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Surface-tension-driven dewetting of Newtonian and power-law fluids

J.C. FLITTON and JR. KING
Theoretical Mechanics Section, School of Mathematical Sciences, University of Nottingham, Nottingham NG7 2RD, UK

Received 1 December 2003; accepted in revised form 15 July 2005

Abstract. The dewetting over a planar substrate of a thin layer of highly viscous fluid under the action of surface
tension is considered, with a doubly-nonlinear fourth-order degenerate parabolic equation governing the flow of
a power-law fluid. Asymptotic methods are applied to analyse the motion in the shear-thinning, shear-thickening
and Newtonian cases, the last of these corresponding mathematically to a critical value of the relevant exponent.
In particular, the role played by the local behaviour in the neighbourhood of the contact line is analysed and
the dependence of the one-dimensional large-time dewetting behaviour on the fluid’s constitutive properties char-
acterised. Stability issues are also touched upon.
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1. Introduction

When the motion over a planar substrate of a thin film of a fluid with a shear-dependent
power-law viscosity is controlled by a balance between viscosity and surface tension, the sur-
face height profile can be taken to be governed by the (suitable scaled) evolution equation
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where & is the height of the fluid layer, p is the pressure and n and m are positive constants.

In what follows we can, in the main, limit the discussion to the one-dimensional form of this
system, i.e.,
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A full derivation is given by King [1], the formulation (1) arising as the appropriate lubrica-

tion limit when the fluid viscosity takes the form
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where ¢ is a constant and
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is the rate-of-strain tensor, the velocity vector being (up,u»,u3) in Cartesian coordinates
(x1, x2,x3). The exponents n and m in (2) are related for a power-law fluid by n=m +2; a

Newtonian fluid has m =1, n=3, this case representing the borderline between shear-thinning,
m > 1, and shear-thickening, m < 1, fluids and corresponding mathematically to a critical
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exponent (see below). In much of what follows, however, we treat (at very little additional
algebraic cost) n and m as independent.

The behaviour naturally depends both on the fluid properties (i.e., on m) and on the con-
tact-line dynamics, the latter being expressed in terms of a moving-boundary (contact angle)
condition. The prescription of such a condition remains a matter of controversy, with the
relationship between “macroscopic” and “microscopic” contact angles being a key issue; see
[2-4], for instance.

Analysis of fluids with shear-dependent viscosity has previously been carried out in [5-
8], for example, in the contexts of droplet spreading and film drainage. Other applications of
thin-film modelling of power-law fluids include rivulet flows [9]. The current work, however,
focuses on dewetting flows, which have been the subject of markedly less analysis. Existing
studies postulate a number of different behaviours for the time-dependence of the dewetting
radius. For example, [10] considered the dependence on the constitutive assumption for the
viscosity and on the initial film thickness, power-law time dependencies being most prevalent,
but with exponential growth being suggested at early times. The analysis in [11] and [12] leads
to linear dependence on t for Newtonian fluids, the latter also suggesting linear growth for
power-law fluids. Our analysis is concerned with cases in which a dry region has already been
initiated; unlike many previous studies (e.g [13-15]) we do not therefore incorporate van der
Waals forces in investigating film rupture.

Experimental analysis of dewetting has focused particularly on thin-film polymers, for
which the viscosity is often assumed to be shear-dependent. In particular, [16] considered
polymer films for which the dewetting radius was found to grow exponentially for small time,
followed by a period of linear growth (the width of the “rim” of fluid was found to grow
as 11/2, consistent with [12] and with the analysis below), before a final regime in which the
dewetting radius goes like #%/3; in addition, [16-18] found the dewetting radius to grow line-
arly for a variety of Newtonian fluids. The role of inertia in high-speed dewetting is discussed
in [19]. The mechanisms used to initiate dewetting by forcing touch-down often cause more
than one dewetting region to be created. When the resulting dry zones become sufficiently
large they of course interact, preventing idealised asymptotic behaviour being realised. This
has been considered by [20,21], for instance, where the pattern formation of dewetting fluids
has been examined (see also [22] for relevant observations in a slightly different context); we
shall not consider such matters here. Experimental studies have also identified instabilities at
the receding edge [23,24]. Finally, we note that issues related to those which we consider here
arise in studies of crater formation in paint drying; see [25] for example.

The paper is organised as follows. We first consider “shear-thinning” fluids, for which n <
2m + 1, followed by “shear-thickening” ones. Newtonian fluids, m =3, n=1 are then consid-
ered, before we discuss the results in Section 5. We focus primarily on the one-dimensional
case, though the results carry over readily to cylindrical symmetry; we also undertake a pre-
liminary investigation of multi-dimensional stability issues, with much more remaining to be
done in this regard. We remark here that the discussion (Section 5) includes a summary of
our results and as such may provide a useful guide to what follows.

2. “Shear-thinning” fluids; n <2m + 1

2.1. PROBLEM FORMULATION

The “shear-thinning” regime corresponds (for reasons described in [6] and implicit in the
analysis below) to n <2m+ 1, so for power-law fluids (i.e., for n =m +2) we have m > 1. We
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assume that a thin layer of fluid, of infinite extent, lies over on a horizontal substrate such
that

h(x, 0) = h; (X)

for definiteness, much of the analysis will concentrate on the case i#; =1 away from some
neighbourhood of the origin. The fluid layer dewets from the point x=0 at which it touches
down (or where the interface is initially located if a finite dry patch is present from the start).
At the receding contact line the fluid height is zero and the contact angle is positive and will
be assumed, for simplicity, to be constant. We note that the analysis can be generalised to
non-constant contact angles and that the analysis of [6] shows that for shear-thinning fluids
the “macroscopic” contact angle can be identified with the “microscopic” one. Thus the evo-
lution Equation (2) can be applied as it stands in the shear-thinning case; in the Newtonian
and shear-thickening cases we shall need to include additional regularising terms in order to
allow interface motion (c¢f. [5,6]).

In planar geometry, we write the interface as x =s(z) with s(0)=0, and we set as our mov-
ing boundary conditions
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the contact angle is thus denoted by A and there is zero mass flux through the contact line.
No flow occurs as x — 0o, so we have

h—1 as x— +oo,

since we scale such that h; — 1 as x — +o0o. For large time the height of the film somewhat
ahead of the receding edge is much greater than that of the initial configuration. Figure 1
shows a schematic of the dewetting process for early and late times; for brevity our analysis
describes only the fluid region in x > 0.

