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We examine the dynamics of a thin viscous liquid film on the outer surface of a
solid sphere rotating around its vertical axis in the presence of gravity. An asymptotic
model describing the evolution of the film thickness is derived in the rotating frame
based on the lubrication approximation. The model includes the centrifugal and
gravity forces and the stabilizing effect of surface tension. Depending on the values
of the parameters, the problem admits different types of steady states: one with a
uniformly positive film thickness, or those with one or two dry zones on the sphere.
We prove that all steady states are energy minimizers and hence global attractors for
axisymmetric states.
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1. Introduction

The coating process is a means of depositing viscous liquid films of precise
thickness and uniformity on a solid surface. Imperfections in the layer, especially
as the speed of coating is increased or its thickness is decreased, may arise due
to flow instabilities and various wetting and edge effects. That is why stability
analyses of steady states in coating flows attracts industrial interest. In this work,
we consider the problem of coating flows on a rotating sphere, focusing on the case
when the centrifugal forces due to rotation compete with the gravitational draining,
in the presence of surface tension. We examine both the transient dynamics of the
film, and the various steady states that the system may attain, while maintaining an
axisymmetric state.

The flow of a thin fluid film on a flat surface such as an inclined plane in the
presence of gravity has been the subject of numerous investigations over the years;
e.g. Benjamin (1957), Bankoff (1971), Hocking (1990), Tuck & Schwartz (1991),
Giacomelli (1999). Recently a new level of complexity has been added to the flat
surface problem by coupling the flow to a surfactant spreading model (Shearer &
Levy 2006; Levy, Shearer & Witelski 2007; Peterson & Shearer 2011). Including the
effects of rotation, in a combined experimental and theoretical investigation, Parmar,
Tirumkudulu & Hinch (2009) have studied the problem of a viscous liquid film
that coats a rotating vertical disk, obtaining the two-dimensional thickness profile
that captures the effects of gravity, disk rotation and surface tension. Dynamics of
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viscous coating flows on inner and outer surfaces of a horizontally rotating cylinder
have also been studied in a series of publications (Pukhnachev 1977; Johnson 1988;
O’Brien 1998; Benilov, O’Brien & Sazonov 2003; Pukhnachov 2005; Karabut 2007;
Benilov, Benilov & Kopteva 2008; Kelmanson 2009; Sahu & Kumar 2014), after the
pioneering result of Moffatt (1977) which was partially motivated by the process of
keeping honey from spilling from a horizontal knife by rotating it. In that spirit, the
present work can be regarded as a model for coating a rotating cherry with liquid
chocolate. The problem of coating of a sphere with a thin viscous film has previously
been studied by Takagi & Huppert (2010), albeit without consideration of surface
tension and rotational effects.

Different regimes resulting in different steady states emerge due to the competition
between the gravitational field that causes the downward draining of the liquid, the
surface tension that tries to preserve a spherical shape for the coating layer and the
centrifugal force from rotation about the vertical axis that tries to concentrate the
liquid mass around the equator of the rotating sphere. Modelling of thin films on
curved substrates would also have application to tear film dynamics, e.g. Li et al
(2014).

In our work, we shall derive the lubrication equations in axisymmetric spherical
coordinates. A previous derivation of these equations has been described by Myers,
Charpin & Chapman (2002), who aimed to obtain a very general equation for thin
films on an arbitrary two-dimensional substrate by using two principal coordinates
along the substrate surface, together with the locally normal direction, thereby yielding
a locally orthogonal curvilinear coordinate system. When their general equation is
specialized to a spherical substrate (see their § III.D), the result is an equation that
differs from ours in the placement of the various metric factors. We believe our
derivation to be the proper one since we begin with the exact equations in spherical
coordinates before applying the lubrication approximation.

The paper is structured as follows: in §2, we describe the physical model and
derive the governing nonlinear partial differential equation for the evolution of the
film profile under the lubrication approximation. The model includes the effects of
gravity, surface tension and centrifugal forces, but ignores those due to Coriolis
forces. In §3, we examine the energies associated with the three main effects that
are considered, deriving the overall potential energy function that is minimized at
equilibrium. In §4, we consider the existence and stability of steady states and
describe the numerical approach for solving the transient problem as the film
approaches its energy-minimizing equilibrium. Section 5 provides a summary of
the results and provides the outlook for possible extensions of the model. Some
technical aspects of the lubrication approximation, together with the conditions under
which Coriolis forces can be neglected while centrifugal effects are important, are
provided in appendix A.

2. Model formulation

Consider the flow of a thin liquid film on a sphere of radius R under gravity g,
acting downward along the negative z-axis. The sphere is also allowed to rotate at a
constant angular velocity £ about the z-axis and the equations of motion are obtained
in the rotating frame of reference. Figure 1 provides a schematic drawing of this
system. Let » denote the radial distance from the origin, 6 the polar angle in spherical
coordinates (with & =0 along the positive z-axis) and let (0, f) represent the thickness
of the thin film, with ¢ denoting time. We assume the system to be axisymmetric
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R+h(0,1)

FIGURE 1. A thin liquid film under gravity on a sphere of radius R rotating about
the z-axis.

and use the standard lubrication approximation. We start with the kinematic boundary
condition and the incompressibility condition. The interface »r = R + h(0, t) is the
zero-level set of the function

F(r,0,)=r—R—h(0,1) =0. (2.1)

The kinematic boundary condition, D.% /Df =0, then yields

oh Vg oh
—=U— (2.2)
ot r 00
at r=R+h(8,1).
Next take the continuity equation in spherical coordinates:

ro , 0

— (v, i —(sin(® =0, 23

2or” U in) a8 SO 2.3)

multiply it by 7 sin(d) and integrate it at a fixed & from r=R to r =R + h(0, 1).
Upon applying the Leibniz rule to bring the #-derivative outside the integral sign and
the no-penetration condition v, =0 at r =R, we obtain

9h 9 R+h
sin9) | R+ v, — R+ vgley, 39] +25 (sin(@) / rug dr) =0. (24
R

Using the kinematic boundary condition (2.2) reduces this equation to an evolution
equation for h(6, f), namely:

oh 1 L 9§ ®) / o dr) =0 2.5)
— —_— Y —— sin rv, r | =u. .
3t (R+h)2sin(0) 90 R ¢

If the velocity component v, can be related to i(6, t) via the lubrication approximation,
the requisite integral in (2.5) can also be expressed in terms of h(6, ), allowing one
to track the subsequent evolution of the film thickness from the resulting nonlinear
partial differential equation.
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To that end, consider the r- and 6-components of Navier—Stokes equation under the
lubrication approximation. Since we wish to include the effects of both gravity and
centrifugal forces arising from the rotation of the sphere, it is convenient to introduce
the modified pressure P, which is related to the regular pressure p in the thin film by

P=p—pg-x—1p|R xx|>=p+ pgrcosd — 1 p2°r sin*(). (2.6)

Here, x is the position vector, gravity points in the negative z direction, so that
g= —glAc and the angular velocity is about the z-axis, so that £ =k 2. The gradient
of the modified pressure replaces the contributions from the regular pressure gradient
and the body forces resulting from gravity and centrifugal forces in the rotating
frame of reference. In terms of the modified pressure, the r- and 6-components of
the momentum equation read

o _o 2.7)
or ’
10P d 0
SR (0% (2.8)
rod r2or or

Note that as will be shown in appendix A, under the lubrication approximation, the
inertial terms in the Navier—Stokes equation are negligible and it is possible to find
a scaling where centrifugal forces are of the same order of magnitude as gravity
and surface tension, while Coriolis forces remain negligible. As expected, in the thin
(radial) direction, the pressure remains uniform in the film, while along the long
direction (@), the pressure gradient balances the dominant viscous term that involves
the second derivative of vy in r.

