lo/2] with Ly = 0.08m, is discretized into 14720 cells leading
to a space step Az = 5.43 ym. Different values for h, are studied ranging from h,/hy = 1.55 x 1072 to
hy/ho = 2.0 x 1071, or equivalently, from h,/Ax = 0.5 to h,/Ax = 64.3. For each configuration, the steady
state solution h(x) is computed and the thickness h(0) at the middle of the puddle is compared to the theoretical
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FIGURE 5. Time evolution from the initial droplet (Eq. (65))) to the final puddle (Fig. [4).
he/ho = 1/100 and Az/h, = 0.25.

value hy (Eq. (66)) by computing:

[1(0) — ho|
ho
The influence of h, on ¢, is shown in Fig. @ We can observe the existence of an optimal value for the ratio
he/Az. As expected for very large h,/Axz (and therefore large hy/hg), the numerical error increases. Indeed,
increasing h, leads to an increase in the thickness over which the long-range forces are regularized around the
contact line. For large values of h,, the local nature of the long-range forces is then poorly addressed by the
model. More surprinsingly, the numerical error increases as well for small h, /Ax. This is due to the fact that for
h, < Az, the long-range forces are under-resolved, which leads to a non-exact prediction of the static contact
angle and in turn of the puddle thickness. This is confirmed in Fig. [7] where a focus on the contact line is
proposed. The grey dash-dot line is the reference slope at the contact line derived from the theoretical static
contact angle 5. The dashed lines stand for a poor spatial discretization of the long-range forces (hy/Axz < 1)
whereas the solid lines represent an accurate spatial discretization of the long-range forces (hy/Az > 1). Once
again, only the optimal configurations (lowest h,/hgo ratio while h,/Ax > 1) allow an accurate computation of
the static contact angle in the vicinity of the contact line (here h,/hg = 1/50 and h./ho = 1/100 in Fig. [7).
The most accurate solution h,/hg = 1/100 (black solid line in Fig. [7)) is now chosen as the reference solution.

Ehy = (69)
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FIGURE 6. Influence of h, on €p,. The theoretical puddle thickness hg is given by Eq. .
The X axis is ordered from the highest to the lowest values. Ax = 5.43 um.

A focus on the reference solution is proposed in the upper left corner of Fig. The three regions (proximal,
central and distal) are represented. As shown in Sec. the geometric angle 6 is equal to the static contact
angle 0, in the central region (Young-Dupré equation, Eq. )

A mesh convergence study is proposed for the most accurate solution h,/hg = 1/100 in Fig. To do so,
Az ranges between h, /8 and 2h,. The following errors are defined:

Loy 1/2
6h(a):<L10 Lo[hf(x)—hfjg(x)rdx> (70a)

1 5 dhi 2\
ep(co:(LO [ -t da:> (701)

where h¥ and p# refer to the numerical solutions of h and p computed on the grid defined by Az = ah,
with o € [1/8,...,2]. Regarding ¢y, hf/s stands for the solution on the finest grid (Ax = h,/8). First order
is obtained for both ¢, and ¢,, which is line with the first-order accurate numerical schemes used for space
discretization. Figure also shows the consistency of the model for p. Indeed, although p is considered as an

independent variable, the relation p = T is well verified at discrete level.
x
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FIGURE 7. Focus on the contact line. Grey dash-dot line: reference slope at the contact line
derived from the theoretical static contact angle 6,. Dashed lines: poor spatial discretization of
the long-range forces (hy/Az < 1). Solid lines: accurate spatial discretization of the long-range
forces (h,/Axz > 1). Upper left corner: focus on the three regions (proximal, central and distal)
defined in Sec. for the reference solution h,/hg = 1/100. Note that the boundaries between
the three regions are given here approximately. The theoretical puddle thickness hg is given by

Eq. . Az = 5.43 pm.

d
Figure |9 represents the time evolution of the film energy e (Eq. (18)) and d—j for hy/ho = 1/100 and

Az = h,/4. In the absence of external driving forces, the energy e is indeed a decreasing function over time,
which illustrates the result presented in Sec. [I.3] and Sec.