2.2. SMALL-TIME BEHAVIOUR

We now describe the small-time behaviour of (2-3) with n <2m + 1, in particular because this
provides useful insight into the subsequent evolution. For x = O(1), ie, away from the con-
tact line near x =0,
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applies as t — 0. Here we assume that
hi(x)~Ax?  asx—0F

with p>1 (if p <1 then s(¢) will initially seek to decrease so, unless there is a finite pre-exist-
ing dry region, the film will lift back up again). In practice the value of the exponent p will
be determined by the behaviour as the film initially touches down, an issue of interest in its
own right. For p=1 we postulate a small-time similarity solution of the form

1 1 1
h(x,t)~t2m+2=n f (x/t 2m+2—n) , s(t)~ not 2m+2-n (4)
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x=s() x= q(f)'= s(1) + A®)

Figure 1. The dewetting process. A thin layer of fluid is forced to touch down. The dry region then expands and a
ridge forms behind the receding edge. At large time the height of this ridge is significantly larger than that of the
undisturbed layer.

with f(n) ~ An as n — oo. It follows that f(n) =An, no=0 for A =2 and we expect ng > 0 for
0< A <X (with ng <0 for A > A, so in this case too the extent of any dry region will decrease); since
n < 2m + 1 this corresponds to sublinear growth of s with ¢.

For p>1 (and for p=1 with A — 0) the structure is very similar to that arising in the
large-time limit and, since the latter is a more significant limit physically, we defer detailed
description to Section 2.3. In summary, however, we have a “hump” (or “rim”) of fluid imme-
diately to the right of the contact line with, setting x =s(¢) + z, leading-order balance

9z’ 9z3
oh
h=0, —=»x atz=0, (5)
9z
oh
h=0, =0 at z=A(r),
9z
subject to (for conservation of mass, given that A <)
A1) Aght]
/ hde=22" (©)
0 p+1

giving a formulation from which both s and A must be determined; the boundary conditions
on z=A follow from a matching argument given in Section 2.3.2. Since the boundary-value
problem (5) is analysed in some detail below, for the time being we need only note that scal-
ing arguments imply that

em 1 - m—ltn 1 m_ltn 1
h(z’ t) :)\'2m+1—n s 2m+l-n h (;‘) s z :)\’2m+l—ns 2m+1—n ;', A([) = é‘o)\‘ 2m+I-ng§ 2m+I-n
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for some constant ¢{y(n, m) which is determined as part of the solution to

h=0, —=1 at¢=0, (8)

- dh
h: _—— = N
0, dc 0 at £=4o,;

it is easily seen that d*h/d¢? is strictly positive for ¢ € (0, &y). From (6) we then obtain that

4m—14n 2 Asp+1
MM\ 2m+T=n §~ 2m+1-n ~
p+1

as t— 0, ©

where the constant M (n, m), defined by

So _
M= /0 ho)de, (10)

is determined by the boundary-value problem (8), being proportional to the mass in the fluid
hump. Thus

2
s~ sot Qm+1-n)(p+H+2  gg [—)0, (11)

again representing sublinear growth, where the positive constant sg is given by

4m—1+4n
)\. Qm+1-n)(p+1)+2 .

((2m+l—n)(p+l)+2)<2m+ln2)(p+l)+2 ((p+1)M>(zmﬁ’”$f<pin+z
S0 = M
2 A

(12)

2.3. LARGE-TIME BEHAVIOUR

2.3.1. Outer Solution

2.3.1.1. Time dependence This section is concerned with the limit t — co. We first characterise
the evolution in terms of the power laws which arise in the time dependence and then describe
in more detail the spatial profiles in the various regions that make up the fluid film, referring
to Figure 3 for schematic of the corresponding asymptotic structure. We again choose a frame
of reference moving with the dewetting boundary, giving (with x =s(t) +z)

m—1 83h
3 | (13)

33h
973

n

As the contact line moves a dry region is formed, the fluid that once lay in this region being
swept up into a hump ahead of the contact line. We denote the width of this rim (defined
more precisely shortly) by A(f) and note that the fluid layer is almost undisturbed for x >
q(t), where ¢ =5+ A. Conservation of mass then implies (in planar geometry) that, in our
large time analysis,

q(t) q(®)
/ h(x,t)dx~/ hi(x)dx. (14)
s(t) 0
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We shall find that A/s— 0 as t — oo, so to leading order (14) becomes

A(t)
/ h(z, 1)dz~s(t) (15)
0

(this approximation to the right-hand side of (14) follows because h; ~ 1 for large x and g ~
s> 1 for large r). The dominant large-time balance in (13) is quasi-steady so, using (3), we
recover (5) to leading order (the conditions on z= A(¢) will be derived shortly by matching
into the inner region); one relation between A and s is determined by (15) and the second by
(5). It again follows from a scaling argument that the solution to (5) takes the form (7) (we
shall see shortly that s — 0 as t — o), with & given by (8). The location of the interface can
then be determined from (15), giving (¢f (9))

dm—14n _ 2
MA2nFT=n §7 IntT-n ~§ aS [ —> OO. (16)

From (16) we have

2
2m + 3 —n \ 2m+3-n 2m+1l-n 4m—1+n 2
§ ~ T M 2m+3=n ) 2m+3=n t 2m+3—-n as t— o0, (17)

and from (7) it then follows that &, Aoct!/@"+3=7) a5t — 00 and the self-consistency require-
ment that A <s as t — oo is necessarily satisfied. In the bona fide power-law fluid case n =
m+2 we thus have

2
m—+1\m+T w1 Sm+l 2
5~ T Mm-H)\'m-H[m-H’

1
m +1 m+l _ CmADGmAD 1 1
A~ 2o > A D=1 M mFl tm+l as t — oo. (18)

Moreover, in the Navier-slip dominated case n =2, m =1, which also lies in this regime, we
have

3 3 1.5 2 3 3 _1.11
s~(3) Meases, A~ =) M~3A513, 19)

the 12/3 power-law having been noted elsewhere (e.g. [26], in which the rim profile is also anal-
ysed, [11], [16] and [27]). In the limit n — (2m 4 1)~ in which the borderline is approached we
have s oct and A oct!/2, allowing a smooth transition in time dependence to the results of the
subsequent sections.