Equation (2.7) implies that the modified pressure is independent of r and may only
depend on 6 and ¢. The normal stress balance at » = R + h requires the pressure in
the film to be equal to the uniform pressure p, in the external air plus the capillary
contribution associated with the surface tension o of the interface and its curvature
V .n,ie. pli—gn =p, +0oV «n. Here, n =V.%/|VF| (with F given by (2.1)) is
the unit normal at the interface pointing toward the exterior. When the film thickness
h(9, t) is much smaller than the sphere radius R, the curvature can be approximated
in a series in &, with the first two terms given by:

V.n 2_1 2h + Lo ( (0)8h (2.9)
AR — — — ——— [sin®)— ) | . .
R R’ sin(6) 00 00

In terms of the modified pressure, the normal stress balance becomes:
PO, 1)=p,+ 0V -+ pg(R+ h)cos®) — 1p2%(R+ h)* sin*(0). (2.10)

This fully determines the modified pressure throughout the film. Its 6-derivative
provides the forcing term in the remaining component of the momentum equation.
Since 0P/d6 is independent of r, one can easily integrate the #-momentum equation
to obtain

1 oP C
Tou00  r

To find C; and C,, we apply the no-slip boundary condition on the surface of the
solid sphere and take the shear stress at the free surface to be zero. Namely, at r =R,

Vg +C2 (211)
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vy=0 and at r=R+h, (3/9r)(ve/r) =~ 0. Once the integration constants are obtained,
the flow field is found to be:

1 aP

i 77 S R 2 o2
= 3R Iy 96 [(R—NM)r 4+ (R+hR —2Rr]. (2.12)

Vg

In the evolution equation (2.5) for h(6, r) we need the integral [; = ru,dr. We
evaluate this integral to find

feth 1 9P 2R+ h)i?
rvpdr=————-——. (2.13)
R uabd 6(R—h)
Substituting this result in the evolution equation for A(9, ) yields
dh 1 1 9 in(9) 3P 2R + h)i?
oh, 11 0 J sm@®)OPCERYWI_ 2.14)
dt (R4 h)?sin(9) 90 w00 6(R—h)

From the expression (2.10) for the modified pressure P, the combination —(1/u)(dP/96)
appearing in the above evolution equation can be written as:

1 9P pg 9 P22 3
= R+ h) cos(6 —
[(R+ h) cos(0)] + o 80[

wao o ao
AN PRI S Rl (2.15)
_— —_— sin —_— . .
1R 30 sin(0) 90 90

The combination of equations (2.14) and (2.15) is a fourth-order nonlinear PDE
which fully determines the evolution of the film thickness under the influence of
gravity, rotation and surface tension. We can simplify it somewhat since in the
lubrication limit, # <« R, some of the terms can be replaced by their leading-order
approximations. This results in the equation:

(R+ h)’ sin*(0)]

ah 9
— — [sin(®)*2] =0, 2.16
or T sin(@) 90 [sin@)#" 2] (2.16)
where
22 9 19 ah
2="L8 Gn0) + 2 in0) cos®) + —— = [2h+ —— 2 (sin@) = ) | .
3R 3 3R 90 sin(@) 30 30

(2.17)

2.1. Scaling and non-dimensionalization

In addition to the parameters that have already appeared above, let us define H
to be the characteristic thickness of the liquid film. The lubrication approximation
requires H < R, so we can define the small parameter ¢ = H/R for later scaling
purposes. To render equations (2.16) and (2.17) dimensionless, choose a time scale
T (to be specified later) and define a dimensionless time variable 7 = ¢/t and a
dimensionless film thickness h = h/H. Substituting these into (2.16) suggests the

dimensionless counterpart of function 2 should be defined by 2 = tH?Q. Rewriting
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both equations (2.16) and (2.17) in dimensionless form and dropping the hats from
all the variables for notational clarity then yields:

a1 9
— 4+ ——— [sin(@®H*2] =0, 2.18
2t + @) a0 OnOF 2] (2.18)
D =a sin@) +b sin(®) cos@®) + ¢ 2 [2h+ —— 2 (sin@) 2" (2.19)
=a SIn Sin COS C — — Sin — , .
390 sin(0) 90 30
where X . ,
H Q°H H
=P8, e o (2.20a—c)
3uR 3u 3uR?

The no-flux boundary conditions that sin(6)h*2 =0 at 6 =0 and § = 7t lead to

oh d 1 0 oh
sin(@)— =0 and sin(@)— | — — [ sin(6) — =0, (2.21a,b)
00 00 \ sin(0) 06 a0

at the two end points. Note that while sin(f) vanishes at these points, the no-flux
conditions would, in principle, allow certain 6-derivatives of & to be singular at the
boundaries as long as their products with sin(6) approach zero at the two end points.

Since we have assumed that all three effects, namely gravity, centrifugal force and
surface tension, are of comparable magnitude and equally influence the dynamics, the
three dimensionless constants a, b, ¢ should all be of order unity; in practice, we also
explore more extreme regimes when some of these parameters are small or large. We
can always choose the time scale v so as to make one of these three parameters equal
to 1, and interpret the remaining two parameters as ratios of these effects. For instance,
if we choose the time scale t based on the gravitational drainage time, i.e. take
T =3uR/(pgH?), the parameters become

2°R oH €o
T R pgRY
8 p&R°  pgR

a=1, b= (2.22a—c)

Parameter b is a measure of the ratio of centrifugal force to gravity while parameter
c is a ratio of surface tension forces to gravity (whose reciprocal is typically called
the Bond number). We note, however, that in order for ¢ to remain of order unity,
surface tension may need to be relatively large, i.e. o = O(pgR?/€). That is indeed
the distinguished limit that we are considering in this work.