3.1.2. hy and hgy are poorly spatially resolved

The challenge here is to compute accurately the spreading Wy of the liquid film, without necessarily accurately
capturing the contact angle. The thickness of the initial droplet is given by Eq. with R; = 0.25m and
0; = 15°. The properties of the liquid droplet are given in Tab. Its volume is given by V =110.1lcm?.
The puddle thickness remains unchanged with hg =1.749mm (Tab. . This leads to a spreading Wy =6.3m.
Therefore, a clear space scale separation is observed between the thickness and the spreading of the puddle.
The computational domain is discretized into 200 cells with Ly =8m leading to a space step Ax = 0.04m. The
ratios Ax /Wy & 0.006 and Ax/hy =~ 23 indicate an accurate space resolution for W, and a poor one for hg.

The influence of h, on the final shape of the puddle is represented in Fig. When h,/hy 2 1 (dashed
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FIGURE 8. Mesh convergence study for the most accurate solution hy/hg = 1/100. The X axis
is ordered from the highest to the lowest values.
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FIGURE 9. Time evolution of e (Eq. (I8)) and d—:. As shown in Sec. the film energy e is
a decreasing function over time. h,/ho = 1/100 and Az = h, /4.
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(A) Only half of the puddle is represented (z < 0).
Dashed lines: h./ho = 1. Solid lines: h./ho < 1.
The curves hy/ho = 1/100 and h./ho = 1/1000 are
superimposed.

(B) Focus near the contact line.

FIGURE 10. Poor spatial resolution (Axz/hg ~ 23). Influence of h, on the spreading. For
visualisation purposes, the X to Y ratio is set to 140.

lines), the long-range forces are regularized over a thickness of the order of hy (and even larger), leading to a
poor estimation of the puddle spreading. On the other hand, when h,/hy < 1 (solid lines), the spreading is
accurately computed from & = —W;/2 to & = Wy/2. The smaller the ratio h,/hg, the better the prediction
on the spreading. However, the lack of space resolution (Ax > hg) prevents any accurate reproduction of the
static contact angle near the contact line. Care must be taken when h, becomes very small, in the order of the
thickness hpqym of a very thin and non-physical residual film that may remain on the wall due to the artificial
diffusion of the first-order numerical scheme. The numerical scale of the long-range forces being h,, that may
lead to a film that spuriously spreads infinitely. Therefore, h, must remain larger than A,m,.

Two main conclusions can be drawn from this first test case based on the computation of a static puddle. The
first point is that, whatever the space resolution, the condition h, /hg < 1 must be verified to accurately compute
macroscopic properties like puddle spreading (hs/ho < 1/10 seems to be sufficient in practice). However, and
this is the second point, for an accurate description of the local contact angle in the vicinity of the contact line,
the additional condition Ax < h, is necessary.

3.2. Dynamic case: contact line spreading in the absence of gravity

The objective here is to numerically check the validity of the formal calculation of Sec. and to study the
influence of h, on the dynamic behavior of the spreading of the contact line in the absence of gravity and for a
substrate of low static contact angle (6; = 4°). Focus is put on Eq. (46) where the constant angle f(x) in the
central region is written 6,,. It can be seen as the macroscopic angle observed near the contact line. Equation
(46) may then be rewritten as follows:

tan (6,,) - [cos (0s) — cos (0,,)] = —3C, In (1 + IZ) (71)
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TABLE 3. Properties of the liquid droplet.

hy (m) hi/hs [ ho/Az | o [eqn x107°
1.302x 107> | 1/5 | 13.02 | 24.76 18.6
6.51 x107% | 1/10 | 6.51 |[27.39 12.5
3.255 x 1075 | 1/20 | 3.255 | 27.74 9.0
20x107% [ 1/33 | 2.0 | 271 7.8

TABLE 4. Simple linear regression between 62 — 63, and C,. Slope of the regression lines: a.
Root mean-squared error: ¢,. The influence of h, is studied. hy/Az > 1.

