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ABSTRACT

The dynamics of a thin layer of liquid between a flat solid substrate and an infinitely thick layer of saturated vapor is examined. The liquid
and vapor are two phases of the same fluid governed by the diffuse-interface model. The substrate is maintained at a fixed temperature, but
in the bulk of the fluid, the temperature is allowed to vary. The slope ¢ of the liquid/vapor interface is assumed to be small, as is the ratio of its
thickness to that of the film. Three asymptotic regimes are identified, depending on the vapor-to-liquid density ratio p./p;. If p»/p; ~ 1 (which
implies that the temperature is comparable, but not necessarily close, to the critical value), the evolution of the interface is driven by the vertical
flow due to liquid/vapor phase transition, with the horizontal flow being negligible. In the limit p,,/p; — 0, it is the other way around, and there
exists an intermediate regime, p,/p; ~ €*, where the two effects are of the same order. Only the p,/p; — 0 limit is mathematically similar to
the case of incompressible (Navier—Stokes) liquids, whereas the asymptotic equations governing the other two regimes are of different types.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0027152

. INTRODUCTION

The diffuse-interface model (DIM) originates from the idea
of van der Waals' and Korteweg” that intermolecular attraction
in fluids can be modeled by relating it to macroscopic varia-
tions of the fluid density. Recently, this approach was incorpo-
rated into hydrodynamics: more comprehensive models have been
developed for multi-component fluids with variable temperature™
and simpler ones for single-component isothermal fluids’ or single-
component isothermal and incompressible fluids’ ° [in the last case,
the van der Waals force does not depend on the (constant) den-
sity, but on a certain “order parameter” satisfying the Cahn-Hilliard
equation].

Various versions of the DIM have been used in applications,
such as nucleation, growth, and collapse of vapor bubbles,’ ' drops
impacting on a solid wall,"* and contact lines in fluids.”"*

When studying contact lines, a boundary condition describing
the interaction of the fluid and substrate is needed. Two versions
of such a condition have been suggested: one involving the near-
substrate density'” and its normal derivative, and another prescrib-
ing just the density.” The former is based on minimization of the wall
free energy,” whereas the latter can be obtained through an asymp-
totic expansion of the non-local representation of the van der Waals

force.”" In the present paper, the latter (simpler) boundary condition
is used.

The DIM has been also adapted for the case of liquid films,
where the liquid phase is confined to a thin layer bounded by a liq-
uid/vapor interface and a solid substrate. Assuming that the flow is
isothermal and the saturated-vapor density p,, is much smaller than
the liquid density p;, Pismen and Pomeau’ derived an asymptotic
version of the DIM similar to the thin-film approximation of the
Navier-Stokes equations for incompressible fluids.

It has been argued, however, that in some, if not most, com-
mon fluids, including water, liquid/vapor interfaces are not isother-
mal. Using a non-isothermal version of the DIM, Refs. 24 and 25
estimated the density and pressure change near the interface and
showed that the resulting temperature change is order-one. It is
unclear, however, whether this conclusion affects liquid films, as
a thin liquid layer can behave differently from the general case—
especially if the substrate is maintained at a fixed temperature acting
as a thermostat for the adjacent fluid.

There are two more omissions in the existing literature on lig-
uid films with a diffuse interface. First, no thin-film models exist
for the regime with p, ~ p; observed at medium and high tem-
peratures. Second, no-one has examined the implications for films
of a recently identified contradiction between the DIM and the
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Navier-Stokes equations: as shown in Ref. 26, the former does not
admit solutions describing static two-dimensional sessile drops (also
called liquid ridges), whereas the latter do. A similar comparison
between the thin-film asymptotics of the two models should clar-
ify the nature of the discrepancy, as asymptotic models are much
simpler than the exact ones.

The present paper tackles the above omissions. It is shown that
if p» ~ p;, the heat released (consumed) due to the fluid compression
(expansion) near the interface makes non-isothermality important,
so the thin-film asymptotics in this case differs from that derived
in Ref. 5. In the limit p,/p; — 0, however, liquid films are essen-
tially isothermal and the thin-film approximation of the DIM coin-
cides with that of the Navier-Stokes equations. This implies that
liquid ridges exist in the former model as quasi-static states, i.e., they
evolve, but so slowly that the evolution is indistinguishable from, say,
evaporation.

The present paper is structured as follows: In Sec. 1I, the prob-
lem is formulated mathematically, and in Sec. 11, the simplest case
of static interfaces is examined. The regimes p, ~ p; and p, < p;
are examined in Secs. IV and V, respectively. Since these sections
include a lot of cumbersome algebra, a brief summary of the results,
plus their extensions to three-dimensional flows, is presented in
Sec. VI.

Il. FORMULATION

Consider a compressible fluid flow characterized by density p(r,
t), velocity v(r, t), and temperature T(r, t), where r is the position
vector and t, the time. Let the pressure p be related to p and T by the
van der Waals equation of state,

RTP 2
=" 4 1
T—bp ey

where R is the specific gas constant, and a and b are fluid-specific
constants (b is the reciprocal of the maximum allowable density).
Equation (1) was chosen for its simplicity, with all of the results
obtained below being readily extendable to general non-ideal fluids.

The diffuse-interface model in application to compressible
Newtonian fluid is’

9p _
5tV () =0, @
ov 2
p[8t+(v.v)v]+Vp—V-H=KpVV P> (3)

pcv(% v VT) +[1(p+ap’) -M]: Vv -V (kVT) =0, (4)

where I is the identity matrix,
2
T o (W) 2004wl )

is the viscous stress tensor, K is the so-called Korteweg parameter, s
(pp) is the shear (bulk) viscosity, cy is the specific heat capacity, and
« is the thermal conductivity. Note that, generally, us, 4, cv, and «
depend on p and T, whereas K is a constant.

In what follows, two-dimensional flows will be mainly explored,
sor = [x,z] and v = [u,w], where x and u are the horizontal
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components of the corresponding vectors, and z and w are their ver-
tical components. The three-dimensional extensions of the results
obtained will be presented without derivation in Sec. VI.

Assume that the fluid is bounded below by a solid substrate
located at z = 0, so the flow is constrained by

v=0 at z=0, (6)
T="Tp at z=0, (7)
p=po at  z=0. (8)

Equation (6) is the no-flow boundary condition, (7) implies that the
substrate is maintained at a fixed temperature Ty, and the near-
wall density po in (8) is a phenomenological parameter (in the
diffuse-interface model,”*" it is assumed to be known). Note that
the parameter py is specific to the fluid—substrate combination under
consideration and is uniquely related to the contact angle.