2.3.1.2. Rim profile The boundary-value problem (8) is readily solved in the special cases n=
1 (corresponding to a shear thinning fluid in a Hele-Shaw cell; see [1]), in which

_ 1\’ 1
h=t(1-—=¢) . c=v6 M=,
C( ¢z§> ! 2

and n=1—m (so that (8) is linear), which we do not detail because it is not pertinent to
power-law fluids. For n=m + 1 (which includes the slip-dominated case n=2, m=1 and, in
effect, the very shear-thinning limit n =m+ 2 with m — oco) a first integral is available, whereby

_d%h 1 /di\? 1
et () -2
de2 2 \de 2
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so that ¢y =1/2. Finally, the limit » — (2m + 1)~ in which the borderline is approached is
worth analysing both because of what will follow in later sections and in view of its intrinsic
asymptotic interest. We set n=2m + 1 —vm with 0 <v <1, so that

_,dh
VoS =1. 20
e (20)
There are two exponentially narrow inner regions. In the left-hand one (&, = O(1), ¢ expo-
nentially small in v) we set

h=¢®p (L), & =vlog¢ +log(1/v)

with leading-order problem

do
e_SLCD%—LN—l, oy, —1 as & - —o0
L
so that
1
By~ (1—3e) @1)

Similarly, in the right-hand one (for &g = O(1), ¢y — ¢ exponentially small) we set

h=(—¢)Pr(Er),  Er=—vlog(g—¢)—log(l/v)
to give

do
egRCD%—R~—1, Ppr—0 as g — 400
dér

and hence
By ~ 35 Er/3, (22)

The outer region has ¢, h= 0 (¢), where ¢y will itself prove to be exponentially small in v
(the inner regions are in fact exponentially smaller than ¢j); hence the dominant balance there
is quasi-steady (i.e., the left-hand side of (20) is negligible), implying

h~ Ao¢ (50 —¢) /%os (23)

where the constant Ag= O(1) remains to be determined. Matching with (21),(22), with the
outer scaling ¢ = O(gy) corresponding to & ~ vlog¢y + log(1/v), &g ~ —vloggy — log(1/v),
yields

1 v~ L
w (-3 ()
Vv v

so that

1

Ag=273, vlog¢p~ —log (1/v) —log6, as v—0

so ¢y behaves essentially as (v/6)!/ for small v, this very rapid decay with decreasing v being
very striking. Moreover the macroscopic contact angle (corresponding to Ag) is a factor 2~1/3
smaller than the microscopic one.
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We now outline our numerical solution procedure for obtaining solutions to (8) for arbi-
trary n <2m+ 1. We use the local behaviour near to z =0, whereby the first three terms in
the local expansion read (for n#m+1)

m3 3m+1—n

ml—mantl—nGmii-m® " ¢ (24)

h~¢— B+

the third term in fact being larger than the second if n>m+ 1. Here B is an arbitrary con-
stant (necessarily positive if n <m + 1) which we use as our shooting parameter. At the right-
hand end we have, as ¢ — ¢,

h~A(tg—¢)* for 2n<m+2, 25)

. (n+m—1)>° =T o

h'\’ — n+m—1 f 2 2’ 26
<3m(2m+1_n)(2n_m_2) (Go— )+ or 2n>m+ (26)

where A is an arbitrary constant; power-law fluids, n =m + 2, necessarily lie in the regime (26).
There are two degrees of freedom at the right-hand end, namely ¢y and A for 2n <m+2 and
¢o and the second (power-law) term in the local expansion for 2n >m +2. Our shooting pro-
cedure varies B, starting the solution from a small positive value of ¢, typically 0-01, (with &
and its first and second derivatives approximated there by (24)) until 4 and di/d¢ are simul-
taneously zero at some positive ¢; numerical solutions obtained in this way, using NAG rou-
tine DO2MVE, are shown in Figure 2. It is worth noting that a naive application of the code
in the “shear-thickening” regime n >2m +1 fails to generate solutions which touch down; the
reasons for this are implicit in the analysis below. We also note that in the capillary-quasi-
static limit in which the parabolic profile (23) pertains the rim is symmetric (as we shall see,
the same profile arises in the Newtonian and shear-thickening cases). In the shear-thinning
case with v not small, however, the rim profile does not have such a simple “universal” shape,
depending on m via (8); this provides a means by which information about the fluid’s proper-
ties can be inferred directly from the rim profile, in a manner reminiscent of the application
of the Boltzmann—Matano method used to extract nonlinear diffusivities from experimental
profiles. Thus, under the assumptions described in [1], if the dependence of the viscosity on
the strain rate is taken to be more general than power law then the first of (1) (with n=m +2)
generalises to

oh _y (h3D(h|v HV )
= pPhVp),

with D(¢) =A(¢)/¢> in the notation of [1], wherein a description is given of how A is related
to the fluid viscosity for the class of constitutive laws with which we are concerned. The first
of (1) similarly generalises to

3
§=h’D (h ) o°h (27)

923
so by measuring the dependence of the rim profile 4 on z it is in principle possible to deduce
D(¢), and hence the dependence of the viscosity on the strain rate, via

33h
973

39*h
Dg)=5/h’¢, $=h-—.
<
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Figure 2. Plot of the “travelling-wave” solution for the rim of dewetting fluid. In these plots n =m +2 (correspond-
ing to a shear-thinning fluid) and m =2, 3 and 4, the size of the hump increasing as m increases (we note that v=
1—1/m for n=m+2, so that m =2 corresponds to v=1/2).

However, since ¢ = O(1/A) as t — oo, this approach will only identify the behaviour for
small shear rates unless care is taken to ensure that an intermediate asymptotic regime exists
over which the full balance applies in (27), before the flow evolves for large times according
to the small ¢ limit of D(¢).

2.3.2. Inner solution ahead of hump

To specify the asymptotic structure fully and to justify the above boundary conditions at z =
A(t) we must match from the outer ‘hump’ into the undisturbed layer ahead. We now trans-
late to the front of the hump, setting

x=q@)+2Z.

Since ¢ ~s as t — oo and we require A — 1 as Z— +oo we have at leading order that

m—1 83h
= e

33h

sth—=1=hn" PFS

We restrict ourselves for brevity to the range 2n > m + 2 in which (26) provides the match-
ing condition as 7 — —oo. This encompasses the slip-dominated case n=2,m =1, as well as
shear-thinning fluids n=m +2. For an analysis of other ranges in the case m =1 (such results
readily generalise) in a slightly different context see [28]; for given m, film rupture is possi-
ble for sufficiently small n, in which case the material which becomes disconnected from the
rest of the film will bunch up into a parabolic (steady-state) profile and the process can then
repeat, with a sequence of “droplets” left behind. For 2n >m + 2 we have the leading-order
problem

3 m—1 3
T
de3 de3
3m
(n+m—1)> mmel o m .
" - - 29
(3m(2m+1—n)(2n—m—2) ( 4) as § — —oo, (29)

h—1 as f—)—i—oo,
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Figure 3. Schematic of inner and outer solutions for a shear-thinning fluid.