At this point it is also useful to point out the scaling for the (modified) pressure P
and the velocity field vy. From expression (2.10) for the modified pressure, the non-
constant part of the pressure scales as pgR or p$2°R* or o H/R?, all three of which
are of the same order of magnitude. Call this pressure scale P,, e.g. P, = pgR. Note
that the constant part of the pressure in (2.10), p, + 20 /R, does not contribute to
the dynamics so its order of magnitude is irrelevant. Then, expression (2.12) for vy
suggests that the velocity component parallel to the sphere surface should scale as V =
H?P,/(uR). The easiest way to see this is to evaluate v, at the free surface r =R+ h,
note that / scales with H, and consider the limit H << R. The relation between velocity
scale V and pressure scale P, can be rearranged to give P, = uRV/H* = uV/(€’R).
These are the same scalings that arise in standard lubrication theory, as will be shown
in appendix A.
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3. The energy functional

From a physical point of view, one might expect that any equilibrium solution to
the thin-film equation should minimize the total energy of the system. We use the
terms ‘equilibrium’ and ‘steady state’ interchangeably in this work. While in general
it is possible to reach steady-state shape profiles within which one still has a non-zero
flow field, in this work the steady states correspond to cases in which the flow field
and the resultant flux are zero. We shall see that this is the case when we obtain the
solution in the next section. However, it is useful to identify all the contributions to
the potential energy of the system in advance, which is what we undertake in this
section. There are three separate contributions to the overall potential energy in this
system: gravitational energy Eg, rotational energy Er and surface energy Eg.

The gravitational potential energy can be written as a volume integral of pgz over
the volume occupied by the fluid:

27 b4 R+h
EGz/,ogde:pg/ / / (rcos @) r* sin 6 dr d6 d¢. (3.1
v o Jo Jr

Similarly, the rotational energy is the volume integral of —(1/2)p$2%(r sin(8))* over
the fluid volume:

1 27 T R+h
Er=——p§2* / / / (r sin 6)7? sin Odr d@ de. (3.2)
2 o Jo Jr

Note that this energy is minimized when the mass distribution is as far away from
the rotation axis as possible; hence the negative sign in front of the integral. Finally,
the surface energy is the product of surface tension o (which can also be interpreted
as the surface energy per unit area) with the total area of the free surface:

Esza/dS:2Tw/ sin (R + h)\/ (R + h)? + (hy)?do. (3.3)
s 0

While the total potential energy, consisting of the sum of the above three contributions,
will reach a minimum at equilibrium, the total mass of the fluid must remain
conserved, which is equivalent to the statement that

27 bid R+h
M=p / / / r* sin 0 dr d d¢ = const. (3.4)
o Jo Jr

To be able to quantify the gravitational, rotational and surface energies in
terms of the O(1) dimensionless parameters a, b and c¢ introduced in (2.20),
we non-dimensionalize all three energies by dividing them by the energy scale:
(6TEMR5)/ (tH?). At the same time, we use the scaled form of the film thickness
h= h/H so that R +h=R(1 + €h) with e =H /R <K 1 as before. The total potential
energy in the system is thus given by

n E E E 1 h3
B M /”G;cosesmede
7’
1 h5—l
_/ %sif@d@

N 2
n A A oh
+C/ (A+ehyy| (1 +ehy?+e [ ) sinads. (3.5)
€ 0 86
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Expanding all the terms on the right-hand side to O(e) results in:

~ T b T
E=a/ ehcos@sin@d@—z/ € hsin® 0 do
0 0

A\ 2

+C/ L+ 2eh+ e+ L (w’) sin0do +0(e).  (3.6)
€ Jo 2 a0

The potential energy is only determined to within an arbitrary additive constant,

therefore we may omit any part in E that is constant. The requirement of mass

conservation (3.4) given above, can be expressed in powers of €, the first two terms

of which result in

/ (eh+ €*h?) sin  d9 = const. (3.7)
0

Making use of this result to cancel the constant parts in E allows us to express the
non-constant part of £ as:

A\ 2
R R b A 1 [ 0h A
E=€/ ahcosf 4+ —hcos’0+c | = | — | —H sinfdd + 0(e*). (3.8)
0 2 2\ 30
Under the change of variable x = —cos 6, the leading term in the potential energy
functional can therefore be expressed as:
E [ b 1 A
- =/ —axh+ —Phtc| 0= | = | =] dx (3.9)
€ - 2 2 ox

As we shall see in the next section, this energy functional decreases monotonically
as the film thickness evolves in time until the energy achieves its minimum value at
equilibrium.

4. Transient and steady-state computations

The computations can be simplified by removing the singularity in 1/sin(6) when
0 is 0 or m in (2.18)—(2.19). Upon introducing the change of variable x = —cosf with
6 € (0, ), so that x € (—1, 1), the evolution equation transforms into

oh 0 [ 4 ) a a ,. 0h .
at—i—ax{h (1—x)(a—bx+cax [Qh—l—&C((l—x)ax)])]_O, 4.1)

with dimensionless parameters a, b and ¢ given earlier in (2.20).

The no-flux boundary conditions at the end points x = £1 take the form (no
boundary conditions would be required if the solution is classical as (1 —x?) vanishes
at both poles):

, Oh
(1-xH— =0, 4.2)
ax
92 oh
(1 —xz)ﬁ ((1 —x2)ax) =0. 4.3)
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At the same time, the equation of mass conservation can be expressed more simply
as

d 1
pr /_1 h(x,t)dx=0. 4.4)

4.1. Transient computations

To perform numerical computations, the fourth-order equation (4.1) was replaced by
a system of two second-order equations as follows. Define the function v(x, f) by

a oh
v(x, ) = — ((1 —x)— ) 4.5)
ox
in terms of which (4.1) becomes:
oh 0 a
—+ — |PAQ =) (a—bx+c—2h+v) )| =0. (4.6)
ar  0x ax

The appropriate boundary conditions can then be expressed as:

(1 —x%)dh/dx=0 at x=:t1,} A7)

(1 =xH3v/dx=0 at x==+1.

This system was integrated numerically using the finite element solver COMSOL
Multiphysics. We used the module for one-dimensional General Form PDE with Direct
UMFPACK Solver and our discretized system contained approximately twenty-five
thousand degrees of freedom. For the initial condition we mainly used symmetric
perturbations of the uniform distribution A(x, 0) = hy and v(x, 0) = 0 with different
values of the initial layer thickness hy. (Note, however, that it is possible to scale hg
out of the formulation, taking it to be 1, by appropriately modifying the parameters
a, b and c.) Test simulations with decreasing mesh sizes and relative or absolute
tolerances were performed to insure that the results converged to the same steady-state
solutions and thus were robust. We will illustrate the convergence to a steady state by
displaying the asymptotic approach of the energy to a constant.

