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Summary

A comprehensive description is obtained of steady thermoviscous (i.e. with
temperature-dependent viscosity) coating and rimming flow on a uniformly rotating
horizontal cylinder which is uniformly hotter or colder than the surrounding
atmosphere. It is found that, as in the corresponding isothermal problem, there
is a critical solution with a corresponding critical load (which depends, in general, on
both the Biot number B and the thermoviscosity number V') above which no “full-
film” solutions corresponding to a continuous film of fluid covering the entire outside
or inside of the cylinder exist. The effect of thermoviscosity on both the critical
solution and the full-film solution with a prescribed load is described. In particular,
there are no full-film solutions with a prescribed load M for any value of B when
M > f71/2M60 for positive V' and when M > M.y for negative V', where f is a
monotonically decreasing function of V and M., ~ 4.44272 is the critical load in
the constant-viscosity case. It is also found that when the prescribed load satisfies
M < 1.50315 there is a narrow region of the B—V parameter plane in which backflow
occurs.

1. Introduction

The influence of thermoviscosity (i.e. temperature-dependent viscosity) effects on the two-
dimensional flow of a thin film of viscous fluid on either the outside (often called “coating
flow”) or the inside (often called “rimming flow”) of a uniformly rotating horizontal cylinder
is studied. The corresponding isothermal problem has been studied extensively, largely
building on the pioneering work of Pukhnachev’ (36) and Moffatt (28). Pukhnachev (36)
discussed the existence and uniqueness of solutions for coating flow of the steady two-
dimensional Navier—Stokes equations and then used lubrication theory to derive an evolution
equation that includes the effects of gravity, viscosity and surface tension, while Moffatt
(28) considered coating flow both theoretically using a model based on lubrication theory
and experimentally and, in particular, found that steady continuous, finite and non-zero
solutions to his model (hereafter referred to as “full-film” solutions) are possible only below
a critical load.

There have been many subsequent studies of isothermal coating flow, including those
by Hansen and Kelmanson (17) who obtained steady numerical solutions to the Stokes
equations, and Duffy and Wilson (10) who extended Moffatt’s work to include “curtain”
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solutions, that is, solutions that are unbounded at the top and bottom of the cylinder
representing fluid falling onto and off the cylinder. Peterson, Jimack and Kelmanson (34)
obtained unsteady numerical solutions to the Stokes equations and found that steady-state
solutions are more readily attained for near-critical loads than for significantly sub-critical
loads, while Wilson, Hunt and Duffy (48) obtained steady numerical solutions to the Stokes
equations for both coating and rimming flow in the critical state and developed higher order
asymptotic solutions in the limit of small aspect ratio of the film. Hinch and Kelmanson
(18) analysed and numerically solved the evolution equation derived by Pukhnachev (36)
and found that perturbations to the solutions decay slowly to the steady state and exhibit
a phase lag, while Karabut (25) investigated the same model and obtained solutions
representing a hanging drop, and Kelmanson (26) extended the work of Pukhnachev (36)
by including inertial effects in the model. Evans, Schwartz and Roy (13) derived a three-
dimensional evolution equation for coating flow which includes the effects of rotation,
gravity and surface tension, and developed a two-dimensional numerical method for the
case when axial flow is neglected. Later the same authors (14) extended this work to
obtain numerical solutions of the three-dimensional problem and gave experimental results
that confirmed the general features of the numerical simulation. Noakes, King and Riley
(29) investigated the three-dimensional stability of coating flow in the absence of gravity,
and later the same authors (30) considered three-dimensional rimming and coating flows in
which inertial effects (including centrifugal effects) are significant, along with the effects of
viscous, gravitational and surface-tension forces. Hunt (20) obtained unsteady numerical
solutions to the Stokes equations for flow on an elliptical (rather than a circular) cylinder,
and Tougher, Wilson and Duffy (42) analysed the approach to the critical solution found
by Moffatt (28) valid for both rimming and coating flow.