Given a suitable initial condition, the boundary-value problem
(1)-(8) determines the unknowns p(r, t), v(r, t), and T(r, ).

lll. STATIC FILMS

Before examining the evolution of liquid films, it is instructive
to briefly review the properties of static films.

Letting v = 0 and Jp/0t = 0, and taking into account that
only isothermal films can be static (hence, T = Tj), one can reduce
Egs. (1)-(5) to a single equation,

bp . 1
1-bp 1-bp

RTo(ln ) ~2ap-KV’p=G, ©9)
where G is a constant of integration (physically, the free-energy den-
sity). Once Eq. (9) is complemented with boundary conditions, one
can determine G together with the solution p.

The one- and two-dimensional solutions of Eq. (9) will be
examined in Secs. III A and 111 B, respectively.

A. Films with flat interfaces

Let p be independent of x, so that p(z) describes a flat interface
parallel to the substrate. The following nondimensional variables
will be used:

z
Pnd = bP: Znd = —> (10)
20

where

(11)

K
2y = —
a
is, physically, the characteristic thickness of liquid/vapor interfaces.
Estimates of zy for specific applications presented in Refs. 11 and 24
show that z( is on a nanometer scale; hereinafter, it will be referred
to as “microscopic.”

It is convenient to also introduce the nondimensional ana-
logues of the parameters pg and G,

b

(PO)nd = pr) Gnd = ;G (12)

In the nondimensional form, Eq. (9) is (the subscript ,; omitted)
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p 1 &p
1 —2p— =G, 13
T(nl—p+1—P) Pra ¢ 1)

where the first two terms on the left-hand side represent the nondi-
mensional free-energy density of the van der Waals fluid, and

RTob
T=—0t
a

(14)

is the nondimensional temperature. The nondimensional version
of the boundary condition (8) will not be presented as it looks
exactly as its dimensional counterpart. One should also impose the
requirement of zero Korteweg stress at infinity,

dp

— =0 as
dz

z — oo. (15)
Due to the presence of the undetermined constant G, Eq. (13) and
the boundary conditions (8) and (15) do not fully determine the
solution. The most convenient way to fix p(z) consists of prescribing
the height / of the interface through the requirement

oty = M) £ minp ()} o)

In what follows, the solution of the boundary-value problem (13),
(8), (15), and (16) will be denoted by p(z|h). Several examples of
p(z|h) with increasing h are shown in Fig. 1.

In this work, the following properties of p(z|h) will be needed:

(1) Since z was [nondimensionalized] on a microscopic scale,
macroscopic films correspond to h >> 1, making this limit important
for applications—both industrial (e.g., paint or polymer coating) and
natural (e.g., rainwater flowing down a [rockface] ).

For large h, the interface is located far from the substrate,
so the interfacial profile is similar to that in an unbounded fluid.
Mathematically, this means

p(zlh) = p(z—h) as z,h = oo, (17)

4
>
L e e e LA E e e e e B

B R T T I AT AT

0 01 02 03 0.4 05 0.6 0.7
pzlh)

FIG. 1. The function p(z|h) [determined by (13), (8), (15), and (16)] for 7 = 0.2 and
po = 0.6. The curves are labeled with the corresponding values of h. The dotted
lines show p., and p;.

scitation.org/journal/phf

where p(z) satisfies the same equation as p(z, h) and the open-space
boundary conditions,

_ 2.
TIHL_+L_ —ZP—Q:G, (18)
1-p 1-p dz?
p(z) = p as z = —o0, (19)
p(2) = po as z — oo, (20)
+ pu
p(0) = PP Q1)

2

Equations (18)-(21) fix p(z), as well as p,, and p; (which rep-
resent the nondimensional densities of saturated vapor and liquid,
respectively).

As observed in Ref. 5, the influence of the substrate decays
exponentially with the distance, which implies that the asymp-
totic formula (17) is accurate even for moderate (logarithmi-
cally large) h. However, even though p(z — h) approximates
p(z|h) well in the interfacial region, p(z — h) does not gener-
ally satisfy the boundary condition at the substrate. The only
exception is the case where po is close to p;, which implies
that near the substrate, p(z|h) ~ p(z — h) + O(e), where ¢
= p; — po. Merging this result with (17) (which is exponentially
accurate in both 1/h and ¢), one obtains

p(z|h) = p(z - h) + O(e) if  h>1, (22)

which applies to all z. Note also that the limit of small ¢ is important
as it corresponds to the approximation of small contact angle (more
details are given below).

(2) p; and p, can be computed without calculating p(z),
through the so-called Maxwell construction. In the low-temperature
limit T — 0, it yields (see Appendix A)

1+V1-41
- 2

pi +0(eM), (23)

1+VT—41
=——— e
P &

Thus, if 7 is small, p,, is exponentially small.

If T increases, p, grows and p; decays; eventually, they merge at
the critical point (pv),, = (p1),, = 1/3, Ter = 8/27. For larger 7, only
one phase exists; so, liquid films do not exist.

For 7 <«< 1, one can also obtain an exponentially accurate expres-
sion for the whole solution p(z), but it is bulky and implicit. In what
follows, an algebraically accurate but explicit expression will be used:

+O(r e, (24)

1+0O(rln7) if z<-27g,

p(z) = %(1 - sinzl/zz) +O(rln7t) if ze€ [—2_3/271, 2_3/271],
0+O(rlnT) if z>27% 7.
(25)

This solution follows from Eq. (18) with 7 = 0 and the boundary
conditions (19) and (20) with p;=1and p, = 0.

The low-temperature limit is important, as 7 is indeed small for
many common liquids. For water at 20 °C, for example, estimates of
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7 vary from 0.064 to 0.14 (depending on the equation of state used—
see Refs. 24 and 25).
(3) In what follows, the function

9= L[]
ny = b |dptan) 26
o (h) pl_po[ =1l (26)

plays an important role. It can be readily computed—see examples
shown in Fig. 2. Evidently, p’(h) is bounded above, and its precise
upper bound is (see Appendix B)

oy < Y2 [ oln"°(1“’“)—‘”“’”]—(po—pv)z.

pI=Po po(1=po) 1-pu
(27)

As shown in Fig. 2, p’(h) tends to its maximum as h — oco. What
happens in this limit with p(z|h) is illustrated in Fig. 1.

Note that p’(h) remains order-one in the limit py — p;. Indeed,
letting

po=p—¢ (28)

and expanding estimate (27) in powers of & one can take into
account the Maxwell construction (A1) and (A2) and see that the

() ;

p’ (h)
AR A D B R

'
(S}

(b)

pr(h)

1 2 3 4 5 6
h

'
&)

S T

FIG. 2. The function p’(h). Panel (a): po = 0.8, curves 1-3 correspond to 7 = 0.15,
0.1, 0.05; Panel (b): = 0.1, curves 1-3 correspond to py = 0.75, 0.8, 0.85.
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first two orders of the expansion in ¢ vanish, so that (27) becomes

p(h) <, /m—2+(9(s). (29)

The limit € «< 1 is particularly important, as it corresponds to the
contact angle being small.”

