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A thin liquid film experiences additional intermolecular forces when the film thickness
h is less than roughly 100nm. The effect of these intermolecular forces at the
continuum level is captured by the disjoining pressure 1. Since IT dominates at small
film thicknesses, it determines the stability and wettability of thin films. To leading
order, IT = I1(h) because thin films are generally uniform. This form, however, cannot
be applied to films that end at the substrate with non-zero contact angles. A recent ad
hoc derivation including the slope &, leads to IT = I1(h, h,), which allows non-zero
contact angles, but it permits a contact line to move without slip. This work derives
a new disjoining-pressure expression by minimizing the total energy of a drop on a
solid substrate. The minimization yields an equilibrium equation that relates IT to
an excess interaction energy E = E(h, h,). By considering a fluid wedge on a solid
substrate, E(h, h,) is found by pairwise summation of van der Waals potentials. This
gives in the small-slope limit

= %(a“ — by + 2hhih),
where « is the contact angle and B is a material constant. The term containing the
curvature A, is new; it prevents a contact line from moving without slip. Equilibrium
drop and meniscus profiles are calculated for both positive and negative disjoining
pressure. The evolution of a film step is solved by a finite-difference method with
the new disjoining pressure included; it is found that 4,, = 0 at the contact line is
sufficient to specify the contact angle.

1. Introduction

A molecule in a bulk liquid is subject to intermolecular forces. A molecule in a
thin liquid film may experience additional intermolecular forces if the film thickness
is less than roughly 100 nm. The additional forces arise from the molecule’s proximity
to different materials or phases sandwiching the thin film. These forces can come from
various sources, such as electrostatic or dipole—dipole interactions or a combination
of the two (Israelachvili 1992). An uncharged and non-polar molecule has an
instantaneous dipole that can induce polarization on others to create a net attraction
between molecules. This gives rise to dispersion forces which usually are the main
contribution to the van der Waals force (Mahanty & Ninham 1976; Israelachvili
1992). Thin-film forces can be studied by pressing a bubble in liquid against a solid
surface. For some gas-liquid—solid systems a uniform thin film persists to separate the
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bubble from the solid. The film can sustain compression and its thickness decreases
with increasing pressure. By varying the bubble pressure, this repulsive or disjoining
pressure [T in the film can be measured as a function of film thickness 4 (Derjaguin
et al. 1978). Similar measurements can be made on a freely suspended liquid film
supported by a solid frame (Ivanov 1988). Nowadays, intermolecular forces between
solid—solid surfaces are routinely studied by the atomic force microscope (Israelachvili
1992; Lee & Sigmund 2002). Owing to the historical development, thin-film forces
per unit area are commonly referred to as disjoining pressure.

Disjoining pressure dominates at small film thicknesses and therefore governs the
stability and wettability of thin films. For example, the exposed part of the eyeball is
protected by a tear film, which is deposited by the rising meniscus of the upper lid
during a blink (Wong, Fatt & Radke 1996). After deposition, a tear film thins rapidly
near the lid meniscus and may break before the next blink if the disjoining pressure
is destabilizing. Repeated rupture of the tear film may cause epithelium desiccation
and corneal ulceration.

In the lung, airways are lined with a liquid film. Normal lungs produce surfactants
to reduce the surface tension of the liquid film. Insufficient surfactants can lead to
closure of small airways which can cause respiratory difficulties. An effective treatment
for surfactant deficiency is to inhale surfactant-laden aerosols. As a surfactant droplet
spreads on a liquid film, a shock forms followed by a thin region, which may break
in a finite time if the disjoining pressure is destabilizing (Jensen & Grotberg 1992).

Thin-film forces also control the wettability of solid surfaces. A polymer film on a
silicon wafer grafted with a bimodal polymer brush maintains a uniform thickness
if the outside medium is air. However, when the polymer film is covered by water,
it breaks into droplets, which re-spread to form a continuous film when water is
removed (Reiter et al. 1999). Changing the outside medium from air to water alters
the sign of the disjoining pressure, switching it from stabilizing to destabilizing.

Disjoining pressure may also be changed by irreversible adsorption. A water-wet
surface covered by a water film has a stabilizing disjoining pressure. However, if the
non-wetting phase is asphaltic oil with high-molecular-weight aggregates, and if the
water film is pressed very thin, then the asphaltene aggregates may adsorb irreversibly
onto the solid surface and change it into oil-wet. On an oil-wet surface, an oil film is
stable whereas a water film is not. Thus, the disjoining pressure has been altered. This
irreversible alteration can explain the geological development of mixed wettability in
oil-reservoir rock (Kovscek, Wong & Radke 1993). A drainage model based on the
irreversible alteration reproduces a range of phenomena associated with oil recovery
from mixed-wet porous media.

Given the importance of disjoining pressure in controlling the stability and
wettability of thin films, it is critical that an accurate model of disjoining pressure be
developed. Since thin films are generally uniform, disjoining pressure can be taken
to leading order as a function of film thickness only: IT = I1(h). For van der Waals
forces, this leads to IT = A/6mh>, where A is the Hamaker constant (Israelachvili
1992). This expression has been applied to simulate equilibrium profiles (Deryagin,
Starov & Churaev 1976; Renk, Wayner & Homsy 1978; Wong, Morris & Radke
1992a) and the evolution of non-uniform films (Oron, Davis & Bankoff 1997 and
references therein). It has even been extended to model film breakup (Zhang &
Lister 1999; Vaynblat, Lister & Witelski 2001) and spreading (Pismen, Rubinstein
& Bazhlekov 2000; Davis & Troian 2003) in which film thickness # — 0. Since this
disjoining pressure becomes unbounded as 7 — 0, its validity in modelling films that
end at the substrate has been questioned.
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Hocking (1993) attempted to rectify this deficiency by deriving a disjoining pressure
that depends not only on the film thickness, but also on the film slope. His derivation
is based on the work of Miller & Ruckenstein (1974). They considered a liquid wedge
on a solid substrate and calculated intermolecular potential @* at a point on the
liquid-vapour interface assuming van der Waals interactions between liquid-liquid
and liquid—solid molecules and neglecting vapour contribution. They found that ¢*
is constant along the liquid—vapour interface at a particular wedge angle . The
liquid wedge is then taken to be at equilibrium with the contact angle . Hocking
(1993) took IT =", and allowed the slope of the wedge h, to be different from the
equilibrium value. In the small-slope limit, he obtained

B
nz—ﬁ(w“—hi), (1.1)
where B® and v depend on the van der Waals potentials and number densities.
There are two problems with this derivation. First, @* being constant at the interface
does not imply equilibrium because @ still varies inside the liquid wedge. (A proper
equilibrium condition should be that @* is constant everywhere.) Second, taking
IT =" is unjustified. Recently, Indeikina & Chang (1999) also derived a disjoining
pressure that depends on the slope. They likewise summed van der Waals potentials,
but the liquid domain has a curved surface. Their derivation again lacks a rigorous
equilibrium condition. As a result, the relation between intermolecular potential and
disjoining pressure is similarly unjustified.

In this work, equilibrium conditions are derived by minimizing the total energy of a
drop on a substrate that includes an excess energy E due to intermolecular interactions
(§2). This potential energy E is assumed to depend on both film height 4 and film slope
h,. The minimization yields the augmented Young-Laplace equation, in which

IE d [OE
H“EJ’E(%X)’ (12)

where x is a coordinate along the solid surface. To find E = E(h, h,), we again
consider a liquid wedge on a substrate and calculate the intermolecular potential @
at a point in the liquid (§3). We argue that

h
= —@,)dy, 1.3
E/O(cb @) dy (1.3)

where @, is the bulk value of @ far from the solid substrate, and y is a coordinate
normal to the solid surface. This gives in the small-slope limit,

= —%(a“—hi + 2hh3h,.), (1.4)
where « is the contact angle and B is a material constant. This equation differs from
Hocking’s in that a higher-order term appears and the contact angle « is no longer
the wedge angle.