There has also been considerable work on isothermal rimming flow. Unlike coating flow,
where it is possible for fluid to drop off the cylinder if the load is too large, in rimming
flow the fluid is trapped within the cylinder and so a “pool” of fluid may form within the
cylinder. Johnson (23) considered steady rimming flow and found four types of solution,
with very different free-surface profiles, two in which the fluid fully coats the cylinder, one
in which the fluid pools at the bottom, and one in which the fluid coats only one side of the
cylinder. Two of these profiles involve non-symmetrical solutions with a shock-like jump in
the film thickness (often called “shock solutions”) and have loads greater than the critical
load found by Moffatt (28). Wilson and Williams (45) derived and numerically solved an
evolution equation including the smoothing effect of surface tension that determines the size
and location of the shock, while O’Brien and Gath (32) used lubrication theory to determine
the height and location of the shocks without surface-tension smoothing. Tirumkudulu and
Acrivos (41) extended the lubrication-theory model derived by Moffatt (28) by adding a
higher-order term arising from the hydrostatic pressure, and found good agreement with
experimental measurements and numerical solutions of the Stokes equations, while Acrivos
and Jin (1) investigated the stability of the model, and the same authors (22) made
use of the model to study three-dimensional rimming flows with axially varying viscosity.
O’Brien (31) extended the two-dimensional lubrication-theory model by including higher-
order terms arising from the hydrostatic pressure and surface tension and investigated the
stability of both smooth and shock solutions. Subsequently, various aspects of the stability
of the flow were examined in three papers by Benilov, O’Brien and co-workers (4, 5, 6),
the latter of which considered the effect of inertia and found that while it always causes
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instability, this instability may be counteracted by an increase in viscosity so as to make
the time of growth so large that the solution is effectively stable. Ashmore, Hosoi and
Stone (2) considered steady two-dimensional rimming flow where gravitational forces are
large compared to viscous forces and surface-tension effects are included, resulting in a flow
with a pool of fluid at the bottom of the cylinder, while Benilov, Benilov and Kopteva (7)
investigated this pooling behaviour and derived a matched asymptotic solution describing
the pool. Villegas-Diaz, Power and Riley (44) considered two-dimensional flow subject to a
surface shear and includes the effects of surface tension and higher order gravity effects, while
recently Pougatch and Frigaard (35) analysed a three-dimensional evolution equation that
retains the terms at first order in the film aspect ratio and so included the effect of inertia
as well as higher order effects of gravity and viscosity. Thoroddsen and Mahadevan (40)
conducted an experimental study of rimming flow and described many different phenomena
including a shark’s-teeth-like pattern in the axial direction, while Hosoi and Mahadevan
(19) derived an evolution equation including weak surface tension and weak inertia effects
and found solutions showing the shark’s-teeth pattern, and Chen, Tsai, Liu and Wu (9)
carried out an experimental investigation into the conditions in which a uniform film occurs.

Owing to the wide range of practical situations in which thermoviscosity effects are
significant there have been a number of studies of the effects of thermoviscosity on the
non-isothermal flow of thin films of fluid on a variety of substrates. Thermoviscous flow of a
thin film of fluid down an inclined substrate has been studied by, among others, Goussis and
Kelly (15, 16) and Hwang and Weng (21) who considered the stability of the film, Kabova
and Kuznetsov (24) who calculated the steady flow of the film with both thermoviscous
and thermocapillary (i.e. temperature-dependent surface tension) effects, and Duffy and
Wilson (11, 46, 47) who studied the steady flow of a thin rivulet of fluid for three viscosity
models (namely a linear, an exponential and an Eyring model). There have also been many
studies of thermoviscous flow of a thin film of fluid on a horizontal substrate: Reisfeld
and Bankoff (37) and Wu and Hwang (50) independently considered the evolution and
eventual rupture of the film subject to surface tension and van der Waals forces, Selak
and Lebon (39) investigated the onset of convection in a quiescent film subject to both
buoyancy and thermocapillary effects, and Sansom, King and Riley (38) considered the
spreading of the film for three viscosity models (namely a linear, an exponential and a
biviscosity model). Motivated by lava flows, Bercovici (8) and Balmforth and Craster (3)
studied the radial spreading of a film, with the former including thermal advection and the
latter considering a viscoplastic fluid with a yield stress, while Osiptsov (33) considered the
thermoviscous flow of a thin film of fluid over a conical surface with fluid being supplied
at the apex. Unsteady flow of a thin film of fluid with thermoviscous and thermocapillary
effects on a uniformly rotating disk was considered independently by Usha, Ravindran and
Uma (43) and Wu (49). However, relatively little work has been done on thermoviscous
coating and rimming flow on a heated or cooled horizontal cylinder. Duffy and Wilson
(12) used lubrication theory to study steady flow on both a stationary and a uniformly
rotating cylinder in the rather special case in which the free surface is at the same uniform
temperature as the surrounding atmosphere and found that the film thickness (and hence
the load, but not the temperature or the velocity) can be obtained by a simple re-scaling
of the isothermal solution, and recently Leslie, Wilson and Duffy (27) analysed steady
thermoviscous flow with prescribed flux on a stationary cylinder. In the present work we
obtain a comprehensive description of steady thermoviscous coating and rimming flow on
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a uniformly rotating horizontal cylinder. In particular, the effect of thermoviscosity on
both the critical solution and the full-film solution with a prescribed load is described. In
the Appendix a distinguished limit corresponding to strong thermoviscosity and weak heat
transfer at the free surface in which thermoviscosity effects still enter the problem at leading
order is discussed.