4.2. Energy-minimizing steady states
Multiplying (4.1) by the expression

2
o(h) = (ax— bx) [Zh + 2 ((1 2)‘%)] (4.8)
2 ox

and integrating the result over the interval (—1, 1), we obtain the energy dissipation

1 2 2
gE(h) = —/ (1 —x?) {a—bx—i—c [Zah + i <( - )ah>}} dx<0, 4.9
dr 4 ad 0x

where the energy functional E(h) is given by:

! 1 L (8, bx?
E(h)=/_1 [c (2(1 —x°) (ax> —h ) + (2 —ax) h] dx, (4.10)
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which is the same as (3.9). It should be noted that in terms of ¢, the evolution
equation has the ‘gradient flow’ structure

oh 0 g
— 4+ = KPa-x»H-=| =0, 4.11
8t+8x[( x)ax} 1D
while for the same ¢:
/1 oh dx = dE (4.12)
o 9 T Tar '
leading to the energy-dissipation equation
dE L LIS
— = Ad—-x)(— | dx<0. (4.13)
dr 1 dax

We now establish that the energy functional E(h) has a finite lower bound under
the constraints |
h>0 and / h(x)dx=M. (4.14a,b)
—1
Note that the dimensionless ‘volume’ M on the right-hand side of the last equation is
not an independent parameter and its value is related to the characteristic thickness H
of the film that was introduced earlier. In particular, if H is chosen to be the average
of the initial thickness profile, the dimensionless volume turns out to be M =2. It
proves convenient to split the energy functional into the sum E(h) = E;(h) + E,(h).
The first term E;(h) is taken to be

b1 NEIA
El(h)z/c 2(1—x)< >—h dx=c (Zh, h) (4.15)

1 ox

in which (¢, ¥) = f_ll ¢ (x)¥ (x) dx is the standard inner product and the operator &
is related to the second-order Legendre differential operator and is defined by

Lh=—3((1 =x)H) —h. (4.16)

The eigenfunctions of this operator are the Legendre polynomials P,(x) with
corresponding eigenvalues £(¢ + 1)/2 — 1 with £ = 0, 1, 2, .... The first few
eigenvalues of .Z are given by —1, 0, 2, 5, 9, .... It follows from the mass
conservation constraint fj1 h(x)dx =M that h=M /2. Let h(x) = h + hy(x) so that
hi(x) has a zero mean, i.e. h; is orthogonal to any constant. Any series expansion of
hy(x) would thus not include the term corresponding to £ =0 and will start from the
£ =1 term. Therefore, (Zh;, h;) > 0. As such,

M? M?
(ZLh,h) = (L +M/2), (hy +M/2)) = (Lhy, hy) — 5 > 5 4.17)
At the same time
1 1 5 a2
E,(h) /1 (2bx ax) h(x)dx > 2bM, (4.18)


https://doi.org/10.1017/jfm.2016.67

https://doi.org/10.1017/jfm.2016.67 Published online by Cambridge University Press

Coating films on a rotating sphere 505

which derives from the fact that the parabola (bx?/2 — ax) has the minimum —a?/2b
together with the non-negativity constraint on h(x). As a result

aZ

Cap
E(h) > 2M 2bM. (4.19)
Since the energy functional E(h)(¢) is decaying, bounded from below and lower semi-
continuous it must have a minimizer, A(x), which is continuous on (—1, 1) (Burchard,
Chugunova & Stephens 2012, Lemma 2.1).
Minimizing the energy functional E(h) under the constraints (4.14) and solving the
corresponding Euler—Lagrange equation

d ,.dh bx* _
—c [dx < 1—x )dx> +2h} — <ax— 2> =A (4.20)

gives as an explicit A-parameter dependent expression, obtained by Maple (available
from Maplesoft), for the energy-minimizing steady state

B =t (xin it o) 4 A=) b oy 4 4.21)
x)=cix+c¢, | xIn _— 4+ — (1 =x") — —, )
! : 14+x 6¢ 8c 2c

which is valid only for uniformly positive parts of the energy minimizer.
We can also show that if the touchdown point x; € (—1, 1) exists where h(x;) =0,

the first derivative of & must also be zero at that point. Let A*(x) >0 with f_ll h*dx=M
be the energy-minimizing steady state. Define

1
;f:%(hmre@, M€=/ (h* + € ¢) dx, (4.22a,b)
-1

where ¢(x) is chosen such that 4° remains non-negative. We compute the first variation
of the energy functional as

iEhf —/][1 Z)dh*% 2ch* < bxz> /l]dx 4.23)
de()le:O—f] c(—xdxdx—c¢— ax—— p—A¢|dx, (4

/l 2E(‘Z) / ax n d‘( . (|2 )
M 1 2

The requirement that the first variation of the energy functional should be non-negative
for any admissible test function means that 4* must satisfy the following variational

inequality:
d dn* bx*
p {dx ((1 — ) dx) +2h*} + (ax— ;) < - (4.25)

This inequality implies that there exists a positive constant C such that in the
neighbourhood of a touchdown point x;, the inequality 0 < A*(x) < C (x — x;)? holds
(Burchard er al. 2012, Lemma 2.2). Hence A* has a zero first derivative (i.e. a zero
contact angle) at the touchdown point and, as a result, it is continuously differentiable
on (—1, 1). The zero contact angle for the energy-minimizing steady state corresponds
to the full wetting regime. To obtain minimizers with non-zero contact angles, one
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(b) 90 g

270 270
FIGURE 2. (a) Film shape at steady state in the absence of rotation (a=1, b=0, c=1).

(b) Uniformly positive steady state in the absence of gravity (a=0, b=1, c=1). The
radius of the sphere is chosen for visualization only.

needs to modify the energy functional by adding terms that account for the energies
of the solid-liquid and solid—gas surfaces; see for example Benilov & Oron (2010).

The energy-minimizing steady states must always have at least one dry zone if the
gravitational term is present, i.e. for a > 0, because in this case the non-negativity
constraint is active. Without this constraint, the energy functional is not bounded from
below and will tend to negative infinity along a family of linear functions of the form:
h, = M/2 + ax corresponding to which E(h,) = Mb/6 — Mc — (2a/3) x — —00 as
a — +00.

4.2.1. Uniformly positive steady states

We consider the special case when the energy-minimizing steady state is strictly
positive: h(x) >0 (e.g. see figure 2b). Hence the gravity constant a and the coefficient
¢, in (4.21) must both be zero. Value of the constant ¢; is undetermined in the absence
of the gravitational field. With an additional assumption that i(x) is symmetric with
respect to x =0, we will have ¢; =0 and the expression for the steady state simplifies
to

h(x) b (1—-x%) 1 (4.26)
x)=—(1—x°)— —. .
8c 2c
From the volume constraint f_ll h(x)dx =M, we obtain that
b —6M
A= TC‘ 4.27)

To make sure that h(x) > 0O for all x and in particular at x = %1, it follows that the
total volume M must satisfy the inequality

M > E or H> i (4.28a,b)
6¢ 12¢
The faster the rotation, the thicker the original uniform coating needs to be in order
not to develop a second dry zone on the bottom of the sphere. It also follows from
(4.26) that for parameter values a =0, ¢=1, M =2, the second dry zone appears
when b > 6M or b > 12.
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4.2.2. Steady states with one dry zone