B. Films with slightly curved interfaces

Consider the full (two-dimensional) equation (9) and assume
that the interface is curved, but its slope is small. This can only occur
if the contact angle is small—which, in turn, implies that py is close
to, but still smaller than, the liquid density p;.

Given scaling (10) of the vertical coordinate z, the scaling of the
horizontal coordinate should be

nd = =, (30)
20
where ¢ « 1 is related to the physical parameters by (28), but also
plays the role of the slope of the interface. Rewriting Eq. (9) in terms
of the nondimensional variables (10)-(12) and (30), one obtains (the
subscript ,; omitted)

1 op O
T(ln%+—)—2p—eza—£—a—£:G. (31)

In addition to the boundary condition (8) at the wall, a condition is
required as z — co. Assuming that the liquid film is bounded above
by an infinite layer of saturated vapor, let us require

P = pu as z — oo, (32)

This boundary condition is consistent with Eq. (31) only if

Pv 1
1-py
The difference between Eq. (31) and its one-dimensional counter-

part (13) is O(e*)—hence, the solution of the former can be sought
using that of the latter,

p(x,2) = p(z|h) + O(&), (34)

where h = h(x) is an undetermined function. Physically, solution (34)
describes a liquid film with a slowly changing thickness.
Let h > 1, in which case, expressions (34) and (22) yield

p=p(z—h)+O(e). (35)

This approximation will be used everywhere in this paper. It applies
to films whose dimensional thickness exceeds the thickness zg of
the liquid/vapor interface given by (11)—hence, since zo is on a
nanometer scale, this assumption is not very restrictive.

There are two ways to determine h(x). First, one can expand the
solution in ¢, with the leading order determined by (35)—then, try
to find the next-to-leading-order solution. The latter is likely to exist
only subject to h(x) satisfying a certain differential equation.

Second, one can try to rearrange the exact boundary-value
problem in such a way that all leading-order terms cancel; then, sub-
stitute the leading-order solution (35) in the resulting equation(s).
For the static case, the second approach is only marginally simpler—
but, for evolving films, it is much simpler, and so will be used in both
cases.

) - 2po. (33)
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To eliminate the leading-order terms from Eq. (31), multiply it
by 0p/0z, integrate from z = 0 to z = oo, and then take into account
the boundary conditions (32), (8) and expression (33) for G. After
straightforward algebra, one obtains

2 d (< 0p0py _ 1[(@) ]
faqx o ox 8zdz_c 2l\oz /01" (36)
where
Po Pv PO — Pu 2
- 1 -1 - —(po - pu)*.
¢ T[po(nl—Po nl—pv) 1—pu] (po=po)”. (37)

Next, substitute (28) into (37), expand it in ¢, take into account the
Maxwell construction (A1) and (A2), and thus obtain

C- 2[;—1]“9 3. (38)
- p) )

Observe that, even though the exact expression for C involves p,,,
the approximate one involves p; (which occurs due to the use of the
Maxwell construction inter-relating these parameters).

Now, substitute the leading-order solution (35) into Eq. (36)
and take into account (38). Omitting small terms, one obtains

d( dh T 1 p
o) s — 11— 252, 39
dx( d‘x) 2pi(1-p1)? 2 )

where the function p’(h) is defined by (26) and (28), and

=[op(z-1) |
= 47| dz.
fo [ 0z z
Since h > 1, one can extend the above integral to —co (without
altering significantly its value),

_re[o@ T
a_[w[ = ]dz. (40)

This expression does not depend on h and coincides with the
capillary coefficient (see Ref. 5).
Finally, substituting (38) into (39), one obtains

d*h T n
oe = ——— —2-p(h). (41)
de*  py(1-pp)°

This equation determines the profile h(x) of a liquid film. Bar nota-
tion, it coincides with Eq. (42) of Ref. 5, and they both are thin-film
reductions of the requirement that a steady distribution of density
must have homogeneous chemical potential.

C. Does Eq. (41) admit ridge solutions?

The most surprising feature of Eq. (41) is that it does not admit
solutions describing two-dimensional sessile drops (also called lig-
uid ridges). This conclusion is highly counter-intuitive, as the
Navier-Stokes equations do admit such solutions. This paradox will
be resolved in Sec. V.

scitation.org/journal/phf

To prove the nonexistence of ridge solutions, note that the DIM
does not allow the substrate to be completely dry.” Hence, ridge
solutions should involve a “precursor film,” i.e.,

h — hy as X — +00, (42)

where h,y is the precursor film’s thickness. This boundary condition
is consistent with Eq. (41) only if hpf satisfies either

! - — ; -

p (hpf) = -, /pl(l —pl)z 2 (43)
4 = # p—

p (hy) = /pz(l —Pz)z 2. (44)

It can be deduced from the Maxwell construction that

or

% >2 if T< ﬁ,
pi(1=p1) 27

hence, Eq. (43) admits a real solution for hpf. Equation (44),
on the other hand, does not admit real solutions due to
inequality (29).

The mere fact that there exists only one value of h such that
the right-hand side of Eq. (41) vanishes disallowing the existence of
ridge solutions. Indeed, let the ridge’s crest be located at x = 0, i.e.,

h > hyy at x=0,

and assume that /(x) monotonically grows in (—o0,0) and decays
in (0,00). This implies existence of two inflection points, where
d*h/dx* = 0 and h > hyp. The former condition can only hold if the
right-hand side of Eq. (41) vanishes at the inflection points—which
is, however, impossible since it vanishes only if h = hpf.

If the ridge profile involves oscillations and, thus, several
pairs of inflection points, the same argument applies to the far-
thest one from the crest (because h at this inflection point cer-
tainly differs from hpf). Overall, the conclusion about the nonexis-
tence of thin ridges agrees with a similar result proved in Ref. 26
for arbitrary ridges. The physical implications of the non-
existence of steady ridge solutions will be discussed in the end of
Sec. V C.

Equation (41) still admits solutions such that

h ~ 0x as X — 400, (45)
where the constant 6 can be identified with the contact angle (strictly
speaking, the contact angle equals arctan 6, but under the thin-
film approximation arctan 6 ~ ). Examples of the solution of the
boundary-value problem (41), (42), and (45) have been computed
numerically and are shown in Fig. 3. Evidently, with increasing
temperature, the precursor film becomes thicker [see Fig. 3(a)],
whereas the contact angle becomes smaller [see Fig. 3(b)]. The latter
conclusion agrees with the results of Ref. 24 obtained for a realistic
equation of state for water.
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FIG. 3. The solution of the boundary-value problem (41), (42), and (45) for
po=0.852and (1) r=0.05, (2) 7= 0.1, and (3) 7 = 0.15.