where 2=5"1/3"¢ (so £ = 0(1) represents a much narrower region than ¢ = 0(1) as t — oo, as
required), which determines 4 up to translations in ¢. A schematic of the matching is given in
Figure 3, with the solution decaying to unity in an oscillatory fashion (resulting in the capil-
lary ripples illustrated there); & is not rescaled in (29), so its leading-order minimum value is
independent of 7 (we can specify ¢(¢) precisely by defining it to be the location of this min-
imum); true rupture cannot occur in the regime 2n >m +2 (i.e., h cannot develop an inte-
rior zero) within the current modelling framework, but if this minimum is sufficiently small
that van der Waals forces (say) are non-negligible then rupture may in fact ensue (cf. [14,15],
for instance, for the Newtonian case) and a sequence of droplets may be left behind (as in
the scenario noted above; cf. [29], for example, and see [30] for a discussion of the influence
of viscoelastic effects on such behaviour). We note, however, that the minimum thickness is
an O(1) multiple (determined by (29)) of the initial film thickness, so van der Waals forces
would necessarily also then be non-negligible during the earlier stages of development (i.e., for
t = 0(1)); smaller minimum thicknesses can, however, arise for t = O (1) and their small-time
behaviour can be quantified by completing the analysis described in Section 2.2 (whereby /4 —
1 in (29) is replaced by & —h;(s) in the relevant small-time prescription). Thus, taking h;(s) ~
AsP for small s and setting

we recover (29) (with % replaced by ) and it follows from (11) that the minimum of A
behaves as r27/(@m+1=-m(p+D+2) for small ¢, a factor proportional to ¢P—D/(@m+1=-m(p+D)+2)
smaller than the maximum height in the rim (it follows from (7) that the latter behaves at
(PHD/(@m+1=m)(p+D+2)) By taking p sufficiently large, we can make this ratio as low as we
wish for given (small) . It would be worthwhile to investigate such effects further by appro-
priately generalising the second expression in (2) to include van der Waals forces, which would
presumably allow bona fide film rupture to occur (the corresponding Newtonian problem has
been the subject of extensive investigations, see for example [31,32] and references therein,
which it would be interesting to generalise to the case of power-law fluids).

For axisymmetric dewetting the leading-order equations governing the behaviour near the
dewetting boundary are identical to those in the analysis above (being locally one-dimensional
at leading order), with x replaced by the radial distance r. The only change is that the con-
servation of mass condition (15) is replaced by

NG
27ts/ h(z, ndz~ms?, (30)
0
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where z=r —s(t). Consequently we define M, the axisymmetric equivalent of M, as

So _
ma=2 [ Vhe (31)
and the analysis otherwise proceeds as before.
3. “Shear-thickening” fluids; n > 2m + 1

3.1. FORMULATION

This section corresponds to the ‘fixed front’ regime of [1], which encompasses in particular
the shear-thickening fluid case n =m + 2 with 0 <m <1 and the thin-film equation (m =1)
with n > 3. We would gain little in brevity by restricting attention to these special cases, how-
ever, though for reasons which will shortly become clear we shall restrict ourselves to the
regime n < 2m + 2. Since the unregularised equation does not permit interface motion for
finite-contact angle solutions we must introduce a suitable regularisation. The one we adopt
corresponds to Navier slip (¢f. [4] and references therein), this choice being made for illustra-
tive purposes; similar analyses apply for other regularisations but, as noted in [6], can lead
to somewhat different behaviour, so that shear-thickening fluids in principle provide a means
by which different contact-line physics can readily be distinguished (the situation with New-
tonian fluids is more delicate, as we shall see). Again restricting attention for the time being
to the one-dimensional case we then have

-1
oh o ([, ,\ 8%k )
ar ox 9x3 ax3
with € <1 and
-1
h a3nl|" 93h
h=0, ——=A, " = +eh? S3=0 atx=s(. (33)

In order to describe concisely the way in which the slip condition manifests itself in the
macroscopic behaviour it is convenient first to describe in a rather ad hoc fashion the behav-
iour of the interior layer about x =s(z). The scalings of x, s, ¢ and % in the limit € — 0 depend
on circumstances, but the leading-order balance in the cases of interest to us is of travelling
wave type, whereby (writing x =s(¢) + z)

m—1

33h 33h
h=| " |- = 34
g az3 az3 34
to leading order, which is to be solved subject to
oh
h=0, —=x atz=0 (35)
9z
and
h~A(t)z as z— 4o (36)

where A(t) is determined as part of the solution ((36) corresponds to the single boundary
condition that the solution to (34) contains no z> term as z — +o0). In view of the scaling
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properties of (34-36), it follows that

1 1
e ﬁ |j|n+m—3 3(n—m—1) —2m—1\ 3a—m=D
h= |S,|m71 P entm—1 % |S',|n72m A (37)

for some functions ¢+ (according to the sign of §) and hence that

|_§~|"—2m m en—2m—1 m
A=\ Sz Ve |\ T ) (38)

|

for some ¥.; since the leading-order outer solution is subject to the matching condition
dh/dx=A at x=s, this in turn implies that we should prescribe

3(n—-m—1)

dS n—2m—1 Bh n—2m 3h
| n—2m _ vl A e t = s 39
dr ¢ <8x) < / ax ) at x=s(t) 39)

or some limit thereof, on the outer solution. The calculation of the function W(u) (wWhose
relationship to vy is easily identified from (38-39)) requires solution of the boundary-value
problem (34-36); key properties of W(u) follow from the observation that A=Az when s =0,
so that W(1)=0, and by noting (34-36) has a solution when A =0 (i.e., the limit A — 0T is not
a singular one) implying that W(0) =« for some positive constant «g. The limit u — 400 is
the most important for our purposes. Setting A =0 in (36), one finds that the far-field balance

3m
h~Czmn=1 as z-— 400, (40)

is possible, with

— (m+n—1)> "
¢ _<3m(n—2m—1)(2n—m—2) S @1

The expression (40) represents two boundary conditions, ie., (34), (35), (40) in effect repre-
sents an eigenvalue problem for the second argument of ¢+ in (37), with a solution only for

1
En—2m—l 3(n—m—1) 73(n72m1)
for some positive constant x,, S0 that
3(n—m—1)
V(i) ~ —Keoft m=2m  as U —> 400, (43)

implying from (39) that the contact-line velocity is prescribed in this limit, independent of the
thin film profile A(x, t).

Given the matching condition (39) and the local results of [1], which imply in particular
that ¢ =0 version of (32), ie.,

m—1 83h
9x3

a3h
dx3

n

(44)

cannot have § <0 and cannot have § >0 with finite contact angle, we can now list the various
scenarios which can arise in describing the macroscopic (outer) behaviour:
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(a) (44) holds with §=0, ie,

o3n|" " 03
=i =5=0 atx=0. (45)
(b) (44) holds with
-1
h=h" %m %:O at x=s(1) (46)
and
% — KOO)L3(Z:'§1,;1)’ A7)

corresponding to the limit (43) of (39). Since the solution to (44) will have local behav-
iour (40) as z— 0, implying dh/dx — +o00, care must be taken in ensuring that this sce-
nario is a self-consistent simplification of (39) in the limit € — 0 (see below).