Assume that x; is the only touchdown point of i(x) (see figure 2a for an example
of a steady state with one dry zone). The energy-minimizing steady state A(x) is a
continuous function on the closed finite interval. Hence it must be bounded /4(x) < oo.
The steady state h(x) also satisfies the conditions:

1
h(x))=0, Hh(x)=0, /h(x)dx=M. (4.29a—c)

X1

It follows from A(x) < oo that lim,_,; 2(x) < 00; hence

e In (1 —x2)+611n(1 ) =0. (4.30)
c
As such ¢; = —a/6c and the expression for the positive part of h(x) simplifies to
B = 2 (eln (143 = 1)+ o (1= 2) 4 ex— 2 (431)
xX)=— (xIn x) — —(1—x X — —. .
3c 8c ! 2¢

To solve for x;, 4 and ¢; we apply the constraints (4.29) to this form of the function
h(x) and obtain a system of three nonlinear equations that are not displayed explicitly
here for brevity. The solution to this system can be obtained by Maple. For instance,
for the set of the parameters a =b=c=1 and M = 0.2, we obtain the following
result: ¢; ~ 0.221, 1~ —0.502, x; ~ —0.336. The energy value at the steady state
is approximately E(h) ~ —0.089. Convergence of the energy to this minimal value,
as obtained by performing the transient computations in COMSOL for this set of
parameters, is illustrated in figure 4.

4.2.3. Steady states with two dry zones

For a fixed volume M and with gravity present, i.e. for a > 0, as the speed of
rotation (i.e. parameter b) increases, the energy-minimizing steady state first loses
convexity at the bottom, (i.e. the derivative #’'(1) changes sign, going from negative to
positive, so that at that point #'(1) =0) and, after that, if the rotation rate continues
to increase, a second dry zone appears at the bottom of the sphere (with 2(1) =0 at
and above the threshold). This transition in shape is illustrated in different coordinate
systems in figures 3 and 6.

We can map out the boundaries in parameter space where these transitions take
place. For instance, if we fix the strengths of gravity and surface tension by taking
a=c=1, but allow ‘mass’ M to vary, we can identify how fast the rotation (parameter
b) needs to be for a dimple to develop at the bottom of the interface, and to obtain a
second dry zone at the bottom of the sphere. Figure 7(a) shows these two threshold
values for the parameter b as a function of M. Below the dashed curve, which is
almost linear for large M having a slope 3/2, the steady state is a convex-shaped
drop hanging from the bottom of the sphere; between the dashed curve and the solid
curve, which is almost linear for large M having a slope 6, the steady state has a
dimple, with the dimple depth growing as b increases toward the solid curve, and
above the solid curve the steady-state shape has two dry zones, one above and one
below the rotating sphere. Figure 7(b) shows the nonlinear behaviour of both curves
for extremely small values of M. It should be born in mind that the first touchdown
point x; also varies, moving toward —1 (the top of the sphere), as M increases.
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(b)

210

270 270

FIGURE 3. Change in the steady-state film profile upon increasing the rate of rotation.
The parameters are a=1, b=5, c=1 on (a) and a=1, b=20, c=1 on (b).
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FIGURE 4. Convergence of the energy to a constant value for the parameters a=1, b=1,
c=1and M=0.2.
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FIGURE 5. Convergence of the energy to a constant value for the parameters a = 0,
b=100, c=1 and M =0.2.

Alternatively, we can also fix the ‘mass’ M and surface tension parameter ¢ = 1
and examine how these same transitions take place as the ratio b/a of rotational
to gravitational forces increases. Figure 8(b) illustrates the dependence of the ratio
b/a on the value of the touchdown point x; for a fixed mass. The dashed line
corresponds the loss of convexity and the solid line to the appearance of the second
dry zone. The zoomed picture on the right side illustrates that the steady state has
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FIGURE 6. Shape evolution of the steady state which leads to the development of the
second dry zone due to increase in the speed of the rotation in Cartesian coordinates.
Parameters (a—c) right (a=1,b=3,c=1), (a=1,b=5,c=1) and (a=1,b=10,c=1).
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FIGURE 7. For a=c =1, (a) the dashed curve corresponds to the value of b(M) when
the steady state loses convexity and the solid curve corresponds to the value b(M) when
a second dry zone appears at the bottom of the sphere; (b) the zoom-in illustrates the
nonlinear behaviour of both curves when M approaches zero.

a convex shape and only one dry zone on the top of the sphere if c=1 and b <a
for any mass M. Note that for a fixed c, once a steady solution A(x) is found for a
given set of parameters {a, b, M}, a scaled solution kh(x) also exists for the scaled
parameters {ka, kb, kM}. We can thus fix the mass (e.g. at M =2) and only the ratio
b/a determines the transitions in the shapes.

Consider the case when two dry zones are present (e.g. see figure 3b), one on the
top and one on the bottom of the rotating sphere. In this case the steady state has
two touchdown points x; and x,. The set of equations that determine their positions
consists of:

h(x;) =0, h(x)=0, HK(@x)=0, HK(x)=0, /xz h(xyde=M, (4.32a—e)

X1

together with the requirement that & should be regular or A(x) < co. Given, a, b, ¢
and M, the resulting equations for x;, x», ¢;, ¢, and A are nonlinear and lengthy (they
are not displayed here for brevity) and challenging to solve.

However, for the symmetric case with x; = —x, which corresponds to the absence
of gravity a =0, Maple can find the solution to the nonlinear equations numerically.
For instance, for parameters a=0, b=100, c=1 and M =0.2, the numerical solution
is ¢; =0, ¢ & =5.051, 1~ 4.091 and x, = —x; =~ 0.518. The energy value at this
steady state is approximately E(h) = 0.608. The asymptotic approach of the energy to
this minimal value, obtained via transient computations in COMSOL, is illustrated in
figure 5.
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FIGURE 8. For ¢=1, (a) the ratio b/a versus the value of the first touchdown point x;;
the dashed curve corresponds to the value of the ratio b/a when the steady state loses
convexity and the solid curve to the value b/a when the second dry zone starts to appear;
(b) the zoom-in illustrates that for b < a the steady state has a convex shape and only one
dry zone on the top of the sphere for any value of M.