IV. EVOLVING INTERFACES: THE REGIME WITH p_ ~ p,

Dynamics of liquid films depends strongly on the vapor-to-
liquid density ratio. The regime p,/p; = O(1)—which occurs if
= O(1) (i.e, the dimensional temperature T is comparable to
the fluid’s critical temperature T.)—will be examined first. The
reader will see that, in this case, diffuse-interface films behave very
differently from their Navier-Stokes counterparts.
The asymptotic limit T << T, will be examined in Sec. V.

A. Nondimensionalization

In addition to the nondimensional versions of coordinates (10),
density (12), and parameter po (30), introduce

v u w
tha = t, Upg = 3.0 Wy = o (46)
20 Vo &V
T 2
Tot = = =%, a7
nd TO Pnd a P ( )
Us Uo K
=2, =2 k=, 48
(#) a o (#6) 14 o "= (48)

where the shear and bulk viscosities are assumed to be of the same
order (ys ~ pp ~ po) and

_ azop
= ol?

is the general-case velocity scale (which applies when the film’s slope
€ and thickness h are both order-one). Note that the powers of
€ in (46) have been chosen through the trial-and-error approach,
so that a consistent asymptotic model would be obtained in the
end.

In terms of the nondimensional variables, the boundary-value

Vo (49)

problem (1)-(8) becomes (the subscript ,; omitted)
| 2 [9w)  O(pw)
=0, 50
8t ¢ 0x * 0z (50)
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ou

4
ae +
Ox

o2,
0z

_Of| 2 |2, 2
Ox ox? 072

p8x 1-p

19 .T”

2
Lol oo (-2 ([ 2 ]2
Cop Ox foox T\ T 3k 3x
[7Jpz-2)
az1"\ 9z T ax )
R N (R
ot Ox 0z paz 1-p
I I
0z o " 022
4
L 2[ (fié;w)] 219
T op Ox B\ Bz 7 ox 0z
x |2 a—w+( _% ) & %+6—w
Haz T\ 5 ox oz )|
oT oT oT
ocyez pCv(at+ & u8x+w8z)
+| g g & Ou a—w
1-p ox " Bz

R Q(KOT) 8( aT)
Ox X 0z\ 0z
u=0, w=0 at z=0,
P = po, T=1 at z=0,
where 7 is given by (14) and
o= K _ aK
B M%b:)’) B [40K0T0b4
cvio cv
=—, Cy=—.
Y Ko v R

4)

(51)

(53)

(54)

(55)

(56)

(57)

Physically, a is the Reynolds number, y is the Prandtl number,
Cy is the nondimensional heat capacity, and  characterizes heat
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release due to viscosity and fluid compression or cooling due to fluid
expansion.

The parameter 5 was first introduced in Refs. 24 and 25 for the
case where the flow’s aspect ratio was order-one. It was concluded
that f is an “isothermality indicator™: if 8 ~ 1, the effect of variable
temperature is strong. The same is true for liquid films—despite the
fact that Eq. (53) and the boundary condition (55) suggest that the
temperature is almost uniform—i.e.,

T=1+T(x21). (58)

Yet, as shown below, the small variation T affects the leading-order
film dynamics.

There is still a slight difference between liquid films and the
general case: in the latter, the heat production/consumption due to
compressibility is comparable to the heat production due to viscos-
ity. In the liquid-film equation (53), on the other hand, the com-
pressibility term exceeds the viscosity term by an order of magnitude
(2B to €*B, respectively).

In what follows,  is assumed to be order-one—which it indeed
is for many common fluids (including water) at room temperature.”
As for o and y, they appear in the governing equations only in a
product with a power of e—so their values are unimportant as long
as they are not large (and, for common fluids, they are not™). Finally,
the nondimensional heat capacity Cy will be assumed to be order-
one.

Another important feature of the proposed scaling is that the
divergence terms in the density Eq. (50) are not of the same order (as
they would be for Navier-Stokes films). This is due to the fact that,
under the regime considered, the interface is not driven by horizon-
tal advection—but rather by evaporation and condensation, making
it move vertically.

B. The asymptotic equation

Assume that the flow far above the substrate is not forced, so
the viscous stress is zero,

ou ow
— =0, — =0 — 00, 59
0z 0z * £ (59)
and, as before, let
p = po as z — oo. (60)

In the study of static films in Sec. III B, an “asymptotic shortcut” has
been used, and a similar one will be used for evolving films.

To derive it, multiply Eq. (52) by (p — po) and integrate it from
z =0 to z = oo. Integrating the viscous term for w by parts and tak-
ing into account ansatz (58) and the boundary conditions (54), (55),
(59), and (60), one obtains

G (AN =

>p—po 9 Tp > poOp Ow
ERZN L)
+T£ p Bz(l—p) o 282#8

where C is given by (37) and

= 0(82),
(61)

.
W=yt s
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Next, observe that, to leading order, the dynamics equations (51)
and (52) coincide with their static counterparts. As a result, the den-
sity field of an evolving film is quasi-static and described by the
static-film expressions (34) and (17). The only difference is that, the
evolving-film thickness h should depend on t as well as x, so

p=p(z—h(x1t))+O(e). (62)

To obtain a closed-form equation for h(x, t), it remains to express T
and w through p and insert them into Eq. (61).

To find w, substitute (62) into Eq. (53) and, taking into account
the boundary condition (54), obtain

_Ohp(z—h) —po
S e RO (63)

Substitution of this expression and (62) into Eq. (53) yields

O poplz 1) Op(z—h)
Ot1-p(z-h) 0Oz

_ gz[x@(z-h), 1)22] L0,
(64)

where it has been taken into account that the dependence of the
thermal conductivity on the temperature is weak due to the near-
isothermality condition (58).
One should assume that heat is neither coming from, nor going
to, infinity,
ﬂ -0 as

0z
and also substitute (58) into (55) which yields

zZ —> 00,
T=0 at z=0.

Solving Eq. (64) with these boundary conditions, one obtains

- @ z Po
r=py (1~ 1)
x[ln plai=h) _y, _po ]dzl+(’)(e). (65)
1-p(z1-h) 1-py

Substituting expressions (63) and (65) into Eq. (61) and keeping the
leading-order terms only (which implies replacing po with p;), one
obtains, after cambersome but straightforward algebra,

- 2
T z—l—lplz (‘)Pzz/' [8p(z—h)]d
2p(1 = py) 2 Ox 0z

Oh > plu(p(z - h), 1)[8;7(2 h)]
ot pi(z - h) 0z

26h o0 p(z—h) Pu
675 ), x(p(z ) 1)[ 1 p(z- h)’lnlfpv]

x < pifIn p(z—h) —1n L _pz dz =0,
I 1-p-h) T 1-p, l—pv

where p’(h) is the same function as its static-film counterpart defined
by (26).