When a liquid film ends at a substrate, an infinite-force singularity results at the
contact line if the film is to be moved along the substrate (Dussan V. & Davis 1974).
The singularity arises because a fluid particle has to turn through a finite angle at the
contact line within an infinitesimal distance (Dussan V. 1979). Molecular-dynamics
simulations have shown that liquid molecules slip on the solid surface to relieve
the infinite force (Koplik, Banavar & Willemsen 1989; Thompson & Robbins 1989;
Barrat & Bocquet 1999). Different slip models have been proposed (Oron et al. 1997;
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FIGURE 1. A two-dimensional drop on a solid substrate. The drop is in thermodynamic
equilibrium and is symmetric about the y-axis. The drop width is 2x¢ and the drop height is
denoted by k. The dashed line represents a perturbed drop shape.

Shikhmurzaev 1997). Hocking’s disjoining pressure allows a contact line to move
without slip, in disagreement with the simulation results. Our disjoining pressure
contains an extra higher-order term, which prevents a contact line from moving
without slip.

The new disjoining pressure is used to solve equilibrium drop and meniscus shapes
in §4. We recover solutions for IT = A/6mnh? when the liquid film does not end at
the substrate. In addition, the slope-dependent disjoining pressure allows a new class
of shapes including a planar wedge, a curved wedge and a drop. The evolution
of a semi-infinite uniform film is simulated numerically in §5. We show that the
contact line cannot move without slip when the new disjoining pressure is included
in the evolution equation. The model problem also illustrates the proper boundary
conditions at the contact line. The linear stability of uniform films is studied in §6.
Further discussion is provided in §7 and this work is concluded in §8.

2. Minimization of the total energy

Consider a two-dimensional liquid drop on a smooth solid surface and in thermo-
dynamic equilibrium with its own vapour, as illustrated in figure 1. This system has
surface energies and an excess interaction energy E per unit substrate area due to
thin-film forces. At equilibrium, the total energy of the system is at a minimum and
its variation is zero:

5/ 0 [0(1 +h2) P vop —o +E+ pch} dx =0, (2.1)
0

where 8 represents the variation of a function (Courant & Hilbert 1953), & is the film
height, x is a horizontal coordinate with origin at the centre of the drop, &, = dh/dx,
o is the liquid-vapour surface tension, os; and oy, are the liquid—solid and solid—
vapour surface tensions respectively, and x( is the half-width of the drop. Owing to
symmetry, only half of the drop is considered. The first term in the integral represents
the surface energy of the liquid—vapour interface. The second and third represent the
net surface energy at the liquid—solid interface; if the liquid—solid interface lengthens,
then the system gains liquid—solid surface energy but loses solid—vapour surface
energy. Conservation of mass is imposed by a Lagrange multiplier p.. The excess
interaction energy E is a function of film thickness and film slope: E = E(h, h,).
Equation (2.1) can be derived rigorously by use of thermodynamics (Yeh, Newman &
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Radke 1999). Expansion of (2.1) gives
oh, 0FE

" (9 &
2 4 8h)dx+/ S S
/o <8h p>( o | (+r2)7 " om,

+[o(1+m2)"

(8h,)dx

+opy— Oy + E] S5x0=0, (22)
X0

where the drop-edge position is allowed to vary (by 8xg). Since 8k, = d(8h)/dx, the
second integral is expanded via integration by parts:

YIOE oh d [(JE oh 0E
— +p————— Shdx— |—————+—| h

/0 on TP (1 +h2)3/2 dx <8hx> * (1 +h2)1/2 * dh,

X X x=0
o oE
—— = top—0o+E—h,— 3xo =0, (2.3)
(1 + h)zc)lﬂ . 8 8hx‘|xx0

where 8h|,_ = —h, dxo|,_, . Since Sh is arbitrary, the above equation yields three

conditions that govern the equilibrium shape of a drop on a solid surface.
The first coefficient leads to the augmented Young-Laplace equation in two

dimensions:
oh 0E d /0E
> 4 =) =p. 24

() oh " dx <3hx> P (24

By comparing with the usual augmented Young—Laplace equation (Wong et al. 1992b;
Yeh et al. 1999), a disjoining pressure IT can be defined as

dE d (OE
- (3), (3

and the Lagrange multiplier p. is recognized as the difference between vapour pressure
pe and liquid pressure p;:

Pe=DPg— Dy- (2.6)
The second and third terms in (2.3) serve as boundary conditions for the augmented

Young—Laplace equation. At x = 0,
oh, 0E

0+@Wﬁﬁﬁza 27

At x = xo,
o oE
— 4oy —0,+E—h,— =0. (2.8)
(1 + hi) 1/2 f 4 ahx
At this stage of the derivation, the slope %, need not be small. The above equations
reduce to that of Yeh et al. (1999) if E = E(h) only. To complete the derivation, it
remains to find an expression for the excess interaction energy E.

3. A disjoining pressure for non-zero contact angles

To derive an expression for E = E(h, h,), we consider a liquid wedge on a solid
substrate as shown in figure 2. The liquid wedge is in equilibrium with its vapour. A
liquid molecule M interacts with another molecule N in solid (s), liquid (f), or vapor
(g) through the van der Waals potential,

—Bys —Brr

- — —Bre
“mne P T une

MNS

brs Pre = (3.1)
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FIGURE 2. A liquid wedge on a solid substrate in equilibrium with its vapour. Cartesian
coordinates (x, y, z) are defined at the tip of the wedge with z pointing out of the paper. An
arbitrary point (or molecule) N in the domain can also be located by cylindrical coordinates
(r,0, z). A point (or molecule) M in the liquid has coordinates (R, y, 0) and is at a distance v;
from the solid surface and v, from the wedge surface. The wedge angle is .

The distance between M and N is denoted by M N, and By, Bss, and By, are the
strengths of the van der Waals potentials. Following the usual practice, a cutoff
distance is applied to the potential ¢, to avoid infinite self-interactions. By summing
the potential between M and other solid, liquid, and vapour molecules, we find the
total intermolecular potential per unit volume at point M as (Appendix A)

nn? 1— —) 1—
b — Brr [ar(1—p)+p /L+02( p)

, 32
6 v; v3 (3.24)
— nsBrs _ nePre _ . . .
A= , p=—""_ v =Rsiny, wv,=Rsin(y—y), (3.2b—¢)
ngBry nyBys

ay=jy+jcosy —gcos’y, ay=j;+jcos(y —y)—gcos’(y —y),  (32fg)

where n, ny, and n, are the number densities of the solid, liquid, and vapour
molecules, v; is the height of point M from the solid surface, and v, is the distance
between M and the wedge surface (figure 2). The wedge angle ¢ will later yield the
wedge slope &,, and R and y define the position of M (figure 2). The expression
for @ in (3.2a) holds for ¢ < 90°. It can be reduced to the form used by Hocking
(1993) when the vapour component is neglected (p = 0) and when M lies at the
liquid—vapour interface.