More generally, to obtain non-symmetric steady states with 2 dry zones, one
can proceed as follows. First we note that parameter ¢ can always be set to unity
(provided surface tension is present) by taking the time scale 7 to be given by
3uR*/H30 in (2.20). With that choice for the time scale, parameters a and b both
become proportional to 1/H. Therefore, as the value of H changes, the ratio of a to
b does not change. Also, adjustments to H are equivalent to changing the volume
M in (4.32). We thus proceed by setting b =1 as well (to be adjusted later). Now,
rather than specifying the parameters and looking for the touchdown points, we
start by specifying the touchdown points and see if we can find the parameters that
correspond to them. So, we choose the two values x; and x, for the touchdown points
in the range —1 < x; <x, < 1. Next we impose three of the constraints

) =0, W)=0, h(x)=hx). (4.32a—c)

The constant A disappears from these three equations. But with c=1 and b =1, the
remaining coefficients a, ¢; and ¢, can be found from the three equations, which are
linear in the three unknowns. At this point, constant A which simply shifts the profile
h(x) up and down can be found by enforcing that A(x;) =0 or h(x,) =0. The portion
of the resulting curve h(x) that lies between x; and x, represents the film profile in the
wet zone. To adjust its area to any desired value, we simply calculate the present value
of the integral M’ = |’ )iz h(x) dx and multiply the function A(x) by M/M'. This has the
effect of adjusting the values of parameters a and b (and A4, ¢; and c¢;), while keeping
c¢=1. For definiteness, we can choose M =2, which corresponds to the interpretation
of H as the average of the initial height profile. Our scaled numerical simulations can
thus start with the uniform initial condition A(x, 0) = 1.

As an example, for the arbitrarily chosen case with touchdown points at x; = 0.25
and x, = 0.75, the above procedure leads to the parameter values a = 16084.8, b =
31785.5 and ¢ =1 corresponding to M = 2. Transient COMSOL simulations starting
with A(x, 0) =1 for these parameter values are shown in figure 9, verifying that the
solution approaches the predicted steady profile having those same touchdown points
for long time periods.

5. Discussion

In this work, we have derived the evolution equation for a thin liquid film on
a rotating sphere in the presence of gravity, surface tension and centrifugal forces.
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FIGURE 9. Time evolution of the coating shape in x, 6 and polar coordinates is presented
by two time snap shots r=2 x 10~ on (a,c,e) t=5x 10° on (b,d.f).

We have also obtained the overall potential energy functional for this system and
shown that the energy-minimizing steady states of the system are global attractors.

Upon analysing the steady states in various parameter regimes, we can summarize
the results as follows. In the absence of rotation but with gravity and surface tension
both present, the steady state has a convex drop-like shape with a dry zone on the top
of the sphere. If we parameterize this state in terms of the total volume of the liquid
film, we find that as the volume decreases, the dry zone will increase in size and
the wet region occupied by the drop becomes more concentrated near the bottom (i.e.
south pole) of the sphere. By contrast, as the amount of liquid in the system increases,
the dry zone ultimately disappears and the state becomes one with a uniformly positive
film thickness all around the sphere. Adding rotation (or increasing dimensionless
parameter b away from zero) changes the shape of the steady state in the following
way: starting with the convex-shaped hanging drop with a dry zone on the top of
the sphere, as the rotation rate b increases, the drop shape loses convexity and a
dimple appears in the interface at the bottom. As the rotation rate increases even more,
that dimple grows in size and eventually touches down at the south pole, initiating a
second dry zone that grows in size with further increases of the rotation rate.

The steady states on such a rotating sphere are qualitatively different from the ones
that have been studied on a rotating cylinder or vertical disk. In most of these (an
exception being the work of Evans, Schwartz & Roy (2004) who showed that the
centrifugal force can lead to instabilities and drop formation on a rapidly rotating
cylinder), centrifugal forces are not taken into account. Rather, the kinematic effect
of rotation along with the no-slip boundary condition provide an equilibrium film
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thickness with the gravitational draining flow counteracted by the upward motion of
the surface on one half of the region, and assisted by the downward motion on the
other side. In our analysis, in the rotating frame, the sphere surface is completely
stationary. But the centrifugal forces due to rotation drive the fluid toward the
equator. The resulting steady states are shapes with no flow occurring within them
once equilibrium is established.

There are multiple avenues for extending and generalizing the present work. It
would be interesting to relax the assumption of axisymmetry and allow for dependence
on the azimuthal angle. In particular, whether the axisymmetric global attractors
obtained in the present work are stable to azimuthal perturbations is an important
question to address. It is also useful to study cases where Marangoni effects associated
with the dependence of surface tension on temperature or surfactant concentration are
taken into account. One can also study thin films on the inside of rotating spheres,
and consider cases where the effects of Coriolis forces are not negligible.
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Appendix A. Justification of the lubrication approach

Whereas § 2 derives the thin-film equation starting with the simplified dimensional
forms of the momentum and continuity equations, here we present the more rigorous
derivation starting with the complete equations of motion and boundary conditions,
with proper scaling and non-dimensionalization of the variables resulting in the correct
leading-order evolution equation for the film, showing it to be the same as the one
obtained in §2.

The governing incompressible Navier—Stokes equations describing flow on the outer
surface of the rotating sphere in the rotating frame are given by

V.v=0, (A1)

Dv
D¢

The last two terms in the momentum equation represent the Coriolis and centrifugal
forces, respectively. We assume that the sphere is rotating with a constant angular
velocity $2. In this paper, we are interested in the limit where centrifugal and
gravity forces are of comparable magnitudes but the Coriolis forces are negligible in
comparison. The parameter regime where this is possible is described below and it
is only when the Coriolis term is negligible that one can obtain a two-dimensional
axisymmetric flow (with only r- and 8-components) in the rotating frame.

The no-slip boundary condition on the sphere surface in the rotating frame is given
by

p—=—Vp+pg+uViv—202 xv—pR2 x (2 xr). (A2)

v=0 atr=R. (A3)

We also need to introduce the dynamical boundary conditions (i.e. the normal and
tangential stress balances) on the free surface of the film, namely

—n-E-n=p,+0oV-n, t-E-n=0, atr=R+h(,1), (Ada,b)
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where, assuming no dependence on the azimuthal angle ¢,

. VZ 1 [ 1 } (AS)
n—= =
IVZL 1+ (he/ R+ h)? Lhe/ R+ 1)
is the unit normal vector,
‘= [h9/<fl+ h)] A6)
is the tangent vector and
ov, d /v 10v,
Wy TP “<rar (f)Jrrae)
E= (A7)

0 (v9>+18vr ) 18v9+v,
H rar r r 00 H r 00 r p
is the stress tensor in the viscous film. Here, hy = 0h/d0. Therefore we can rewrite
the normal stress balance as

v,  her 9 /ug hy  dv, he \? /10vs v,

he \? 8r+R+h8r<r)+(R+h)r89+<R—|—h> (r8t9+r>]
14+ | ——
R+h

=po —Plren +0V -n (AB)

and the tangential stress balance as

he \*/ 0 <v9)+18v, N 2hy [dv, v, 103vg
LA A _ur Lov
R+h or \'r r 00 R+h \ or r r 060

0 /g 10v,
2 <7)_7 -0, (A9)
ar \ r r 06
at r=R+h.
We also need the continuity equation in axisymmetric spherical coordinates:

18(2)+ 8('(9)) 0 (A'10)
——(rv, - — (sin(8)vy) = 0.
rar rsin(9) 80 ’

In spherical coordinates, with £2 = 2k and with g= —gl},, we can define a modified
pressure P by