The integrals in this equality can be simplified using the
assumption that h exceeds the interfacial thickness. In the first two

(66)
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integrals, one can simply move the lower limit to —co and then
replace z — h with z [the first integral after that becomes equal to
the surface tension o given by (40)].

If, however, the same procedure is applied to the third integral
in Eq. (66), it will diverge. To avoid the divergence and still take
advantage of & being large, one should first use integration by parts
(so that the integrand is replaced by its derivative multiplied by z)
and only after that move the lower limit to —oo. Eventually, one can
transform Eq. (66) into

T

1 ) ]’l
W p (h)- 0— +[A1 + B(Az + Bh)]

oh _
o =0
(67)

where

ne- [ pu(p(2), 1) [dp(z>] i )

pi(2) dz

(a)

4e4

3e4

2e4

led

A
T T T T T T T

=}

(b)

'S
=)

[}
o

2

A

S

o
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0.1 T 0.2

FIG. 4. The coefficients of Eq. (67
(the surface tension) given by (39).
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o d pi pP(R)(1-pu)  pi—po
= dz(x@(z) D] )
p(z)(1 - pv)
i Pv[l—p(Z)])dz )
_ oo [ e=pe)  prmpo | pi(1-pu)
B(T)_K(Pbl)[l po(1-p1) pz(l—pv)]l po(l=p1)
(70)

Equation (67) is the desired asymptotic equation governing h(x, t);
physically, it describes diffusion of chemical potential on its way
toward homogeneity.

C. Discussion

(1) Let us identify the physical meaning of the time-derivative
term of Eq. (67) [the rest of the terms are the same as in the
steady state equation (41)].

(c) -

0.8 -

09

0.7 =

0.6 - =

04F E
03E E
02F E

0.1 =

b v v b b

(d)

0.5

0.4

0.3

0.2

=

0.1 T 0.2

=

R R Rl LS LR RS LARR RS LL)

) [with ¢ and « given by (71)] vs the nondimensional temperature . (a) A1 given by (68), (b) A, given by (69), (c) B given by (70), and (d) o
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The term involving A; describes the interface’s vertical
motion driven by evaporation and condensation, and the two
terms multiplied by f describe heating/cooling of the fluid
caused by its expansion/compression. Neither of these effects
is present in the Navier—Stokes films.

(2) Mathematically, Eq. (67) is also very different from the
equation describing Navier-Stokes films. Even if the latter
accounts for variable temperature [as Eq. (1) of Ref. 27], it
does not involve anything like the above-mentioned factor in
front of Oh/Ot; besides, it is of the fourth order in x, whereas
Eq. (67) is of the second order. The dynamics described by
the two models should be completely different (this work is
in progress).

(3) Itis instructive to compute the coefficients of Eq. (67). To do
s0, one has to specify the effective viscosity y and thermal
conductivity k—for example, assume that they are propor-
tional to the fluid density. The proportionality coefficients
should generally depend on the temperature, but due to the
near-[isothermality] ansatz (58), the temperature is close to
being constant, hence can be eliminated by a proper choice of
the [nondimensionalization] scales yo and «p. Thus, one can
simply let

up:1)=p,  x(p,1) =p. (71)
The coefficients Ay, Az, B, and g—given by (68)-(70) and (40),
respectively—have been computed and are plotted in Fig. 4. Observe
that, as 7 — 0, the coefficient A; grows, as does A, (although much
slower than A;)—whereas B and ¢ remain finite. The limits of the
latter two can be calculated using the small-7 asymptotics (23)-(25),
which yield

5/2
/7I

B—1, o2 as T—0. (72)

The reason why A; and A; are singular as 7 — 0 can be readily
seen from expressions (68) and (69), which both involve division by
p(z)—whose minimum value, p,,, tends to zero as T — 0. In fact, one
can derive asymptotically (see Appendix C) that

A~ 03699477 i r«, (73)

Ay 075918 72077 i 1«1 (74)

Pu
The singular behavior of A; and A, indicates that Eq. (67) fails
when the temperature is low enough to make p, small; in terms of
the dimensional variables, Eq. (67) fails when the vapor-to-liquid
density ratio is small. What happens in this case is examined in
Sec. V.

V. REGIME(S) WITH p,, < p

It turns out that the asymptotic regime corresponding to the
limit

pv =0, & = const (75)
does not “overlap” with the limit
puv = const, e—>0

examined previously. This suggests that there exists an intermediate
regime, where p, is small, but is still comparable to, say, a certain
power of .
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It is worth noting that, in all three regimes, the leading-order
solution is represented by p(z — h) where p(z) describes a lig-
uid/vapor interface in an unbounded space. The difference in the
value of 7, however, makes p(z) specific to the corresponding
regime—which, in turn, affects higher orders.

In what follows, limit (75) will be examined in Secs. V A-V
C, whereas the intermediate regime will be examined in Secs. V D
and V E.

A. Regime (75): The nondimensionalization

As seen earlier, smallness of 7 implies exponential smallness
of py; thus, when they appear in the same expression, the for-
mer should be, by comparison, treated as an order-one quantity.
Another important point is that the smallness of p, does not affect
the scaling of p(x, z, t) whose maximum value remains to be order-
one. In fact, only the velocity and time need to be rescaled—
by switching to the same scaling as that for the Navier-Stokes
films.

Summarizing the above, one should revise the finite-p,, scaling
by replacing (46) with

g u
by =—1, Upd = 5>

w
3 Wyg = e (76)
20 &V &0

The resulting nondimensional equations are

Op  O(pu) O(pw) _

" ox T oz " 77)

ae® (@+u@+w%)+12 Ty _
ot Ox 0z) pox\1-p P

_8( [0 52P)

Ox? +@

)
T op Ox W T\ T35 \ax ™ a2
2

&
0 ou 5 |Ow
3 82[”5(82+ & 8}()]’ (78)

R TL
ot Ox 0z) poz\l-p
0 , [0 O

8
oe

4

Lot (ou ] 2 |ow
oop x|\ oz Ox

0 ow 2 ou Ow
5[2”3*(%5”)(@*@*)]} (79)
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pe'

8x+ 0z

; aT 9T  aT
oye PCV(at “ox T 8z)+

2
_ 6 2 @)2 Ou 2 [Qw
=| Pe {‘us|:2 ¢ (Bx " 8z+ ¢ Ox
A7) [ 2y
0z Ho 3”5 ox 0Oz

2 |0 ( OT o ( oT
+| € a(Ka) + &(K&), (80)

where the parameters 7, &, 3, y, and Cy are determined by (14), (56),
and (57). The boundary conditions look the same as those for the
finite-p,, regime—see (54), (55), (59), and (60).