The potential @ is related to E in two steps. First, the bulk component &,, must be
subtracted from @ because @ accounts for all intermolecular interactions including
bulk and thin-film components, whereas E is an excess interaction energy due only to
thin-film forces. The bulk component is the value of @ far from the solid substrate,
i.e. as vy tends to infinity but keeping v, fixed (figure 2):

_ 3By (1—p)

D,
OC 603

(3.3)

In the second step, we note that ® — @, is energy per unit volume and varies with
(x,y), whereas E is energy per unit substrate area and depends only on x (figure 2).
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Thus, we take
h
E =/ (P —@,.)dy. (3.4)
D

A cut-off distance D has been imposed near the substrate to avoid infinite self-
interactions (Appendix B). The integral is evaluated and in the limit D/h — 0

becomes
28 _ — o)
£ _75”4];:?/‘ {(1 . ) n (1 4'0)}1" [1 — (1 +h,2c)_]/2] } . (3.5)

This expression holds for finite slopes. However, in the energy minimization, we have
assumed E = E(h, h,) and have neglected the dependence on curvature. This is valid
if h, <1, which implies hh,, < h,, i.e. the non-dimensionalized curvature is much
smaller than the slope. Furthermore, most applications of disjoining pressure involve
thin films, which are relatively flat. Thus, we take the limit #, — 0 and get

28..(1 — _
=Pyl ) {% (—i_i) +h§] . (3.6)

32h?

This excess energy E holds for a liquid wedge with constant slope 4,. However, the
liquid drop in figure 1 has variable slopes. Application of E to the drop is therefore
an approximation that becomes increasingly accurate as the drop edge is approached.
Since the edge is where thin-film forces are important, we deem this approximation
acceptable.

Following the derivation in §2, a disjoining pressure is found as

o0E d [0E B, , 4 2
= —— _— = —— — 2 Ny ), .
4 TR (am) h3(o¢ h} + 2hhihy,) (3.7a)
3nn2Brr(1 — p) 8(1—2)7"*
fRPrr
= == - . 3.7b
16 e [9(1 — ,o)] ( - €)
If a liquid film is flat, A, = h,, = 0, and (3.7a) becomes
Ba*
I = — (3.8)

which recovers the usual 2~ dependence of disjoining pressure. The negative sign
indicates that IT in (3.8) is attractive. This follows from the long-range attractive
intermolecular potential used in deriving E. However, disjoining pressure can be
positive or negative (Israelachvili 1992). To explore all possible applications, we study
both positive and negative disjoining pressure. Thus, (3.7a) is written

n= i% (a* — h} +2hh3h,,) (3.9)
with B > 0 and the positive (negative) sign representing a positive (negative) disjoining
pressure.

The new disjoining pressure allows a liquid film to end at a solid substrate with
contact angle . As the film height 2~ — 0, IT can remain bounded if 4, — « and
hh,, — 0 faster than or at the same rate as 4> — 0. As shown in the next section, this
is realized if the interface is very flat near the contact line. Since the final expression
for E assumes h, < 1, the contact angle o < 1.

The new disjoining pressure differs from Hocking’s. Our expression contains a
higher derivative h,, that arises from assuming E = E(h, h,) instead of just E = E(h).
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Thus, although we are aiming to include only the effect of the slope A,, a curvature
term appears and cannot be avoided. This curvature term plays a decisive role in
preventing a contact line from moving without slip, as detailed in § 5.

4. Equilibrium film profiles

The augmented Young—Laplace equation in two dimensions follows from (2.4):
B

ohy + ﬁ(a“ — b} +2hhlh.) = p.. (4.1)
This equation holds for small slopes. The pressure difference p. = p, — p; between
vapour pressure p, and liquid pressure p; can be positive or negative depending
on the application. Equation (4.1) states that the capillary pressure oh,, and the
disjoining pressure must sum to a constant. Away from the contact line, the capillary
pressure dominates. Near the contact line as 7 — 0, (4.1) demands

lhel > o,  hee —0, (4.2a,b)

for IT to be well-behaved. Thus, the capillary pressure vanishes at the contact line,
and the pressure difference is balanced solely by the disjoining pressure.
Minimization of the total energy leaves two boundary conditions for the drop
shape: one at the symmetry plane x =0 and the other at the contact line x = xy. Both
(2.7) and (2.8) contain dE /dh,(= +2Bh3/3h?). Equation (2.7) gives, at x =0,
h, =0, (4.3a)

which is simply the symmetry condition. As x — xo,
IE B(a* —ht)

if (4.2a, b) hold and in addition, as 1 — 0,
Ry — 0. (4.2¢)

Consequently, (2.8) recovers the usual force balance in the horizontal direction at
X = Xp.
A — 0y, = 0. (4.4)
(L) oo
This is Young’s equation, which can determine the contact angle o = h,(x¢) < 1 if o,
oy, and oy, are specified. Hence, o is assumed known for the rest of this paper.

The augmented Young—Laplace equation (4.1) is derived for a drop on a substrate.
However, once derived, it may be applied to other situations. Here, we attempt to
find all admissible solutions of (4.1). The equation can be made dimensionless by a
film height iy (unspecified yet):

h ox
H=—, X=—, 4.5a, b
ho T ( )
1—H!+2HHH
Hyx+e < x +H3 X ”) —c. (4.6)
Ba?
&£ =—, 4.7)
crh%
oh
c = P (4.8)

oa?’
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where ¢ measures the ratio of disjoining to capillary pressure, which is small in most
applications, and C is the non-dimensional pressure difference. This equation can be
integrated once to give

+1
HY = S-(—H>+ VH' £ 8:CH* T 4KeH? + 4¢2), (4.9)

where K is an integration constant. Although the square root may also take a negative
sign, only the positive sign yields physical solutions. If the liquid film ends at the
substrate, (4.9) gives that, as H — 0,

Hy — +1. (4.10)

Thus, only the positive disjoining pressure is admissible if a film ends at the substrate.
Furthermore, as H — 0, the only value of K in (4.9) that allows (1 — Hy)/H? in (4.6)
to be bounded is

K=1. (4.11)

The dimensionless pressure difference C can be zero, negative, or positive depending
on the application. These three cases are considered.

4.1. Equilibrium profiles for C =0
If a liquid film ends at a substrate, then K = 1 in (4.9) and the disjoining pressure
must be positive. Thus, (4.9) reduces to

H2 =1, (4.12)

indicating that the film is a wedge with slope +1. This wedge solution holds for
arbitrary e. Since the derivation of @ uses a wedge film, recovery of the wedge
solution suggests self-consistency.

If a liquid film does not end at the substrate, then it must have at least one
symmetry plane because (4.6) is invariant in changing X to —X. (The uniform-film
solution is excluded by (4.6).) The film height ko at the symmetry plane provides a
length scale: at X =0, H = 1, and Hy = 0. This forces K = —(+¢) in (4.9). However,
K must be positive since in the limit H — oo, (4.9) gives

Hy — K. (4.13)

Thus, only the negative disjoining pressure is acceptable and the symmetry condition
yields

K =e. (4.14)

For & < 1, the film is mildly inclined because Hy — ¢!/ as H — oo. The film profiles
can be normalized by defining

¢ =X (4.15)

Equation (4.13) gives that as H — oo,

Equation (4.6) with the negative disjoining pressure becomes
0o | —e*H! +2e°HH; Hy\

(4.17)
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FIGURE 3. Symmetric valley film profiles for C = 0 and various ¢. The asymptotic solution
holds in the limit ¢ — 0 and is listed in (4.18). The film height has been non-dimensionalized
by the minimum height %o, and X = ax/ho. Note that the horizontal axis is actually £'/?X to
normalize the film profiles.