P=p—1p2*r sin’(0) + pgrcos(9), (A1)
using which the momentum equation can be written simply as
Dv )
pE=—VP+MV v, (A12)

having dropped the Coriolis term (the justification for which is presented below). The
r-component of the momentum equation reads:

(81}, v,  vg OV, v§> P
p r I = —

or TV Y e Ty ar

2

RPN FL I PR L (P 1 AL
——(r*v,) + ———— | sin ,
“lrar 7 sin6 06 96
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while its -component is given by

(ng 8'09 Vg avg Uﬂ)g) 10P
o =

or Ve T e T r 90
RPN LIPS 170 WD U 0 N e S 1 BN
—— | r— —— [ ———(vp sin — .
Fl2ar " ar ) " 7290 \sing o 2 90

We define the scaled non-dimensional variables:

N Vg . v, A . r—R , Vt ~ P
V=—, U=—, 0=0, y= , t=— and P=—, (Al5a—f)
Vv eV €R R Py
where , )
H PoR
=P8 _ €70 und Py=pgR. (A 16a,b)
w w

In terms of these variables, the non-dimensional form of the continuity equation (A 10)
becomes:

eVR* 1 0 ((1+€9)%D,) 1% 1 9
€R? (1 + €5)> 39 Rsind 1+€3 38

(ﬁg sin é) —0. (A17)

The r-component of the momentum equation reads:

V2 oab, . 8D, b 90, 02 19P
— |le—4+€ev,— +¢€ — — — | =———
gR ot ay 1+eyd8 1+e€y € dy
M [ L% vepiy+—o 0 ( éaﬁ’ﬂ (A18)
2 e €))7V, ——— = | sinf—
PgR? | e(1 4 €y)? 3y? (1+€y)?sin6 30 20

while its -component is given by

Vv (9D a0 vy 0D 0,0
(e ey e S B
gR \ 0t dy l+eyogsd 1+ey

1 9P 14 1 3 XL
- L { —— ((1+ey>2 f)
l+eyad pgR* |€*(1 +€y)” dy ay

R ( L é)>+ 2 86,] A1)
~n A =~ —~(VUp S1n ——= = | -
(1+€9)2 00 \sind o * (1+€9)? 9f

We use the lubrication approximation parameter € = H/R <« 1. Therefore we have V =
€’PoR /.~ O(€*) and Re = pVR/u ~ O(€?).
The dimensionless form of the no-slip boundary condition is

5o=0 at $=0. (A 20)

After scaling the tangential stress balance boundary condition (A9), we see that the
r(0/0r)(vy/r) term is dominant; thus this boundary condition can be simplified to

oV ~
% ~0 at H=h. (A21)
ay
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In the normal stress balance, the terms on the left-hand side of (A 8) have scale no
larger than wV/R while the right-hand side has the scale Py. So the right-hand side
dominates and this boundary condition reduces to

Pl =L — LR 20) 1 cos®) + -2V -k, (A22)
pgR  2g P&R

The leading-order form of the continuity equation is

o0, 1 0 < i é) 0 (A23)
~ ~—= | Vg S1In = V.
9% ' sinbod \

As V?/(gR) =€’Re = O(€*), the leading-order form of the r-momentum equation reads:

P
~=0. (A24)
dy
Finally, the leading-order form of the #-momentum equation becomes:
) R
= (A25)
90 9y

With regard to the neglect of the Coriolis term, we see that it scales with p2V,
which is negligible compared to the leading-order term dP/dr (with scale pg/e) in
the r-momentum equation and the leading-order term 0P/06 (with scale pgR) in
the f-momentum equation. In particular, ensuring that the Coriolis term is negligible
compared to gravity means 2 < g/V, while keeping the Coriolis term small compared
to the centrifugal term requires £2 >> V/R. The simultaneous inequalities

V 8
—LNRK= A26

can only be achieved if V itself satisfies the inequality
V2 K gR. (A27)

Since the drainage velocity scale V = pgH?/u can be quite small for a thin and highly
viscous film, it can be much smaller than the velocity scale /gR associated with free
fall through distance R. In terms of this drainage velocity scale, the above requirement
becomes: €%p+/gR3/u < 1, and the angular velocity §2 needs to be large compared
to V/R but small compared to g/V.

We now can solve for vy from the §-momentum equation and (A 20), (A21):

by = | afx@ 2h) (A 28)

Vg = ——=x — .

=5 P 6)’
The evolution equation for the thin film, obtained by integrating the continuity
equation at a fixed 6 across the radial direction and applying the kinematic boundary
condition at the surface, reads

oh I I A
— == ~— | sin@ vgdy | . (A29)
ot sin 6 90 0
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By substituting the solution for 74 we find

dh 1 9 inf aP -
S [ -2 =o. (A30)
0f  sinf 90 3 90

To obtain the expression for 9P/ 96, we use the normal stress balance condition at the
boundary (A22)

=P Ry coso) £ TV (A31)
P — sin coS *n,
=T pgR - 2g pgR
where
Y YOI VSR By (AL (A32)
AR — — — — (sin(@)— ) | .
R R sin(6) 90 90

We thus find the leading-order dimensionless pressure gradient to be (dropping the
hats for clarity):

op 0+ R @) cos(@) + —— off 9 2h + L2 (g ) oh (A33)
—— =sin sin(0) cos — [ sin(@®)— ||,
00 g pgR® 36 sin(0) 26 20

which leads to the leading-order dimensionless evolution equation:

oh 19
— — [sin(®)R* 2| =0, A 34
or T sin(@) 90 [sin®)#" 2] (A34
with
D =a sin(©) + b sin(©) cos(©@) + ¢ — |20+ —— 2 (sin@) 2L (A35)
=da SlIl sm COS cC — Sin —_— .
396 sin(6) 96 390
where , - \
H Q2°H H
_ ™8 , b:L, C:TJ, (A36a—c)
3uR 3u 3uR?

in agreement with the result of § 2. Note that in arriving at this form, we have allowed
for a more arbitrary scaling of the time variable with time scale t as opposed to the
original R/V.

Appendix B. Navier slip boundary condition

In this paper we restricted our analysis and computations to the no-slip condition
between the surface of the sphere and the coating liquid layer. It is relatively
straightforward to model some degree of slip at that surface. We shall present the
derivation here, working with the dimensional form of the equations. The boundary
condition at r = R changes from no slip (vy =0) to one allowing for slip based on
the Navier slip model, namely

p d vy
vo="r,=BRE (7) at r=R. (B1)
1% ar \r
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Here, 7,4 is the shear stress evaluated on the sphere surface. Note that 8 has units
of length and can be interpreted as a ‘slip length’. We recover the no-slip condition
when g =0.