TTp (Bu 8w)

B. Regime (75): The asymptotic equation
Equation (80) suggests that

T= 1+£4T(x,z,t). (81)

Comparison of ansatz (81) and its the finite-p,, analogue (58) shows
that the temperature variations are now weaker than those in the
finite-p,, regime.

Substituting (81) into Egs. (78) and (79
in the form

0 P 1 0% O%p
(%C[T(l p Tp) S

%aﬁ[ (p,1)7] +O(h), (82)

0 P 1 zazp 82p 4
L P 7 P o il S i ,
82[ ( 1—p+1—p) P8 ox 02 o). 63)

Observe that T does not appear in the leading and next-to-
leading orders of these equation, with the implication that the non-
isothermality effect is now too weak to affect interfacial dynamics.

It follows from Eq. (83) that, to leading order, the expression in
the square brackets is a function of x and ¢ (but not z), with Eq. (82)
suggesting that this function is O(&?). Thus, denoting it by e*F(x, ),
one can rewrite Egs. (82) and (83) in the form

), one can rewrite them

2OF(x1) & a[ 7]
I > 0z s(p,1) +O(Y), (84)
P, L), 20 O :
T(lnl—p+l—p) 2p e 522 =& F(x,t)+O(¢"). (85)

Assuming as before that h > 1, one can replace p with p(z — h)
and then use Eq. (85) to relate F to h. To do so, multiply (85) by
Opl Oz, integrate with respect to z from 0 to co, and use the boundary
conditions, which yields

L
po—pv| Ox*

where the surface tension o is given by (40) and the specific expres-
sion for const will not be needed.

F(x,t) = fpo (h)] + const + O(&%), (86)
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Under the same assumption A >> 1, one can let p = p(z — h)
+0(¢e) and p(-h) = p;+O(e). Keeping in mind these equalities, one
can use Egs. (77) and (85), and the boundary conditions, to deduce

OF [+ 1 o
”:_Efo Wf [p(z1 - h) - po]dzidzs + O(e),
(87)

- w5l l-ple-m;
+% fozp(zl —h)u(x,z1,t) dz1}+0(e). (88)

Substituting the former expression into the latter and introducing an
auxiliary function

o(z) = f [p(21) - poldz, (89)
one can obtain (after straightforward algebra)
1 ) oh 0
“a(z=h) {[P(Z—h) —Pl]a * e

OF rz9(z—h)-d(z1-h)
x [a 0 a1 o(z1 - h)d21:|}+0(£)
(90)

One can now take advantage of the assumption 7 <« 1 and, thus,
replace p with asymptotic ( ) Among other things, it implies that
p(z - h) — 0as z - h+ 2~ > n—which gives rise to a singularity in
expression (90). To avoid the singularity, one has to assume

Oh  O[OF w2 3%(z —h)
on, 9|9t T gz =o. 1
Proe* ax[ax fo CED i B

To simplify this equation, observe that expressions (23) and (28)
imply

pr=1+0(7), po=1+0(1,¢).

Now, replacing in Eq. (91) F and ¢ with expressions (86) and (89),
respectively, and keeping the leading-order terms only, one obtains

oh Ih 1 .\
ot ax[Q(h) (@*5" )]‘0’ (52)

where

232, 232, i 2 dz
Q(h) = / [/ p(zl)dzl] (1) (93)

and p(z) is given by (25). Equation (9
equation for h(x, t).

It is instructive to calculate the function Q(h) for a particular
case—say

2) is the desired asymptotic

ps(p,1) = qp,

where g is a constant. Then, expression (93) yields
Q(h) = [ W +27 (1 -1n2) - 2‘9/23‘1713]

~ q_1(§h3 +0.224 89). (94)
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Even though this expression was derived under the assumption that
hislarge, h may be logarithmically large; hence, the retainment of the
constant in the above expression is justified. For the same reason,
one may want to keep in Eq. (92) ¢ instead of replacing it with its
small-7 limit (72).

C. Regime (75): Existence of liquid ridges
Steady-state solutions of Eq. (92) satisfy

&h 1,
o—+=-p =D, 95
e 2P ©5)
where h = h(x) and D > 0 is a constant of integration. The mere
fact that Eq. (95) involves an arbitrary constant [unlike its finite-p,,
counterpart (41)] allows the ridge solution to exist. It can be readily
shown that, if

0 < (2D)"* < max{p'(h)},
(95) admits a symmetric solution such that

h — hy as

X — 00,

where hyy is the smaller root of the equation

p”* (hys) = 2D.

In addition to hp , this equation has another (larger) root—say, h;.
Recalling Fig. 2 [which shows what the graph of the function p’(h)
looks like], one can see p'(hpf) < 0, whereas p’(h;) > 0. Obviously, h;
corresponds to the inflection point of h(x).

The ridge solution can be found in an implicit form by reducing
(95) to a first-order separable equation.

Thus, the asymptotic model for the case p,/p; << 1 admits
steady solutions, whereas the p,/p; ~ 1 model (examined in
Sec. 1II C) does not. This suggests that, in the exact equations,
the ridges exist as quasi-steady solutions: generally, they evolve
(so are not steady)—but if p,/p; <« 1, their evolution is slow
and indistinguishable from, say, evaporation. Given that, for a
drop of water on one’s kitchen table, p,/p; is indeed small, this
argument should help to reconcile the unexpected mathematical
results obtained in this study and Ref. 26 with one’s everyday
intuition.

D. The intermediate regime: The asymptotic equation

Note that the small-p,, Eq. (92) cannot be obtained from its
finite-p,, counterpart (67) by letting p,, — 0. This suggests that there
may exist an intermediate regime.

Finding this regime is not straightforward, however. First, there
are three small parameters in the problem: ¢, p,, and 1/h, making
a formal expansion cumbersome even if 7 [related to p, through
equality (24)] is treated as an order-one parameter. Second, the
regions where p ~ 1 and p « 1 are to be examined differently,
implying a convoluted matching procedure.