(c) The full conditions (46), (39) apply, but instead of the full balance (44) we have the
quasi-steady one

9%h

_— 1), 48

a2 = PW (43)
where p is the dimensionless pressure.

We now proceed to exploit each of these ingredients in piecing together the various possi-
ble regimes, taking A= O (1) in the first instance.

3.2. t=0(1): FIXED FRONTS

In this section we describe the asymptotic behaviour of (32-33) as € — 0 for + = O(1). This
can be regarded as an initial transient, the film profile subsequently evolving on a timescale
having 7> 1 as € — 0, as described in Section 3.3. Here we need to make use of scenario (a).
The leading-order solution is given by imposing (45) on (44), together with

h—1 as x— 400,
h=h;(x) att=0.

In consequence, we have (for initial data h; which decreases sufficiently rapid as x — 0%) local
behaviour

h~a(t)x asx—0" (49)

for 2m+1<n <2m+2 (which encompasses the case of shear-thickening fluids) and

x3m+1 'H%
h~D as x — 0" (50)

t

for n>2m +2, where

_ 3 m

T n+4m \Gm+Dm—=2m—=2)Cn—m —3)
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In this latter case additional time scales need to be considered and we shall omit further dis-
cussion of this regime. In any case, the solution takes the self-similar form

h(x, 1)~ Hoo (x /ﬂ»fﬁ) (52)
as t — oo, with
a(t)~Ax /tﬁ (53)

in (49) for some positive constant Ay, which can be obtained numerically by solving the
boundary-value problem for Hy(n); when h; =1 the asymptotic identities (37-39) become
equalities.

For 2m+1<n<2m+2, it follows from (39) that

n—=2m—1 3

t e
s~ =P [ (a) W fatr) (54)
0

for A=0(1), there being an inner region x,h=0 (e =0 l) in which the leading-order problem
is given by (48) with p=0, so that (matching with (49))

h~a(t) (x —s(t)). (55)
From (43), (53) we thus have

n—2m—1 3(n—m—1)
S~~€ m2m Kood n=2Zm fas f—> 00 (56)

and when h; =1

n—2m—1 30;:’;;“ tﬂ +
s~ —¢€ n2m KgAgs F as t— 07, 57

where B=14+3(n—m —1)/(n —2m)(3m + 1), so that the interface reverses direction during
this timescale (since W(u) 20 for =1, it follows that the interface initially moves to the left
whenever £ (0) > A, with discontinuous initial data corresponding to unbounded #;(0)).

3.3. T=0(1): “FULL” BALANCE

3.3.1. Formulation
We now describe the ultimate behaviour of the film profile for (32-33). From (52) and (56) it
is clear that the above separation of length scales becomes invalid for
_ BmED(n—2m—1) _ n=2m-1 _ n—2m-1

t=e mo2m T,  x=¢ mu-ImX,  g=¢ dmn-Im§ (58)
with 7= 0(1). Under these scalings the full balance holds in (44); moreover, since they imply
that 0h/dx — 0 as e — 0 for 4, X =0(1), we are justified in imposing the rescaled version of
47), ie.,

i—f — kooh (59)
(¢f (56)) on the outer problem (whereby scenario (b) above pertains), even though the cor-
responding solution for /# has infinite contact angle; this increase in slope is moderated over
the inner problem (the suitably scaled version of (34-35) implied by (37)) which, in order to
match, has far-field behaviour (40), thereby serving to select the contact-angle condition (59).
The thin-film limit used in deriving (32) can itself remain self-consistent for similar reasons.
Imposing (59) and (46) on (44) specifies the T = O(1) problem, the small-7 behaviour taking
the form (52) (as expected by matching arguments).
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3.3.2. Large-time behaviour

The large-time behaviour on this timescale cannot be governed by a travelling-wave balance in
the full evolution equation because, unlike those of the shear-thinning case discussed above,
such solutions cannot have an advancing interface at the ‘front” X = Q(T); this is in contrast
to the ‘back’ X =S(T), whose location is given by (59), with a local description of the form
(40-41) applying in the evolution equation (in this case as X — S — 0% rather than as z —
00). Instead a quasi-steady balance applies (i.e., scenario (c) above holds) and we must first
address the nature of the matching condition at X = Q(T). Two outer regions are present, the
‘hump’ § < X < Q and the ‘undisturbed’ region X > Q in which

h~1,

which acts as a prewetting layer (cf. [6]). There are also two inner regions, the first being an
interior layer which is present at X ~ Q, whereby (again compare [6]) the dominant balance
reads

. o " %
Qh—1)=h"|— —, (60)
073 0z3
where we have written X = Q(T) + Z, subject to
h—1 as Z— +o00,
h ~ Q(T) (—2) as 2 — —oo, (61)

where © must be determined as part of the solution to this boundary-value problem (which
is uniquely specified up to translations in Z), with scaling arguments implying that

QT =a0w (62)

for some constant «(n, m) which can be determined numerically from (60-61).
As T — oo, the leading-order outer problem (which will prove to have scalings h= 0 (T'/?),
Z = O(T'/?)) therefore reads (now writing X = S(T)+ Z, S(T)~ VT with the speed V given

3(n—m—1)

by (59) to have value V =kqod @=2m )

?n P(T)
80z2 ’
h=0 at Z=0,
oh
h=0, 8—Z=—av$ at Z=2Zo(T),

where Q=VT + Zy and, by leading-order conservation of mass,

Zy
/ hWZ,T)YdZ=VT. (63)
0
From this we readily obtain that
1 1
1 203\ 7 iom T
hzzpz(zo_z), p:(%) VITmT—%, Zo=<§) V%T%, (64)
o

so for large T it follows that A takes the self-similar form

th%®<Z/T%), (65)
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i.e., the rim thickness and height both grow as T''/2. The scaling in the inner region in which
(60) holds is Z= O(1), so the asymptotic structure just postulated is indeed self-consistent
as T — oo. We note from (65) that the macroscopic contact angle is given asymptotically by
®’(0), a constant.

To complete the description of the large-time behaviour, we note that (44) has a second
inner region about X =S(7T'), with h=0(1), Z=0(1) and leading-order balance
m—1
33n

973

a3h

V Ihn71
973

(66)

subject to local behaviour of the form (40) as Z — 0% (corresponding to a single boundary
condition on (66)) and, in order to match with (64), to

h~YPZyZ as Z— +oo (67)

(corresponding to two boundary conditions, the slope PZy/2 being prescribed in this case).
The generalisation of the above results to the cylindrically symmetric case is again imme-
diate, the various regions described above remaining one-dimensional to leading order.