This equation is solved numerically by a fourth-order Runge-Kutta method, and the
computed profiles are plotted in figure 3 for various &.

If ¢ = 0 in (4.17), the disjoining pressure reduces to the form that depends only
on H. Hence, when the film does not end at the substrate, the slope-dependent terms
have negligible O(g?) contribution to I7. To discern their effects on the film profile,
an asymptotic solution is sought in the limit ¢ — 0 (Appendix C):

H(¢) = Ho(§)+e"Hi(§) + -+, (4.18a)
Hy = (> + 1)V2, (4.18b)
H, ¢ [(¢? 4+ 1)tan™'(¢) —¢]. (4.18¢)

A+ )

As ¢ —0, H —¢*/6. Thus, the slope-dependent terms have little effect on the
minimum film profile. As ¢ — oo, Hy — n/8 —1/2¢, so that the slope-dependent terms
only increase the film height by a constant, but they have no effect on the far-field
slope. This asymptotic solution is also plotted in figure 3. It agrees with the numerical
results, even for ¢ = 0.5.

4.2. Equilibrium profiles for C < 0

If C <0, the liquid pressure exceeds the vapour pressure, and two equilibrium solutions
are found: a drop and a uniform film. For a drop, K = 1 and the disjoining pressure
is positive because the drop surface contacts the substrate. At the drop centre, h = hg
or H =1 and symmetry demands Hx = 0. Thus, (4.9) gives

1+¢
2

C=-— . (4.19)
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FIGURE 4. Equilibrium drop profiles for various e. The dimensionless pressure jump is
C = —(1 4 ¢€)/2. The profiles are non-dimensionalized such that the drop height is unity
at the centre and the slope is unity at the edge. The asymptotic solution holds in the limit
& — 0 and is listed in Appendix D.

Equation (4.6) is solved using a fourth-order Runge—Kutta method. The integration
starts at X = 0 with H = 1 and Hy = 0; it stops when H becomes zero. Computed
drop profiles are plotted in figure 4 for various ¢. If ¢ = 0, the parabolic drop shape is
recovered: H =—X?/4 + 1. The contact line position is Xo = 2 and the volume of half
adropis V =4/3. As ¢ increases, the liquid drop becomes more pointed (figure 4) and
both X, and V decrease (figure 5). The profiles in figure 4 are non-dimensionalized
so that the drop height is unity at the centre and the slope is unity at the edge. In
figure 5, the width is made dimensionless by ho/a and the volume by h3/a.

The limit ¢ -0 is singular and a boundary layer exists near the contact line.
The singularity arises because disjoining pressure dominates as H — 0 and its effect
on the film profile is not uniform. The length scales in the inner region are found
by balancing the dominant capillary-pressure and disjoining-pressure terms in (4.6):

8H ~8X ~ ¢'/2, Consequently, the drop profile is expanded in an asymptotic series of
gl/2:

H=Hy+¢e"?H +(¢lne)H, +eH; + - - -, (4.20a)
C=Cy+¢e"?Ci+(¢lne)Cy +C5+ -+ -, (4.20b)
Xo = Xoo +&"*Xo1 + (¢Ine) Xy + X3 + - -. (4.20¢)
The ¢Ine¢ scale is suggested by the inner solution. In the inner region, we define
H X — X,

The inner film height is similarly expanded:

n=mno+e& i +em+ . (4.22)
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FiGure 5. Half-width X, and half-volume V versus ¢ for the drops in figure 4. The width is
made dimensionless by ho/a and the volume by h3/a. The asymptotic solutions hold in the
limit ¢ — 0 and are listed in (4.24) and (4.27).

Substitution into the governing equation, solving the outer and inner expansions, and
matching yields (Appendix D)

C=—1(1+e), (4.23)
Xo=2+Lelne)— (14 2In2)e, (4.24)
H =H, =0, (4.25)

and a composite solution for the film profile:

He = H +¢"’n— élim ey. (4.26)
The half-drop volume is calculated as
Xo
- _4_ 10

The asymptotic expansion of C recovers the exact solution in (4.19). The composite
film profile is plotted in figure 4 for ¢ = 0.01 and compares well with the numerical
results. The asymptotic expansions of Xy and V are graphed in figure 5 and agree
with the computed values as ¢ — 0. These comparisons validate both the numerical
and asymptotic solutions.

Equation (4.6) also admits a uniform-film solution with H =1 (i.e. h = hg), Hx =0,
and Hyyx = 0. Thus, (4.6) shows that the disjoining pressure must be negative, and

C=—e. (4.28)

The conjoining pressure pulls the film together to balance the pressure difference
across the film surface. The dimensional film thickness 4y = (—Ba*/p.)!/? follows from
(4.28).
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4.3. Equilibrium profiles for C > 0
If C > 0, the vapour pressure is higher than the liquid pressure, and three equilibrium
solutions are found: a uniform film, a uniform film that grows to a constant-curvature
surface (figure 6), and a film wedge that grows to a constant-curvature surface
(figure 7).
A uniform film has its thickness as a natural length scale: H = 1, Hy =0, Hxyy = 0.
Thus (4.6) gives

C=c. (4.29)

Since C > 0, only the positive disjoining pressure is acceptable. The above equation
yields the dimensional film thickness hy = (Ba*/p.)'/.

A uniform film can grow in the X-direction to approach a constant-curvature sur-
face. The uniform thickness is perturbed as

H(X)=1+4X). (4.30)
Substitution into (4.6) and keeping only the linear terms of § yields

Only the positive disjoining pressure is acceptable, as demanded by the uniform film.
Equation (4.31) admits two solutions: one growing and one decaying exponentially
in X. The growing solution is of interest here:

8 = a, exp ({/3eX). (4.32)

The amplitude a,, needs to be small but its value has no physical significance; different
values of a,, yield the same profile except for a shift in the origin of X. As a film
grows, H > 1, and (4.9) shows H? — 2CH or

Hence, the curvature becomes constant away from the wall. Since C = ¢ for a uniform
film, the curvature is small for ¢ < 1. Equations (4.31) and (4.32) suggest X ~ ¢~ 1/2
as ¢ — 0. Thus, the film profiles are normalized in terms of the variable ¢ = ¢!/?X,
and (4.6) becomes

(4.34)

1 —&*H} + 2¢*HH; Hy,
Hy, =
H3
This equation is solved by a fourth-order Runge—Kutta method. At ¢ =0, (4.32)
provides the starting conditions: H = 146 and H, = §, with a,, = 0.001. Integrated
film profiles are plotted as a function of ¢ in figure 6 for various ¢. They are insensitive

to &, because the slope-dependent terms in (4.34) are of order &2.
If e =0, (4.34) reduces to

1

This equation has been studied by Deryagin et al. (1976) and Renk et al. (1978). By
imposing the condition H, =0 at H = 1, they found

m+f (%izi;y)awl, (4.36)
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FIGURE 6. A uniform film growing to a parabolic film for various . The uniform section
demands C = ¢. Note the normalized horizontal axis. The analytic solution holds for ¢ =0
and is listed in (4.36).

where K is an integration constant and is determined by the film height at ¢ = 0.
This solution is also plotted in figure 6 and compares well with the numerically
integrated profile for ¢ = 0.01.