To find a reasonably simple approach to exploring the inter-
mediate regime, recall that the finite- and small-p,, limits differ by
the scaling of the vertical velocity w [compare (46) and (76)]. Thus,
the intermediate regime can be found by considering the small-p,,
Egs. (77)-(80), but retaining the terms involving w even if they
appear to be of a higher-order in ¢.
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Accordingly, rewrite Egs. (78) and (79) in the form

0 P 1 0%
8x[T(ln1—p+l—p) 2 “ o 02

P L\, 20 9%
C?Z[T(lnl—P ' 1—P) Oxt 0z
&0 ow 4 6
== Zu(p,1)=— , , 7
P@z[‘u(P )8z]+0(‘g °Y 7

where, as before, y = y;, + 4u5/3. Equation (97) can be used to derive
the “asymptotic shortcut”: multiplying (97) by (p — po) and carrying
out straightforward algebra [similar to that in Secs. III B and IV B],
one obtains

Tl Phoar
2pi(1 - p1)° 2P "% o pz-h)
Op(z-h) ,_ ow ., . 3 4
x Tlx(p(z h),l)gdz =0(¢", e w). (98)

To reduce Eq. (98) to a closed-form equation for h, one should first
use Eq. (77) to relate w to p(z — h) and u, and then use Eq. (96)
to relate u to p(z — h). Unfortunately, the latter equation—unlike
its small-p,, counterpart (82)—includes w, making it impossible to
eliminate it after all.

Luckily, the contribution of w to Eq. (96) turns out to be
negligible.

To understand why, recall that expression (88) for w applies to
both previously considered limits; hence, it applies to the interme-
diate regime also. Using it and the leading-order solution (25) for p,
one obtains

3/2

w=0(p,") at zmh+2 7 m,

w=0O(1) at z#h+2

Thus, w has a peak near z = h + 27?7, and it can be further esti-

mated (see Appendix D) that the characteristic width of this peak is
-1/2 1/2

T p)

Next, the expression in the square brackets in Eq. (96) can be
denoted (as before) by ¢*F(x, t). Considering the resulting equa-
tion as a means of finding u, one can see that it involves two
components:

1. a contribution of the term involving F (this component is of
order-one and is spread between z = 0 and z ~ h + 27 *?7) and
2. acontribution of the term involving w (of amplitude e*p;" and

width 7~V ZpL/ % localized near the pointz="h+ 27327).

Once u is substituted into Eq. (88), both components are mul-
tiplied by p(z — h) and integrated; thus, component 1 contributes
O(1), whereas component 2 contributes (’)(szpi/ >7712) The lat-
ter is smaller—which effectively means that the w-involving terms
in Eq. (96) can be omitted—which effectively means that, in the

Phys. Fluids 32, 112103 (2020); doi: 10.1063/5.0027152
Published under license by AIP Publishing

32, 112103-11


https://scitation.org/journal/phf

Physics of Fluids ARTICLE

intermediate regime, w can still be approximated by the small-p,,
expression (90).
Substituting (90) into Eq. (98), one obtains
1 Oh
% -1- 7/)’2—072 +eA
2p/(1-p1) 2 Ox

Oh 0 o( 0h 1\ _
X {8t+5‘x|:Q(h)8x(08xz+2p ):|}0, (99)

where A, is given by expression (68) and Q(h) by (93).
Equation (99) is the asymptotic equation governing the inter-
mediate regime.

E. The intermediate regime: Discussion

(1) Inprinciple, pj, 0, and A; in Eq. (99) can be replaced with their
small-7 estimates (23), (72), and (73), respectively. Using the
last of the three estimates and, for simplicity, treating 7 as an
order-one parameter, one can see that the last term in (99) is
order-one when

4/3
p, ~e. (100)
This is the applicability condition of the intermediate regime
examined in this section, whereas the finite-p, regime and the
small-p,, limit are valid if p, > £** and p,, < €/, respectively.

(2) Notethat Eq. (99) was obtained under the assumption that the
near-[isothermality] ansatz (81) used for the small-p, regime
applies to the intermediate regime as well. This can be verified
through an asymptotic analysis of the temperature Eq. (80), in
a manner similar to how Eq. (96) was analyzed.

(3) TItis unlikely that Eq. (99) admits solutions describing liquid
ridges, but their nonexistence is not easy to prove.

VI. THREE-DIMENSIONAL LIQUID FILMS

Even though the asymptotic equations (67), (92) and (99)
have been derived for two-dimensional films, they can be readily
extended to three dimensions. In what follows, these 3D extensions
are summarized.

In the main body of the paper, two of the asymptotic equations
derived are written in nondimensional variables that are different
from those of the third equation. In this section, all equations are
written in terms of the variables for the small-p, regime [i.e., those
given by (10), (11), (30), (76), and (47)-(49)].

The nondimensional parameter space of the problem involves
the vapor-to-liquid density ratio, p,/p;, and the parameter ¢ defined
by (28) (physically, the latter is proportional to the contact angle).
Since this paper deals with thin liquid films, € < 1.

The limit po/p; > &3 was examined in Sec. [V, and the 3D
extension of the asymptotic equation (67) derived there is

£[A1 +B(A, +Bh)]% ~oV’h+ -1- %p'z(h) =0,

(101)

_r
2p(1-p1)°

where the nondimensional temperature 7 is given by (14), and the
surface tension ¢ and the coefficients A;, Az, and B depend on 7 and
are given by expressions (40) and (68)-(70), respectively. The func-
tion p’(h) (see examples in Fig. 2) is defined by (26) and determined
by the boundary-value problem (18)-(21).

scitation.org/journal/phf

The regime p,/p; ~ £ was examined in Secs. V D and V E. The
3D extension of the asymptotic Eq. (99) is

a( G+ v {ame[ovins 2 ]})

—oVih+ —1- %p'z(h) =0, (102)

T
2p:(1 - py)?
where the function Q(h) is determined by (93).

Finally, the limit p,,/p; < ¢** was examined in Secs. V A~V C,
and the 3D extension of the asymptotic equation (92) is

% +V- {Q(h)v[avzh + %p'z(h)]} =0.

For macroscopic films—such that the film thickness exceeds that of
the liquid/vapor interface by several order of magnitude—one can
assume in expression (93) that p » p; and thus obtain

(103)

2
~ PLp3
Q(h) 3Msh ,

where y; is the nondimensional shear viscosity of the liquid phase.
Furthermore, in the limit & — oo, the function p'(h) tends to a con-
stant (see Fig. 2). As a result, Eq. (103) reduces to the equation for
the usual Navier-Stokes films,

This conclusion helps to understand why the Navier-Stokes equa-
tions follow from the DIM in the incompressibility limit, but—
unlike the DIM—admit solutions describing liquid ridges.

Indeed, for common fluids at room temperature, p.,/p; is very
small: for water at T = 20 °C, for example, p.,/p; ~ 1.7 x 10™°. An esti-
mate of ¢, in turn, can be deduced from the fact that contact angles
of common fluids on commonly used substrates are unlikely to be
smaller than 5°. This implies that liquid ridges can be modeled using
Eq. (102) with (sic!) A > 1. Consequently, the terms in Eq. (102)
that prevent liquid ridges from being steady are small and the result-
ing evolution is slow—probably indistinguishable from evaporation
and other effects not taken into account by the present model.