3.4. DISTINGUISHED LIMIT: A = O (¢~ 1/3(1=m))

3.4.1. One-dimensional solution

In the section we discuss a scaling for the static contact angle which gives a fuller balance
in the corresponding quasi-static formulation than that described above and we then address
the stability of our one-dimensional solutions to perturbations in the transverse direction. We
have deferred discussion of this case until now because the previous scaling A= O(1) is phys-
ically more natural, in particular since the slip term in (32) is then always negligible in the
outer region. The current scaling does, however, lead to a fuller balance. Setting

A= T4 (68)

(corresponding to A large when m < 1, which includes the shear-thickening fluid case) and
introducing the rescalings
1 3mtl
x=¢€3=-mx, t=¢3-mg (69)
we obtain the full balance in (32), (33) for f=0(1) (for brevity we take h;(X) to be inde-
pendent of € here) and it remains only to discuss the large 7 asymptotics. Under the current
scalings, with

1, L,
S:E’%(l*’")s, q=€3(lfm)q’ (70)

the conditions (39), (62) are now asymptotically valid as f — oo, implying in that limit that
?’n

— 5. 71

322 [7() ( )
d’\ ah 3(/1—/;1—1) ah
s n—2m ~

h=0, ==\ < \IJ )\. - t AZO, 72
a7 (82) ( /8z> s (72)

1

oh dg\ A

h=0, — = — at z= t), 73
PR <dt> z2=20(1) (73)

20
[ hengz~s~a. (74)
0
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=
=
a
]
(¢}
=>
I
>
~~
~>

)+ 2, gives the leading-order large-time problem, with solution
h=1pz(30—2), §.g~i. (75)

It follows from (75) that |9h/9z| is the same at =0 and z=2Z, and hence the positive con-
stant v in (75) is given by

n—m—1

mn—2m > €1
v=— <a3’"v) o=y (A/avBm), (76)

requiring v/ > 3, so that W <0. Moreover,
3\ 2 ;
N 2a 1—m A_1 N 6\2 3m-1.l
P’“(—) vIm T2, zo~<—> voom t2; 77
3 o

¢f. (64). In contrast to (64), however, the wave speed v is here determined as part of the solu-
tion to the outer problem, rather than being selected a priori by the inner problem.

3.4.2. Stability

3.4.2.1. Linear stability We first note that the tendency to instability is a well-known feature
of capillary ridges in other contexts. For brevity we neglect here the accumulation of mass
due to the overrunning of the prewetting film; this simplification (which implies that the one-
dimensional solution about which we perturb is a true travelling wave) is directly applica-
ble over suitable timescales when a large initial hump is present and also applies more gen-
erally to the prewetted case when reinterpreted in an appropriate quasi-steady fashion. We
thus replace (71-72) by (dropping “s and generalising in the obvious way to two dimensions;
we omit the asymptotic derivation of this generalisation, which itself represents an interesting
class of moving-boundary problem related to the Hele-Shaw squeeze film formulation)

VZh=—p(t)
1 1
2\ 2 2\ "2
=0, S_(1(2V) rI(1o(2 oh _9s 0oh
ot ay ay dx dy dy
at x=s(y,1), (78)
1 1
d ag\*\’ ag\*\ ? (dh dq oh
h=0, H_[(14+(X Flo(1+(X L
ot ay ay dx dy dy
at x=q(y,1),

where, in the current context, the rear and front contact-line laws are given by

3(n

—m—1)
R(A) = —A n—2m

W (A/A), F(A)=a A", (79)

respectively. However, it is convenient, and of more general interest (for example when other
regularisations apply), not to restrict ourselves to such special cases; pertinent properties in
what follows are for A >0 that R'(A) <0 (for the limit discussed in Section 3.3 we have
R'(A)=0), F'(A)>0, with R(0) >0 and F(0)=0, which ensures in particular that there is
a single one-dimensional travelling-wave solution (up to translations in x), namely

p(t):po, So(t):v[, qo(l‘)=vt+z0,
x=vt+z, ho(z,t):%poz(z()_z) (80)
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with the constant contact angle given by A =A* where A* is the unique positive root of
R(A*) = F(A%) 81)

and with the constants pg, v and z¢ then given by

. 1
6M\ 2 2A*3\ 2
v=R(AY), 20 (A*> . PO <3M> , (82)
where
20
f ho(2)dz =M (83)
0

gives the amount of fluid in a cross section. We note the wave speed v is independent of the
mass M, a property not shared by the shear-thinning case (¢f (17)) and having important
implications for what will follow.

We now perturb about this one-dimensional solution by setting (adopting a different nota-
tion from that in the previous subsection)

h=ho+H(zy.,0),  s=so+S(y.0), g=q+Q(.0),  p=po+P{), (84)
and linearise to give

V?H=—P,

H+A*S=0, g—f =R'(A¥) <88—IZ —poS) at z=0, (85)

H—A*Q=0, % =—F'(A%) (%—Z —ng) at z=z.
Separating variables in the usual way, we set

S0 =50 e, Q(y, 1) = Qoe' e,

H(z, y, 1) =e"elk (A+ekz + A_e—kZ) , (86)
the boundary conditions in (85) furnishing for k#0

A +A_+A*Sy=0, 08o=R'(A*) k(AL — A_)— poSo)

A4 A e A*Q)=0, 0 Qy=—F'(A%) (k<A+e’“° —A_eh0y — poQo) :
yielding in turn the dispersion relation

ol (1 — Lkzg coth(kzo)) (kR +KF)o + (1 + 1222 — kzo coth(kzo)) Kricp =0 (87)

for o (k), where kg =—poR' (A*), kp = poF'(A*) are non-negative. Hence

oL = %{ (1 — %kzg coth(kzo)> (KR +KF)

1

1 2 2 2 2
+ ( — 5kzo coth(kzo)) (kr — k)~ + (kzocosech(kzg))” krkF }
For sufficiently large k the roots of (87) are both negative (provided xgxp >0), with

O"\'—%kZ()KR or O”V—%kZ()KF as k— o0 (88)
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giving linear stability for modes of large wave number. As k — 0, however, we find that

_kzzg KRKF 1 kzzé (1612Q + KRKF +K12p)

o_~ O'+’\'§(KR+KF)—

(89)

6 kr+kp 6 KR+kKF

the former leading to decay for x >0 but the latter implying instability for sufficiently small
wavenumbers. Indeed, we find from (87) that fe(oy) is monotonic decreasing with increasing
k, crossing zero when

4kz

tanh(kzg) — =0 90
(kzo) 244 (90)

is satisfied, i.e., at kzg~2-399.
We note that the k=0 solution gives (imposing conservation of mass)
- 3po

1 A
H=-Pz(zo0—2)+—(Q+S)z— A*S, P=———(0-9),
2 20 20

from which it follows (using the derivative boundary conditions in (85)) that, without loss of
generality

S=—kg Koe—(KR‘f‘KF)t, 0= KFKOe—(KR-HCF)t 91)

for some constant K. The reason the exponential decay in (91) does not correspond to the
exponential growth as k— 0 implied by the second of (89) is clarified in the next section.