Hucr

where H is the characteristic thickness of the liquid film in the central region and C,, = is the dimensionless

Yig
capillary number with ucy, the velocity of the contact line. Under the hypothesis that 65 <1 and 6,, <1 and
given that H > b, the previous equation leads to:

Om (02 —62,) = 6C,In (IZI) (72)

which has been introduced by de Gennes [9]. As a reminder, the similar Cox-Voinov equation [6/37] is given by:

03 — 63, =9C, In (f) (73)

The numerical test case consists in a droplet of initial thickness h; given by Eq. ., with R; = 500um,
0; = 50°, leading to V = 162mm?3 (Eq. . The properties of the liquid droplet are given in Tab. I
Unlike a totally wetting film that spreads indefinitely over the solid substrate, a partially wetting film has a
parabolic equilibrium profile (Eq. ) whose radius Ry is given by Ry = D,;/2 = 1.865mm (obtained from
volume conservation, Eq. ) The maximum thickness hg is then given by hs = 65.1um (Eq. ) In this
section, subscript ’s’ refers to the asymptotic steady state. The computational domain, set to [—Lo/2; Lo/2]
with Lo = 0.0044m, is discretized into 4400 cells leading to a space step Az = 1.0 pum, which allows h, /Az > 1
for any value of the investigated ratio hy/hs (Tab. . As an example, time evolution of the shape of the droplet
is represented in Fig. for hy/hs =1/33. At t = bs, the steady state is reached.

The model capability to reproduce the linear dependence between 03 — 62, and C, is now investigated at the
numerical level. To do so, the simple linear regressions 62 — 03, = a - C, are computed where « is the slope of
the regression lines. The influence of h,/h on the root mean-squared error ¢, of the linear regression is shown
in Tab. 4l The linear dependency of 82 — 62, on C, is all the stronger when the ratio h,/hs is low. Figure
represents the evolution of 2 — 63, as a function of C, for the two configurations hy /hs = 1/5 and h, /hs = 1/33.
The simple linear regressions are also plotted (dashed lines). For both ratios, the linear behavior of 62 — 62,
vs. C, is accurately reproduced for large values of C,. At early times7 the deviations with the linear curves are
more significant. This may be explained by the fact that Eqgs. and (73] ) are valid for 6, 6,,, < 1 and that
the initialization angle 6; is set to 50°, far from the validity range of Eqs and (| .

The influence of h,/hs on the time evolution of the contact line position z¢; (Fig. ) starts to become
significant at late times for the “long-range + capillary” regime. For the ‘Vlsco—cabplllary7 reglme the influence
of h, on the dynamics of the contact line is weak. To clarify the concepts of “visco-capillary” and “long-range
+ capillary” regimes, the different contributions of the force balance in Eq. are integrated in space along
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F1GURE 11. Contact line spreading in the absence of gravity. Time evolution from the initial
droplet. hy/hs =1/33, ho/Azx > 1.

the half droplet between z = —L/2 and x = 0 for h,./hs = 1/33 (Fig. [14). The “visco-capillary” regime is
characterized by the predominance of the capillary (red curve) and viscous terms (green curve) with the regular
decrease of the inertial term (black curve). For the “long-range + capillary” regime, both the capillary and
long-range (blue curve) terms are predominant.

In conclusion, film dynamics is accurately accounted for. In the case of low inertial regimes corresponding to
predominant contribution of the long-range forces, small h, /hs ratios are needed.

CONCLUSIONS

In this article, we have proposed a simple Saint-Venant type model to predict the movement, under lubrication
regime, of a two-dimensional, partially wetting, thin liquid film on a solid substrate. This model is written
in conservative form and does not involve partial differential operators of order greater than two, so it is well
adapted to finite volume discretization schemes. Moreover, we have proved that this model is thermodynamically
consistent in the sense that it leads to a decrease of the film free energy in the absence of external driving
forces. With regard to the long-range molecular forces acting in the vicinity of the contact line, these are
taken into account by introducing a disjoining energy whose simplified expression is in our case a function of
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FIGURE 12. 62 — 603 vs. C,. Symbols: results of the numerical simulations over time. Dashed
lines: linear regressions. Comparison between h,/hs = 1/5 and hy/hs =1/33. h,/Az > 1.

a single parameter h, acting as a regulation length scale. We have shown that if we are only interested in the
macroscopic behaviour of the film (spreading and apparent contact angle if the mesh size is fine enough), the
model gives very good results with h, much larger than the physical scale of the disjoining forces, which allows
us to consider in the long term the application of the model for industrial configurations. Ongoing work is
focused on taking into account the contact angle hysteresis and on the generalization of the model in the case of
three-dimensional films. Encouraging results have already been obtained [21] and have been published in [22].
The main difficulty remains the construction of robust and precise numerical schemes on any mesh, and whose
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compatibility with the decrease of the free energy can be proven.
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