VIil. CONCLUDING REMARKS

Thus, three parameter regimes have been identified and three
asymptotic models have been derived for liquid films. Two points
are still in order: one on the results obtained and another on how to
improve them.

(1) One should realize that the diffuse-interface model (used to
derive all of the results of the present work) does not include
any adjustable parameters, i.e., it could be used to optimize
the results to fit a specific phenomenon. In addition to the
equation of state (typically, known from thermodynamics
handbooks), the DIM includes only the Korteweg parameter
K and the near-wall density po. The former is uniquely linked
to the surface tension of the fluid under consideration and the
latter to the static contact angle.

(2) Before applying the present results to a specific fluid, one
should make them more realistic—by extending them to a
mixture of several fluids and assume the temperature to be
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subcritical for one fluid and supercritical for all the others.
Such a model should provide a sufficiently accurate descrip-
tion of, say, a water droplet surrounded by air, at room
temperature.

APPENDIX A: THE MAXWELL CONSTRUCTION
It follows from (18)—-(20) that

r(ln po_, 1 )—va:‘r(ln p, 1
1-pv 1-po 1-p 1-p
Physically, Eq. (A1) means that the free-energy density of the vapor
phase equals that of the liquid.

Another equation inter-relating p, and p; can be obtained by
considering

) - 2p1. (Al)

© d
[oo p x &(IS)dz.

Integrating the term involving d”p/dz* by parts and taking into
account the boundary conditions (19) and (20), one obtains
TPv 2 01

1-po Y 1-p
Physically, (A2) is the condition of equality of the pressure in the
vapor phase to that in the liquid phase. In this paper, Egs. (A1) and
(A2) are referred to as the Maxwell construction.

In the low-temperature limit, one expects

T 0. (A3)

-p. (A2)

P'u_>o» Pl—>1>

Under the assumption that, as 7 — oo, p, becomes exponentially
small (to be verified later), Eq. (A2) yields

1+V1-41
pr = — + O(1po). (A4)
Next, rearranging Eq. (A1) using (A3), one obtains
Pi 2P
w=——exp|-—— +——+0O(py) | (A5)
P T P YT, (pv)

Using the leading-order term of (A4) to rearrange the leading-order
term of (A5) and using the leading-order term of the latter to rear-
range the error in both expressions, one obtains (23) and (24) as
required.

APPENDIX B: PROPERTIES OF p(z|h)

The function p(z|h) is determined by the boundary-value prob-
lem (13), (8), (15), and (16)—which can actually be solved analyt-
ically, albeit in an implicit form. To do so, multiply (13) by dp/dz,
integrate with respect to z, and recalling condition (8) and definition
(26) of p’(h), one obtains

(j—’z’)z - F(p), (B1)

where

F(p) = (pr=po)’p” +2[ps — p* = G(p = po)

P po
+T(pln17P polnlpo)]. (B2)
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Equation (B1) is separable (hence, can be solved analytically), but it
involves an unknown constant G. To determine it, introduce

p.. = lim p(z|h) (B3)

(note that, generally, poo # p), and observe that Eq. (13) implies that

G-= T(ln Poo | ! jpw ) -2p,.. (B4)

Note also that (B3) is consistent with Eq. (B1) only if F(peo)
= 0—which yields [together with expressions (B2) and (B4)]

— on)2p" EDURY poo(l=po) po—peo | _
(p1=po)p" +2(po — poo) +2T|:P01npo(1—poo)+ 1—pw]‘°'
(B5)

This equation relates poo to po and p’. If p’ < 0, p(z|h) monotonically
decays with z—but, if p" > 0, p(z|h) has a maximum. Common sense
and numerical experiments suggest that, when increasing p’, this
maximum approaches p;, whereas po. approaches p,, (while the dis-
tance h between the substrate and interface tends to infinity). Thus,
denoting the upper bound of p’ by p},.. one can find it by substitut-
ing p’ = prux and peo = py into (B5). Finally, expressing p;,q, from
the resulting equation, one can obtain estimate (27) as required.

APPENDIX C: ESTIMATES (73) AND (74)

In a manner similar to how Egs. (B1) and (B2) were obtained,
one can use Eq. (18) and the boundary condition (20) to obtain

_ _ _ /2
dp 1/2{ [ p(l-ps) p-p ] ] 2}1
— ==2 T lni_—iv - — P, .
i Pln =) " 1=pe P-r.)

Using this equality and omitting overbars, one can rewrite (68), (69),
and (71) in the form

1
A, =22 prl {T[ In
1 & o P(1-p) P

p(1-pv) P—Pu]

po(l=p) 1-py
~(p-p.)*} " dp, (C1)
A, = 22 Pu Z(p){[l P(I_Pv)_ P1— Pv _ 2 :|
’ Tplfpz P L pe(l-p) p(l-ps) 1-p
1 PA=p) p1=po }d. -
" oe(=p) (- pn(=p) [ ()

Observe that, in (C2), z is a function of p.

In the limit 7 — 0, the main contribution in integrals (C1) and
(C2) comes from the neighborhood of the point p = p,,, which sug-
gests the substitution p = p_ . Keeping in (C1) and (C2) the leading
order only, one obtains

Q12,172

Al:Wflwg[f(lnf—nﬂ]”zd& (C3)

_ T e aed) -
Az = pvf1 3] [(n&-3)In&+1]dé, (C4)

and evaluating the integral in (C4) numerically, one obtains (73).
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To derive (74), observe that it follows from the linearized
version of Eq. (18) that

_r
po(1-pu)’

whereas monotonicity of p(z) implies that the constant A is positive.
Letting p = p, & and taking into account that p,, < 1, one obtains

p~put Aexp[— - 22] as z > o0, (C5)

zZ~ —pi/z'fl/z In(é-1) -InA. (C6)

Substituting (C6) into (C4), one can verify that the integral involving
D vanishes, and

Ay = py P fl°° hl(iiz_l)[(lnf—3)lnf+ 1]dé.

Finally, evaluating the integral in the above expression numerically,
one obtains (74), as required.

APPENDIX D: THE AYMPTOTICS OF j(z) AS p - p,,

The asymptotics of the peak of w [given by expression (88)] is
determined by the region where p(z) is small. To examine it, con-
sider Eq. (18) for p(z) and letp = p,p. Then, taking into account
(33) and keeping the leading-order terms only, one obtains

2.
_ podp
1 —— =0
NPT T 32
Evidently, all small parameters can be scaled out from this equation
by changing z to & such that

() )

v

This effectively means that the characteristic width of the small-p
region is(pv/f)l/z.
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