A film in contact with the substrate can also grow to approach a constant-
curvature surface. At the contact line X =0, the film grows initially with unit slope
until Hyx — C as H — oo. Since there is no imposed length scale, we can take C = 1
(or hg = oa?/p.). Thus, ¢ is the only remaining parameter and (4.6) with the positive
disjoining pressure becomes

1 — H} +2HH;H
Hxx+8< x 1 2HH XX) =1. (4.37)
H3
Near the contact line as X — 0, the above equation together with (4.2a—c) specifies
X4
H—>X+8—+~~'. (4.38)
g

This is used to start the integration of (4.37) at X = 0.01. Film profiles calculated by
a fourth-order Runge—Kutta method are shown in figure 7 for various e.

An asymptotic solution is obtained in the limit ¢ — 0 to compare with the integrated
film profiles. The film height is expanded in a series of ¢!/? (Appendix E):

H=H,+¢?H +(¢lne)H, +eH; + . (4.39)
The ¢1ne scale is needed for matching to the inner solution. In the inner region near
the contact line, a set of variables is defined and expanded:
H X
=i § = (4.40a, b)

-
n=mno+en +em+---. (4.41)
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FIGURE 7. A wedge film growing to a parabolic film with curvature C = 1. The asymptotic
solution holds in the limit ¢ — 0 and the data are calculated using (4.42) for ¢ = 0.01.

The inner and outer asymptotic expansions are solved and matched to yield a
composite solution for the film profile (Appendix E):

He=H +¢&'?n— gLn;gl/zn. (4.42)

This is plotted in figure 7 for ¢ = 0.01. It agrees with the numerically integrated profile.

5. Evolution of a film step

The new disjoining pressure prevents a contact line from moving without slip. This
is demonstrated by a semi-infinite liquid film on a solid surface. Since the film is thin,
gravity is taken as negligible. The augmented Young-Laplace equation in (4.1) gives
the liquid pressure as

+B
Pr=pg— 0he = Z (of =y 4 2hhhy). (5.1)
The film height &2 = h(t, x) obeys (Oron et al. 1997)
ah 19 ops
- - h37‘ = 0’ 52
ot 3pox < ox ) (5:2)

where ¢ is time and u is liquid viscosity. This equation holds for &, < 1. A set of
dimensionless variables can be defined based on the height i of the uniform film:

h ax toa’
H = —, X = —, = —, 5.3 —
o I T P (5.3a—c)
oH 1 0 0 £
G 3o | g et (1= s 20 | L =00 4

where ¢ = Ba?/oh}. Only the positive disjoining pressure is considered since the film
surface contacts the substrate. Initially, at t = 0, the film consists of a wedge near
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FiGure 8. Evolving profiles of a thin film with fixed contact line at different times for ¢ = 0.1.

the contact line connected smoothly to a uniform film by a circular arc (figure 8). For
T > 0, the film profile at the contact line must obey three boundary conditions: as
X —>0,H — 0,Hx — 1, and Hyx — 0. These conditions are imposed by (5.4) for a
well-behaved solution near the contact line. Thus, as H — 0, (5.4) gives

H, — 8sHH3,. (5.5)

Thus, H, — 0 as H — 0 and the contact line cannot move, because H, at the contact
line is also the contact-line velocity for a film edge of unity slope. This differs from
Hocking’s results (see Discussion, §7). Equation (5.4) is solved numerically by the
Crank—Nicolson method with spatial derivatives replaced by second-order central
differences. At each time step, the spatial derivatives are grouped in a descending
order. In each group, only the highest-order derivative is evaluated at the current
time; all other derivatives are found using the film height at the previous time step.
This way of treating the nonlinearity yields a robust scheme. Boundary conditions
at the fixed contact line X =0 are H=0 and Hyx =0. Although the slope is not
specified, the evolution equation forces Hy ~ 1 near the contact line. At the other end
of the computational domain (X = X,,), the film is uniform: Hy =0 and Hyxx =0.
Film profiles calculated with X, =10, AX =0.01, and At =0.001 are plotted in figure
8 for ¢ = 0.1. By varying X.,, AX, and Art, the results are found to be accurate to
four significant figures.

6. Stability of uniform films

A uniform film with normalized height H = 1 satisfies (5.4). Its stability is studied
by adding a small perturbation:

H(t, X) =14 8(z, X). (6.1)
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Since |8| < 1, (5.4) can be expanded in §. The leading-order equation is linear in &
and amenable to a normal-mode analysis:

8(7, X) = e“" f(X), (6.2)
d*f d2
i (J_r3s)m +3wf =0. (6.3)

The uniform-film solution holds for both positive and negative disjoining pressure.
The eigenfunction is sinusoidal with wavenumber k:

f=ekX (6.4)
w = —1k2(k* £ 3e). (6.5)

Thus, the uniform film is stable if the disjoining pressure is positive. If the disjoining
pressure is negative, the uniform film is stable if k > (3¢)!/2, and unstable otherwise.
These results are the same as those for IT = +A/6mh® (Ruckenstein & Jain 1974)
because the slope and curvature terms in the new disjoining pressure are nonlinear in
8 and they do not appear in (6.3).

The instability can be understood by a physical argument. If the film surface is
perturbed by a sinusoidal wave, and if the disjoining pressure is negative, then the
wave valleys would be closer to the substrate and would experience larger attractive
forces. This would pull the valleys lower. Thus, the uniform film is unstable. This
argument also applies to non-uniform films and suggests that the other equilibrium
film profile in §4 with the negative disjoining pressure is unstable.

7. Discussion

If IT = A/6mh?, a liquid film on a solid substrate is not permitted to end at the
substrate. A thin adsorbed film must cover the solid surface, but a meniscus can exist
by attaching smoothly to the adsorbed film (Deryagin et al. 1976; Renk et al. 1978;
Wong et al. 1992a). The new disjoining pressure IT = I1(h, h,, h,,) does allow direct
contact between the film surface and the substrate, and Young’s equation is satisfied
at the contact line (§4). The new disjoining pressure admits a whole class of contact
film profiles (§4). In addition, it also recovers the static solutions with an adsorbed
film. For those solutions, the terms containing 4, and h,, have a negligible O(g?)
effect on the film profile (§4). Thus, the new disjoining pressure is not a replacement
but an extension of the previous expression.

Young’s equation is obeyed at the contact line in the presence of disjoining
pressure. This is the first time that Young’s relation has been derived together
with disjoining pressure. (Merchant & Keller (1992) verified Young’s equation by
summing intermolecular potentials, but they did not consider disjoining pressure.) In
the work of Yeh et al. (1999), E = E(h) only and Young’s equation is not recovered
because the extra term (E) in (2.8) is singular as 2 — 0 and cannot be removed.
This is acceptable in their formulation since the liquid film is not allowed to end at
the substrate due to the singularity in E(h) and there is no contact line. Hocking’s
(1993) and Indeikina & Chang’s (1999) derivations of IT lack a rigorous equilibrium
condition, and therefore (2.8) does not appear in their papers. In this work, equilibrium
conditions arise naturally from energy minimization, resulting in (2.8) with two terms
depending on E and 0E/dh,. When the expression for E obtained by summing
intermolecular potentials is substituted into (2.8), the two terms can cancel each other
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and Young’s equation (4.4) is recovered. This suggests that the current derivation of
IT is self-consistent.