The one-dimensional solutions are thus linearly unstable, with long wavelengths exhibiting
the fastest growth (in the radial case we thus anticipate that the instability will not manifest
itself until the circumference of the contact line is, roughly speaking, large enough to fit in an
unstable mode). This motivates a consideration of the limit in which variations with respect
to y are slow and this we now pursue.

3.4.2.2. The long-wavelength limit  Here we seek to shed some light onto the nonlinear evo-
lution by taking the initial data to be slowly varying in y. Neglecting the y derivatives in (78)
we have

h~ip®)(q(y.H)—x)(x —s(y, 1) (92)
with
5 R(AGL.D) % _ (A1) (93)
5_ ( (}7» )» 5_ ( )’» )»
where
Ay, D=1pOAG, D, AGD=q0, 1) =50, 1). (94)

The expressions (93-94) furnish four equations for s, ¢, A and A and thus represent a closed
system if p is known; the mass in a cross-section at a given y is

i
My, 1)= Ep(t)ﬁ(y,t) (95)

and p is thus given by (assuming for simplicity that the problem is periodic in y, with (large)
period L)

12M
A3(t)

p(t)= (96)
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where the overbar denotes the relevant average, i.e.,
_ 1 L
0= [ e0.ndy. ©7)
0

so that M is a known constant (given by overall conservation of mass). Finally, (93-94) imply
that

A

Egn_Q(EpA), (98)
where

Q(A)=F(A)— R(A). 99)

Equations (96-98) provide our (non-local) governing system for A and p.

As noted in the previous subsection, (89) implies o > 0 for k=0, which might seem to
suggest that even in one dimension the travelling wave is unstable and indeed, suppressing
the y-dependence, it follows from (98) and Q'(A) > 0 that if we (erroneously) regard p as
prescribed then the solution corresponding to (81) is unstable; this is misleading, however,
because of the non-local aspect of (96-98) which yields in the one-dimensional case that

da 6M
ET:Q(ZT>, (100)

which implies stability and is consistent with (91). The fact that p is determined in (78) by
a non-local constraint thus has important implications. In higher dimensions (96-98) is of

course unstable to y-dependent perturbations, suggesting the ridge of fluid will seek to break
up into droplets. Indeed, for the constraints on F and R noted above we have that

oA
—~—R(0) as A—0
at

so such break-up will occur within the current limit problem in some finite time, with (gener-
ically)

A~RO)(te —1) + Ac(y —yo)?

close to the break up time 7 =r. and location y = y., for some positive constant A.. Nev-
ertheless, this long-wavelength instability is (at least in its initial stages) a relatively innocu-
ous one, with the slowly-varying approximation (and the time-dependence implied by the one-
dimensional solution) remaining valid until attempted break-up of this type occurs (the € — 0
analysis above of course ceases to apply when A becomes sufficiently small with respect to ¢;
the ultimate behaviour after such breakdown occurs remains open). The instability mechanism
can be described as follows. Were the pressure allowed to vary in such a way that the film in
each cross-section (i.e., for each y) was able to approach equilibrium, requiring p =2A*/A,
then p would be largest in regions of small A; this pressure difference would drive fluid into
the regions of larger A, implying that the rim has a tendency to become thinner where it is
already thinnest, allowing the pressure, which is responsible for the non-local nature of the
problem, to remain uniform, as it in fact needs to be.

The corresponding stability issues would also be worth addressing in the shear-thinning
case, though here the base solution for the linear stability problem (that described in Section
2) is significantly more complex than in the shear-thickening case, so while the problem is
straightforward to formulate its solution is not immediate. We shall not pursue such matters
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here, though we note that the problem is again made clearer by using the travelling wave (hav-
ing finite contact angle at the dewetting interface and zero contact angle at its front) as the
base solution, rather than the solution of Section 2 (which itself has non-trivial time depen-
dence because of the accumulation of mass within the rim).

4. Newtonian fluids; m=1, n=3

The borderline case n=2m + 1 is naturally the most delicate. Here we shall limit our discus-
sion to the Newtonian case m=1, n=3 in view of its obvious physical significance. For brev-
ity we present the asymptotic derivation in a somewhat ad hoc manner; we stress that it can
be made fully systematic. For experimental results with which the resulting rim profiles can
be compared, see [33] for example.

The initial formulation is given in (32-33) and the inner problem at x =s is governed by
(34-35) (in each case with m =1, n=23); the constraint (36) can no longer be imposed, how-
ever. Setting

h=€e® (Az/€,1),

and taking A= 0O(1) we have that ®(&,r) satisfies at leading order

Pe
O(P+1)— =—, 101
(+)8$3 3 (101)
P
®=0, —=1 at £=0.
I3

The evolution is slow for small €, ie, |§| <1, and to leading order (101) then implies for
£=0(1) that

d~E, (102)

the asymptotic structure of (101) with |s| < 1 subdivides into two regions, however, the second
having

P~Ep(5), ¢=slogé
with leading-order balance
2de_ 1
dc = a3
so that, on matching with (102),

15 1 1

= — —¢. 103

3 3538 (103)
The outer region corresponds to the scale z=0(A), so that ¢ ~slog(A/e). From (103) we

thus obtain the matching condition

ah

1
3 A3
% = <1 -3 log(A/e)s) at x=s(t) (104)

on the outer solution, the right-hand side of (104) representing the “macroscopic” contact
angle.
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We again locate the “front” at x =¢(¢), with A(t)=q(t) —s(t), and set x =¢(¢) +Z to give
(cf. [28], for example)
dn
dz3

h—1=h

. Y A .
at leading order, where ¢ =437, subject to

h—1 as E—)—i—oo,

1
h~ (3 log(—gc)) ’ (=) as [ — —oo. (105)
Since —z= O(A) corresponds to log(—f) ~log(A3¢)/3, (105) yields the matching condition
dh 3
—=(log(a%)q)" at x=q( (106)
X

on the outer solution. Since g ~s, A Ks applies for large time, we have quasi-steady outer
solution

6s
hNFZ(A_Z)’ (107)
so that conditions (104) and (106) read

1

6s
pw

1
3

3 3 .-
A (1 - 10g(A/e)s> ~ (10g(A3s)s> . (108)
Rearranging the second and third of (108) we have
log(A%5/€3)s ~23. (109)