Solving the equation for v, with the new boundary condition given above results in

R*+ R*(h — 2r) + R*r* — Rhr* — 2Bhr*\ 1 3P
Vg = ——. B2)
2(R?> — Rh —2Bh)r wu ae
Calculating ¢ = [ K+ vp dr then yields
h 3R* 1 9P
g=—|=>——~ +3R*+3Rh+ 1’ ) (B3)
6 \2Bh—R(R—h) woo
When B =0, we recover the no-slip result that
h*(2R h18P W 19P
Q ———— for h<R. (B4)

6(R—h) u80 3 a0

If we consider the case where 8 and & are of the same order of magnitude and both
are much smaller than R (i.e. with B/R= C(¢) and h/R = O (¢€)), the leading term in
flux ¢ takes the form

W o\ 1 0P
g~— | —+Bh*) —— for h~ B <R, (B5)
3 w96

which is the usual result for incorporating the Navier slip model in the thin-film
equations. However, taking the formal limit 8 — oo, which corresponds to perfect
slip on the sphere surface, would result in

, , 10P R 109P
7(3R 3R+ 1Y) S e~ e s for h<R (B6)

We see that the ‘mobility’ factor that relates the flux g to the pressure gradient scales
as h* for no slip and as h for perfect slip, but it changes sign in the two limits; with
perfect slip, the flux appears to move ‘uphill’ against the pressure! The limit of perfect
slip on the surface does not appear to be physically well posed.

Obviously, one needs to be careful with the scaling of the slip length . Physically
B is thought to be extremely small, so in all likelihood B < h <« R except where h— 0
at the touchdown points of the dry zones. On the other hand, to assume perfect slip we
must take B — oo, which would imply that 7 << R < B (the case that does not appear
to be well posed). One can also consider intermediate regimes when 7 < 8 < R, or
as we saw above, cases when B and h are of comparable magnitudes and both small
compared to R.

REFERENCES

BANKOFF, S. G. 1971 Stability of liquid flow down a heated inclined plane. Intl J. Heat Mass
Transfer 14 (3), 377-385.

BENILOV, E. S., BENILOV, M. S. & KOPTEVA, N. 2008 Steady rimming flows with surface tension.
J. Fluid Mech. 597, 91-118.

BENILOV, E. S., O’BRIEN, S. B. G. & SAazoNov, I. A.2003 A new type of instability: explosive
disturbances in a liquid film inside a rotating horizontal cylinder. J. Fluid Mech. 497, 201-224.


https://doi.org/10.1017/jfm.2016.67

https://doi.org/10.1017/jfm.2016.67 Published online by Cambridge University Press

518 D. Kang, A. Nadim and M. Chugunova

BENILOV, E. S. & ORON, A.2010 The height of a static liquid column pulled out of an infinite
pool. Phys. Fluids 22 (10), 102101.

BENJAMIN, T. B. 1957 Wave formation in laminar flow down an inclined plane. J. Fluid Mech. 2
(06), 554-573.

BURCHARD, A., CHUGUNOVA, M. & STEPHENS, B. 2012 Convergence to equilibrium for a thin
film equation on a cylindrical surface. Commun. Part. Diff. Equ. 37, 585-609.

EvaNns, P. L., SCHWARTZ, L. W. & ROy, R. V. 2004 Steady and unsteady solutions for coating
flow on a rotating horizontal cylinder: two-dimensional theoretical and numerical modeling.
Phys. Fluids 16 (8), 2742-2756.

GIACOMELLI, L. 1999 A fourth-order degenerate parabolic equation describing thin viscous flows
over an inclined plane. Appl. Maths Lett. 12 (8), 107-111.

HOCKING, L. M. 1990 Spreading and instability of a viscous fluid sheet. J. Fluid Mech. 211,
373-392.

JOHNSON, R. E. 1988 Steady-state coating flows inside a rotating horizontal cylinder. J. Fluid Mech.
190, 321-342.

KARABUT, E. A.2007 Two regimes of liquid film flow on a rotating cylinder. J. Appl. Mech. Tech.
Phys. 48 (1), 55-64.

KELMANSON, M. A. 2009 On inertial effects in the Moffatt—Pukhnachov coating-flow problem.
J. Fluid Mech. 633, 327-353.

LEVY, R., SHEARER, M. & WITELSKI, T. P.2007 Gravity-driven thin liquid films with insoluble
surfactant: smooth traveling waves. Eur. J. Appl. Maths 18 (6), 679-708.

L1, L., BRAUN, R. J., MAKI, K. L., HENSHAW, W. D. & KING-SMITH, P. E. 2014 Tear film
dynamics with evaporation, wetting, and time-dependent flux boundary condition on an eye-
shaped domain. Phys. Fluids 26 (5), 052101.

MOFFATT, H. K. 1977 Behaviour of a viscous film on the outer surface of a rotating cylinder.
J. Méc. 16 (5), 651-673.

MYERS, T. G., CHARPIN, J. P. F. & CHAPMAN, S. J. 2002 The flow and solidification of a thin
fluid film on an arbitrary three-dimensional surface. Phys. Fluids 14 (8), 2788-2803.
O’BRIEN, S. B. G. 1998 A model for the coating of cylindrical light bulbs. Prog. Indust. Math.

ECMI 98, 45-54.

PARMAR, N. H., TIRUMKUDULU, M. S. & HINCH, E. J. 2009 Coating flow of viscous liquids on
a rotating vertical disk. Phys. Fluids 21, 103102.

PETERSON, E. R. & SHEARER, M. 2011 Radial spreading of a surfactant on a thin liquid film.
Appl. Maths Res. Exp. 2011 (1), 1-22.

PUKHNACHEV, V. V. 1977 Motion of a liquid film on the surface of a rotating cylinder in a
gravitational field. J. Appl. Mech. Tech. Phys. 18 (3), 344-351.

PUKHNACHOV, V. V. 2005 Capillary/gravity film flows on the surface of a rotating cylinder. J. Math.
Sci. 130 (4), 4871-4883.

SAHU, A. K. & KUMAR, S. 2014 Thin-liquid-film flow on a topographically patterned rotating
cylinder. Phys. Fluids 26 (4), 042102.

SHEARER, M. & LEVY, R. 2006 The motion of a thin liquid film driven by surfactant and gravity.
SIAM J. Appl. Maths 66 (5), 1588-1609.

TAKAGI, D. & HUPPERT, H. E. 2010 Flow and instability of thin films on a cylinder and sphere.
J. Fluid Mech. 647, 221-238.

Tuck, E. O. & SCHWARTZ, L. W. 1991 Thin static drops with a free attachment boundary. J. Fluid
Mech. 223, 313-324.


https://doi.org/10.1017/jfm.2016.67

	Dynamics and equilibria of thin viscous coating films on a rotating sphere
	Introduction
	Model formulation
	Scaling and non-dimensionalization

	The energy functional
	Transient and steady-state computations
	Transient computations
	Energy-minimizing steady states
	Uniformly positive steady states
	Steady states with one dry zone
	Steady states with two dry zones


	Discussion
	Acknowledgements
	Appendix A. Justification of the lubrication approach
	Appendix B. Navier slip boundary condition
	References