Surface tension results from molecular interactions, as does disjoining pressure.
There is a question of how to separate the two effects. It has been suggested that
surface tension is not constant in the region where disjoining pressure dominates.
However, a non-uniform surface tension generates a Marangoni stress along the
surface (Levich 1962; Wong, Rumschitzki & Maldarelli 1999). In the absence of
surfactants, a Marangoni stress cannot be balanced and will always lead to fluid
motion. Thus, surface tension should remain constant near a static contact line. The
newly derived disjoining pressure does contain a curvature term: 2e H 2 Hjy Hyx. This
term may be viewed as a form of excess capillary pressure introduced by the disjoining
pressure. This excess capillary pressure contains H 2 but is actually bounded as
H — 0 because the curvature Hyy — 0 and Hyxx — 0: 2e Hy Hyx/H? — ¢ Hyxxx = 3C,
as determined by (4.6). For a drop, (C —¢) is the capillary pressure at the drop
centre. Thus, the excess capillary pressure is significant near the contact line. The new
disjoining pressure shows how the capillary pressure is modified without altering the
value of surface tension.

The new disjoining pressure consists of two terms: (1 — Hy)/H?® and 2H2 Hyx/H?>.
Hocking’s derivation has the first term, but not the second. The second term is
responsible for preventing a contact line from moving without slip. The evolution
equation (5.4) reduces to (5.5) at the contact line. Since Hy — 1 and Hyy — 0 as
H — 0, H; — 0 and the contact line cannot move. If the second term in the disjoining
pressure is dropped in (5.4), then as H — 0,

14

Hence, if Hyxx # 0, then H, # 0 and the contact line moves without slip. This is
responsible for Hocking’s regular solution of an inclined plate sliding into a pool of
liquid. He found a steady solution of the interfacial profile even without slip, but not
if the disjoining pressure is turned off. His conclusion disagrees with observations
from molecular dynamics simulations. Our rigorous derivation yields the second term
in the disjoining pressure, which describes correctly the behaviour of contact lines.
In § 3, the total intermolecular potential @ between a liquid molecule and other solid,
liquid, and vapour molecules is found. The molecules interact through van der Waals
potentials with different strengths reflecting different materials. In addition, the final
expression contains the number densities of the three phases. Thus, it is possible, for
example, to replace the vapour with another liquid by substituting the appropriate van
der Waals potential and number density. Hence, the new disjoining pressure applies
not only to solid-liquid—-vapour systems, but also to other combinations of phases.
The new disjoining pressure is derived assuming that molecules interact by van der
Waals forces. Although van der Waals forces are one of the most common types of
intermolecular force, their usage does have limitations. For example, only the negative
disjoining pressure will induce instability in a uniform film (§ 6), but all equilibrium
solutions of contacting films require positive disjoining pressure (§4). By the physical
argument in § 6, negative disjoining pressure always lead to instability in equilibrium
film profiles, and a liquid film must break in a finite time. However, after rupture, a
film with negative disjoining pressure cannot approach an equilibrium shape, at least
not in a form considered in this paper. It is unclear what geometry the film will finally
assume. This difficulty arises from using van der Waals forces and may be eliminated
if other intermolecular forces are incorporated. The energy minimization approach
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introduced in this work is sufficiently general that it can be applied to other forms of
intermolecular interactions. Indeed, this is one of the main purposes of this work, i.e.
to provide a rigorous framework for deriving disjoining-pressure isotherms.

8. Conclusions

We have derived rigorously a new form of disjoining pressure that depends on the
slope as well as the curvature of the film surface. The derivation starts by minimizing
the energy of a drop on a solid substrate. It leads to three equilibrium conditions: the
augmented Young—Laplace equation governing the drop profile and two boundary
conditions. The governing equation relates IT to an excess interaction energy E(hk, h,).
By considering a liquid wedge on a solid substrate, the intermolecular potential &
between a liquid molecule and other molecules is found by pairwise summation of
van der Waals potentials. The excess energy E follows by integrating &. This gives
a new disjoining pressure. The boundary condition at the contact line reduces to
Young’s equation. This is the first time that Young’s equation has been derived in the
presence of disjoining pressure. Its recovery suggests that the derivation procedure is
valid. The new disjoining pressure does not allow movement of a contact line if slip
is not included. This agrees with results from molecular dynamics simulations. All
acceptable equilibrium film profiles have been calculated from the augmented Young—
Laplace equation. The negative disjoining pressure (attractive pressure) allows two
solutions: a uniform film and a symmetric valley that extends to two planes. For
positive disjoining pressure, acceptable solutions include a drop, a uniform film, a
uniform film growing to a constant-curvature surface, a wedge film, and a wedge
film growing to a constant-curvature surface. A uniform film with negative disjoining
pressure is unstable to long-wave disturbances. For positive disjoining pressure, a
uniform film is found to be linearly stable. The evolution of a film step has been
solved numerically by a finite-difference method. It shows that the zero-curvature
condition at the contact line is sufficient to maintain the contact angle.

We thank Peter Wayner, Joel Plawsky, and Clayton Radke for initiating our interest
in this work, and Jin Zhang for providing the results in figure 8. The derivation
procedure was first presented at the APS/DFD meeting in 2002 and at the ACS
National meeting in 2003, and comments from the audience were helpful. We also
benefited from referees’ questions and suggestions. This work was supported by
NASA (NAG3-2361 to H. W.) and NASA EPSCoR DGAP subprogram (NASA
(1999-00)-DGAP-02 to H. W.).

Appendix A. The total intermolecular potential @ per unit volume

Consider a liquid wedge on a solid substrate as shown in figure 2. At a point in
the liquid wedge, the total intermolecular potential per unit volume is

¢=nf(<fo—|—®fs—1—<ng), (Al)

where n,is the number density of liquid, @, is the intermolecular potential between
a liquid molecule M and the rest of the liquid wedge outside a sphere of radius D
surrounding M, @y, is the intermolecular potential between M and the semi-infinite
solid substrate, and @, is that between M and the vapour. A cylindrical coordinate
system (r, 8, z) is defined for a point N, with z perpendicular to x and y (figure 2).
In terms of these coordinates, the liquid molecule M is located at (R, y, 0). Thus, the
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distance M N between M and N can be found from
MN? = R>4+r* 472 —2rRcos(0 — y). (A2)

2n 00 oo_nIB
@sz/// ns¢de=/// Prs, 4z dr do, (A3)
! v ! w Jo Jo. MNS

where V; is the solid volume, n,is the number density of the solid molecules, and ¢,
is the van der Waals potential in (3.1). The integrals are evaluated as follows (Wu
2003):

« dz 3n
= A4
/_oo [RZ+7r2+2z2—2rRcos(@ —y)]? 8[R*+r?2—2rRcos(8 — y)]5/*’ (Ad)

This gives

/oc 3nrdr _ T AS)
o S[R2+r2—2rRcos(d —y)]¥>  8[1 —cos(d —y)>R3’

ndo . —T 3 . 3
/8[1 —oos@ =P~ 2R sime —y) L T 200y m3eos’ @ —y)]. (A0)

An integration constant has been omitted in (A 6) since it plays no part in later
developments. Thus, (A 3) becomes
TCI’lsﬂfs
6v;
where vy = Rsiny. Since the solid domain is unbounded in x, @, is independent of
x and depends only on vy, the height of M (figure 2).