The appropriate way to balance in (108-109) is to set

D=

t t logt
5O = o276 5 A(t)zma(r), r= log(%/e)’ (110)
and thus to obtain for t=0(1) with 7 >0 that
3141)S~23, 65/82~(31S/2)3
ie.,
>
a 230 (111)

(LI PON

note that the § term inside the logarithm in the last expression (108) does not feature in the
leading-order balance and can thus be deleted there. From (107), the macroscopic contact
angle (i.e., the gradient of the outer solution at z=0) ~2!3x71/3/(1 +1)!/3, and thus asymp-
totes to a value 2!/3 larger than the microscopic one A. We observe from (110) that the basic
time dependence is as for the shear-thickening case, but there are logarithmic corrections to
the power-law dependence (as is typical for a borderline exponent). Experimental data is often
classified according to the power-law exponent y in s ot? as t — oo; defining v (r) via

y(0)=15/s, (112)
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it follows from (110) that

N 1 1ds
log(1/¢) S dt

so that, by (111),

1 1 |
Tlog(l/e) A +1) - log(1/€)’

y~1

y~1 (113)
the correction terms omitted in (113) are of course only logarithmically smaller in ¢ than
those included. We observe from (113) that the exponent y asymptotes to unity as r — oo but
the limit is approached very slowly (but monotonically over the relevant timescales), so over
intermediate timescales significantly smaller values can be expected to be observed; behaviour
of this type is indeed observed in practice (cf. [34] and [13]).

We note that, while we have used the Navier-slip regularisation to allow contact line
motion, in the Newtonian case the results have certain universal properties (¢f. [4] for the wet-
ting case) which do not depend on the choice of regularisation. This is not, however, the case
for shear-thickening fluids [6]; moreover, even in the Newtonian case the logarithmic terms in
(104), (106) do depend on the regularisation (though the dominant (i.e., algebraic in ¢) time
dependence, as reflected by (110), does not).

For consistency with Section 4, we need finally to note two other aspects of the analysis;
we shall not go into detail in this borderline case, however. Firstly, there is a shorter time
scale with (for A= 0(1)) scalings, t = O(log4/3(1/6)) scalings, x = 0(log1/3(1/6)) on which the
full evolution equation holds in the outer region and the hump first emerges. Secondly, sta-
bility matters can readily be pursued in higher dimensions. In the constant mass case (i.e.,
non-prewetting) the first expression in (108) becomes 6M /A2 for constant M, so we obtain
a true travelling wave (s, A constant) and the analysis goes through essentially as in Sec-
tion 3.4.2. For the prewetted case there is in effect a multiple-scales problem, the timescale
on which slow modulations occur corresponding to t above, though instabilities will in any
case manifest themselves before such subtleties come into play.

5. Discussion

We start by summarising the results for the distinct regimes of shear-thinning and shear-
thickening fluids arising in describing the large-time behaviour. In the former case, the key
time and parameter dependencies are embodied in (18), with the “rim” profile being given
by a full travelling-wave balance within the evolution equation (here the local behaviour at
the contact line is innocuous but the outer solution non-trivial). The converse occurs for
shear-thickening fluids, whereby (65) describes the time dependence in the rim, whose pro-
file takes the simple quasi-steady form (64); in this case, however, the contact-line inner prob-
lem is highly non-trivial and plays a dominate role in determining the (constant) contact-line
velocity V. Thus different contact-line physics (or, equivalently, different choices of regulari-
sation) lead to quite different (but constant) contact-line velocities, but the time dependence
(65) remains valid. The borderline, Newtonian, case has universal properties because (c¢f. [4])
it is neither outer or inner driven, but the logarithmic modulations of the basic time depen-
dence (as described in Section 4) are sensitive to the choice of regularisation. We have also
investigated certain stability issues, for which the adoption of a quasi-steady approximation
requires that the corresponding frequencies not be too high; we refer to [35] for a discussion
(in a somewhat different context) of why higher frequencies can be expected to be damped.
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More, precisely, the time dependence as large times (for one-dimensional or radially-
symmetric solutions to (1)) can be characterised for power-law fluids (n =m +2) but the expo-
nents y;, ya and y;, in the contact-line location, s oct?s, the rim thickness, A oc#¥2, and height,
hmax 0ct?" (in each case as t — 00), as follows. Conservation of mass requires that y, =ya + 1
and for shear-thinning fluids (m > 1) we have (see (18)) ys=2/(m+1), ya=1/(m+1), yp=
1/(m + 1), while for shear-thickening ones (0 <m < 1) we have (see (64)) ys =1, ya =1/2,
yp = 1/2. Finally, in the borderline (Newtonian) case m =1 it follows from (110-111) that
soct/logt, Aoct'?/1og"?t, hmax xt1/2/10g" /1.

A number of generalisations are possible, notably to (unscaled) contact angles which
are not small, so that the “rim” profiles are governed by full slow-flow problems rather
than their lubrication limits. The large-time behaviour remains analytically tractable in the
shear-thickening and Newtonian cases, the (capillary quasi-static) parabolic profile (as in
Equation (64)) being replaced by a cylindrical cap. In the shear-thinning case, a (quasi-steady)
travelling wave reduction of the full system will provide the relevant profile and would rep-
resent a worthwhile free-boundary problem in its own right. Such “thick-film” versions of
the problem would also be physically relevant to the corresponding flows of power-law or
Newtonian fluids in a Hele-Shaw cell, their thin-film limit being encompassed by (2) with, [1],
n=1. In this Hele-Shaw case the flow can again be over a planar substrate or the substrate
can be replaced by a symmetry boundary (in which case a 7/2 contact-angle, and hence a
“thick-film” formulation, necessarily applies); in the unconfined Stokes flow case the symmet-
ric problem of course has a quite different thin-film limit from (2) and has been the subject
of extensive analysis in its own right (with the same formulation also describing the case in
which a zero shear stress, rather than a no slip, condition is imposed between the fluid film
and the substrate; ¢f. [36], for example, and references therein for related considerations).

Other generalisations would be to initial data which, say, grow or decay as x? for all
x for some exponent g #0. For ¢ =1 (a wedge of fluid) the solution for a shear-thinning
fluid of fixed contact angle is given for all time by the relevant similarity reduction (in both
thin- (small wedge angle) and thick-film versions of the formulation). For ¢ > 1 the small-time
behaviour involves a hump near to the origin, of the type described above, while wetting (i.e.,
§ <0) occurs for large-time, the leading-order outer problem seeing a zero contact angle at the
interface; the reverse is true for g <1, the approach above then being applicable to the large-
time behaviour. Related higher-dimensional problems with initial data in the form of a cone
of fluid, say, are also readily formulated.

Finally, we note that when gravitational effects are non-negligible (¢f. [37] and [38] for
example, for the Newtonian case) additional phenomena come into play, providing other
directions in which the analysis could be generalised.
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