The intermolecular potential between point M and the vapour region V, can be
evaluated similarly:

T (F P —n ,Bf —Tn ,Bfg a; —1 a
(D-=/// nd)vdV:///ig 8rdzdrdo = g + =,
fe v, g¥fe v Jo Jos MNS 6 v% v%

(A8)

where v, = Rsin(y — y) is the normal distance between M and the wedge surface
(figure 2), and

Dy = (A7)

ap =1+ 3cosy—1icos’y, (A9)

ay =5+ 3cos(¥ —y)—fcos’ (¥ —y). (A 10)

To calculate @/, it is easier to find the total and the complement, instead of direct
integration. The total is the potential between M and an infinite body of liquid V_p
outside a sphere of radius D surrounding M :

@ = /// nydV = / B (g2 dr = ——4“;1-”33”. (A1)
Voo D r D

The integration domain V_p, is the sum of the liquid domain V, and the
complementary domain V; 4 V,. Thus, the total potential is similarly the sum of the
liquid potential @, and the complementary potential @¢, which is the intermolecular
potential between M and the solid and vapour regions when these regions are filled
with liquid:

TU’lfﬂff TU’lf,Bff a;—1 a
D = — — =, Al2
¢ 6v; 6 v} + v; Al
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where the results for @, and @, have been used with n,8,, and n,B/, replaced by
l’lf,Bff. Thus,

dnnsBrr  TngPyy
Q=D p— P =— ;lglfff + nf6ﬂff <a_; + a_i) ) (A 13)

vp Y
This solution is symmetric about the bisector of the wedge, as expected.
The total intermolecular potential per unit volume at point M in the liquid is

By [a(l—p)+p—4  al—p
D =np( D+ Py + Ppy) = f6 {1 ) + 2(@ )], (A 14)
= Prs (A 15)
nyByr
neBrr

where the potential has been increased by a constant value of 4Tcn3f/3ff/ 3D3. The
potential @ holds for wedge angle ¥ < 90°.

Appendix B. The excess interaction energy E per unit area
From (3.4),

E:/h(cb—q?w)dy. (B1)

The potential @ is the total intermolecular potential per unit volume at point M
and @, is its value far from the substrate (figure 2). The difference depends only on
the position of point M. Thus, the integration over y means summing the potential
difference as M moves vertically from y=D to h, where D is the cut-off distance
in the van der Waals potential. The integration starts at y=D instead of y=0
to avoid unbounded interactions at the liquid—solid interface. The singularity arises
because the cut-off sphere surrounding M is assumed to contain only liquid molecules
(Appendix A). If M is at the liquid—solid interface, it interacts with adjacent solid
molecules, resulting in infinite energy that cannot be prevented by the cut-off liquid
sphere. Thus, an additional truncation is needed at the liquid—solid interface. At
the liquid—vapour interface, the infinite self-interactions have been eliminated by
subtracting @,, from @, and a cut-off is not required.
Substitution of @ in (3.2) and @, in (3.3) into (B 1) yields

nn’ B Pay(1—p)+p—4 h(ay—1
E— f6ff U 1 ( p)3 p dy+(1—p)/ (z3 )dy}’ (B2)
D vy D o)

As the position of M changes, the wedge angle ¢ stays fixed, but vy, v, and y will
vary (figure 2). From geometry,

v =Yy, (B 3)

vy = (h —y)cos ¥, (B4)
cos ¢ = (1+n2)""2, (B5)
cos y = h (B6)

(h2+h)2(y2)1/2’
pRi—yp "

L+ h3) (B> +h3y?)

cos(y —y)= 1—( (B7)
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These expressions are substituted into the integrands in (B2):

hal(l—p)-i-p—/ld _ (1 1\ [(1+p-22
[, e () (5

1—p h B 1

4 | p2r+mr2D)"”  R2(14+h2)"
/ (a2—1) (1+h§)3/2 (1+2h2)R2  (2h— D)D’h +(h + D)2 + K

_.|_

] . (B

4h—D)  gr2(14h2)" 4(h — DR [h2 + D22] "
(B9)
The above results are exact. In the limit D/h — 0, the above integrals simplify:
mg B [(L=2) (L= p)h; S|, B (1= 2)
E=——1"1 : - (1+n2)7Y —E = (B10
4;;2{3Jr ) ”Jr 12D? (B10)

The last term is constant and can be eliminated since E is a potential.

Appendix C. Asymptotic solution of the valley film profile for C = 0
Equation (4.17),

| —&*H} + 2¢? HH? Hy,
Hu—< Sl )=Q (Cla)
is subject to the symmetry condition at ¢ = 0:
H=1, H =0. (C1b,¢)

In the limit & — 0, the film height can be expanded in an asymptotic series of &2:
H() = Ho(¢) + e Hi(¢) +---. (C2)
Substitution into (C 1) yields

1 3H1 Hé{ + 2H0H02§ Hog,
CH ( Hy Hg
At ¢ =0,
Hy=1, H =0, Hy =H, =0. (C 3b-d)

An analytic solution is found for Hy:
Ho = (& +1)'"2. (C4)

As ¢ — oo, Hy; — 1. Thus, the leading-order solution captures the asymptotic value
of the slope in (4.16).
The first-order expansion H; obeys

3H, £8P —2)
H = — C5
N TSI R WU UER (©3)
and at { =0, H; = H;; = 0. Equation (C5) admits an analytic solution:

¢
TRV

[(¢*+1)tan~"(¢) — ¢]. (C6)



A slope-dependent disjoining pressure 179

As ¢ — oo, H — 11/8 — 1/2¢ + O(¢7?). The asymptotic solution H = Hy + &*H, is
plotted in figure 3 for ¢ = 0.5.

Appendix D. Drop profile by matched asymptotic expansions
The profile of a drop with positive disjoining pressure obeys (4.6):

1 — Hy +2HHZ Hyy _c
H3 -

Hov e D1
The disjoining pressure demands that near the contact line as H — 0, Hy — 1 and
Hyx — 0. Setting ¢ = 0 in (D 1) leaves a second-order differential equation that
cannot satisfy all the boundary conditions. Thus, ¢ — 0 is singular and an inner
region exists near the contact line. In the inner region, the capillary pressure balances
the disjoining pressure to yield H ~ §X ~ ¢'/2, where §Hand §X are the length
scales of H and X. This suggests that the outer variables should be expanded in series

of ¢1/2;
H=Hy+¢"?H, +(¢lne)H, + ¢eHs + - - -, (D2a)
C=Cy+¢e"’Ci+(elneg)Cy+eC3+ -, (D 2b)
X()=X00+81/2X01+(81n8)X02+8X03+"', (DZC)

where X, is the contact-line position, and the ¢Ine scale is suggested by the inner
solution. Substitution into (D 1) leads to

1 — Hyy + 2HoHy Hoxx
Hg
=Cy+¢'"?Cy+ (¢lne)C, +eC3. (D3)

Hoxx +&'*Hixx + (elne)Hyxx + ¢ <H3xx +

At X =0,
H0—|-81/2H1—|—(811’18)H2+8H3 =1, (D 4a)
Hox + €' Hix + (elng)Hyx + eH3x = 0. (D 4b)
The leading-order solution is

Hy=1CoX* + 1. (D5)

The leading-order pressure jump Cy can be found by matching.
In the inner region, a set of variables is defined:

H
n= o2’ (D6)
X — X
f= (D7)
Equation (D 1) becomes
1 —nf + 2nnng:
Mg + ——— " = gl2C. (D8)

n
At the contact line as & — 0, (4.2) requires

n— 0, 775 b d —1, ng’g - 0, ﬂgsg b d 0 (D 9)
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Although (D 8) is only second order, four boundary conditions are needed owing to
the singularity at n = 0.
The inner variable is expanded in series of ¢

n=no+elmtem+-. (D 10)

Substitution into (D 8) yields
21 o \ 4
<1 + 05) Mes + (77055 - ﬁ) 7770;27715
Un 1o No

2
Ui 4nogn>
Nage + | Noge — = 452 :
No Mo

12.

1 — g, + 2nom3e noee
Noge + 3 3 d +¢
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] :81/2C0+€C1. (Dll)

To leading order,

1 —ng + 2non
o+ —— R 0, (D 12)
Mo
This equation is the same as (4.6) with C = 0 and ¢ = 1. From §4.1, the only solution
that contacts the substrate is

n = —&. (D 13)

This is to be matched to the outer solution.
Inner and outer expansions are matched by taking the outer limit of the inner
expansions and the inner limit of the outer expansions:

}}ig{o H = ég@%el/zn. (D 14)
In the limit X — X¢ = Xqo,
Hy — 3Co(X — X0)* + CoXoo(X — Xo) + 3CoX5o + 1. (D 15)
In the limit & — —oo0,
Yo — —(X — Xo). (D 16)
Matching (D 15) and (D 16) yields
Xoo = 2, (D17)
Co = —1. (D 18)

This completes the zero-order expansions.
The first-order outer solution is

H, = %chZ’ (D19)
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where C; has to be found by matching. The first-order inner film height obeys
4 —£?

— 0 e = . D20
Mge E(&2 +2)7715 2621 2) ( )
As & — 0, (D9) shows that

N1, Mg, Mee, Ngge — 0. (D21)

An analytical solution is found:

2
+2

n1=—i$2+%ln<g 5 ) (D22)

The matching principle (D 14) is invoked again. In the limit X — X, = Xoo + &% X1,

Hy +¢&'?Hy — —4(X — X0)* — (X — Xo)
+ e2[1C1(X — X0)* + (2C1 — §X01)(X — Xo) +2C1 — Xo1]. (D 23)
In the limit § —» —oo,
0o +em — —4(X — Xo)* — (X — Xo). (D24)
Matching (D 23) and (D 24) yields
Xo1 = C; =0. (D 25)

This completes the first-order expansions.
At the ¢Ine order, the outer expansion obeys

Hrxx = C,. (D 26)
Its solution that satisfies the boundary conditions in (D 4) is
H, = 10, X2 (D27)
This needs to be matched together with the order-¢ outer expansion, which solves
16
Hyxx = C3— xXi—ap (D 28)
By imposing the conditions Hz = H3y = 0 at X = 0, we find
1 X 2—-X
Hy=-CX'+>In(—=). D2
1= ,0X S n<2+x> (D29)
The inner second-order expansion obeys
4 _EM[EY 41067 — 487 +2)In(£2/2 + 1)) (D30)
e 26> +2)° '
As & — 0, (D9) shows that
M2, Maes Maee» Nazee — 0. (D 31)
An analytical solution is found:
3In(1 + &2/2 654 + 2562 4+30) 15,2
= SN0 AE/2)  EE 4252 £30) ftan—1<i>_ (D32)
462 +2) 8(§* +2) 16 V2
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In the limit X — Xo = Xo9 + (¢ In &)X + £ X3,

Hy+¢&"?Hy + (elne)H, + e Hy > —H(X — X0)> — (X — Xo)
+(elne)[Ca(X — Xo)? + (X — X0)(2C2 — 1 X02) +2C2 — Xoo]
+e[In(Xo — X) + 1(X — Xo) In(Xo — X) + (X — Xo)*(1C3 — )
+(X — X0)(2C3 — 1 Xo3 — § —In2) +2C3 — Xo3 — 21n2]. (D 33)

In the limit § — —oo,
e'Pno +en + &7 > —1(X — Xo)> — (X — Xo) + (e Ine)[—1(X — Xo) — 1]

+ &[In(Xo — X) 4+ 3(X — Xo) In(Xo — X) — 13 +In2)(X — Xo) — 1 In2]. (D34)
Matching (D 33) and (D 34) yields

C,=0, (D 35)
Xop = 1, (D 36)
Cy=—1, (D 37)
Xo3 = —1—31n2. (D 38)

This completes the third-order expansions.

Appendix E. An asymptotic solution of the wedge film

The wedge film that starts at the contact line and grows to a constant-curvature
surface (C = 1) obeys (4.37). Near the contact lineat X =0, H -0, Hy — 1, Hyx — 0,
and Hxxx — 0. The last two conditions cannot be satisfied if ¢ = 0. Thus, an inner
region exists near the contact line in which the capillary pressure balances the
disjoining pressure to yield the length scales of H and X as §H ~ §X ~ ¢'/2. Hence,
the film height is expanded in a series of £'/? as in (4.39). Substitution of the series
into (4.37) leads to

1 — Hgy + 2HoHgy H,
Hoxx +&'?Hyxx + (eIne)Hoxx + & (H3xx + L +H3O o 0XX> =1. (El)
0
The leading-order solution is
Hy=1X*+kiX + k. (E2)
The integration constants can be found by matching.
The film height in the inner region obeys
1 —nf + 2nnin
et ——— o =¢', (E3)

n

obtained by substituting the inner variables in (4.40) into (4.37). At the contact line
as & — 0, (4.2) requires

n—0, n:—1, ne—0, nge — 0. (E4)

The inner expansion in (4.41) is substituted into (E 3) to yield an equation the same
as (D 11) except that the right-hand side is /2. The leading-order expansion obeys
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(D 12) and its solution subject to (E4) is
no =§.

This is to be matched to the outer solution.

Inner and outer expansions are matched by taking the appropriate limits:

lim H = lim &'/?y.
X—0 £—0
In the limit X — 0,

Hy > 1X? + ki X + k.

In the limit & — oo,

81/2)’)0 — X.
Matching (E 7) and (E 8) yields
ki =1,
k=0

This completes the zero-order expansions.
The first-order outer solution is

Hy = k3X + ks.
The first-order inner film height obeys
4 g2
Mee — ng = m
As & — 0, (E4) shows that
nis Me» Nee» Nege — 0.

An analytical solution is found:
§+42
m= éfz_“‘( 2 )
The matching principle (E 6) is invoked again. In the limit X — 0,
Ho+e'?Hy > X2 + X + e"2(ks X + ky).

In the limit & — oo,

o +em = 1X>+ X +elne —e(2In X —In2).

Matching (E 15) and (E 16) yields
ky=kqs=0.

This completes the first-order expansions.
At the ¢ In¢ order, the outer expansion obeys

Hyxx = 0.
Its solution is

Hy = ksX + ke.
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This needs to be matched together with the order-¢ outer expansion, which solves

8
Hixxy = —————. E2
We find
X+2
Hy=2(X+1)In <T+> + k2 X + k. (E21)
The inner second-order expansion obeys
B 4 __2553[544—1052—4(§2+2)1n(§2/2+1)] (E22)
T Ee ™ €+ |
This equation with the boundary conditions derived from (E4) that, as § — 0,
N2, Mg, Nage» Nazee — 0, (E23)
has an analytical solution:
6&4 + 2562 + 30 In(&2/2+1 152
77225(5-'_2 Sj ) _§ n(i/—i—)_ ftan_l<i>. (E24)
267+ 2) £ 42 4 NG

In the limit X — 0,

Hy+¢&"?Hy 4+ (elne)H, + eHy > 1X> + X + (e Ine)(ksX + ko)
+e2(X+1)(In2 —InX) + kX +kg].  (E295)
In the limit & — oo,
ey +en 4+ —> X2+ X +(elng)(X +1)
+e[3+ In2)X -2(X+1)In X+ In2]. (E26)
Matching (E 25) and (E 26) yields

ks =1, (E27)
ke =1, (E28)

ky =3 —1In2, (E29)
ks = —In2. (E 30)

This completes the third-order expansions.
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