2. Problem Formulation

Consider the steady two-dimensional thermoviscous flow of a thin film of a Newtonian fluid
with uniform density p and temperature-dependent viscosity u = p(7"), where T' denotes the
(in general) non-uniform temperature of the fluid, on either the outside (“coating flow”) or
the inside (“rimming flow”) of a circular cylinder of radius a rotating in a counter-clockwise
direction about its horizontal axis at uniform angular speed 2 (so that the circumferential
speed is af2), the cylinder being at the uniform temperature Ty, which may be either hotter
or colder than the uniform temperature of the surrounding atmosphere, denoted by T4,
(# Tp). Where possible we will consider a general viscosity model p = u(T), where u(T)
is any monotonically decreasing function of T satisfying u = po and dup/dT = =X (< 0)
when T = Ty, where A (> 0) is a prescribed positive constant, and so the appropriate
non-dimensional measure of thermoviscosity is the thermoviscosity number, V, defined by

MTo — Two)
Ho .

V= (2.1)
Since V' has the same sign as Ty — T, situations in which the cylinder is hotter (colder)
than the atmosphere correspond to positive (negative) values of V. When it is necessary to
specify a particular viscosity model we will use the exponential viscosity model

W(T) = pio exp (—“TMT)) (2.2)

as used by many previous authors, for example (3, 15, 16, 21, 27, 39, 46). As, for
example, Leslie, Wilson and Duffy (27) describe, physically realistic values of V' vary over
several orders of magnitude from arbitrarily small values (when the viscosity is effectively
independent of temperature and/or when the magnitude of the heating or cooling is small)
to reasonably large values (when the viscosity is strongly dependent on temperature and/or
when the magnitude of the heating or cooling is large).

Referred to polar coordinates r = a =Y (with origin at the cylinder’s axis) and 6
(measured counter-clockwise from the horizontal), as shown in Figure 1 (drawn for coating
flow), we take the free surface of the fluid to be at r = a+h for coating flow and r = a—h for
rimming flow, the film thickness being denoted by h = h(f). The fluid velocity u = ueg+ve,
(where ey and e, denote unit vectors in the azimuthal and radial directions, respectively),
the pressure p, and the temperature 1" are governed by the usual mass-conservation, Navier—
Stokes and energy equations. On the cylinder r = a the velocity u satisfies no-slip and
no-penetration conditions, and the temperature is T = Ty (a prescribed constant). On the
free surface r = a £+ h the usual normal and tangential stress balances and the kinematic
condition apply, as does Newton’s law of cooling —k, VT - n = (T — T ), where kip
denotes the thermal conductivity of the fluid (assumed constant), ayn (> 0) denotes an
(empirical) surface heat-transfer coefficient, and n denotes the unit outward normal to
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Fig. 1 Geometry of the problem (drawn for coating flow): steady two-dimensional thermoviscous
flow of a thin film of Newtonian fluid on a uniformly rotating horizontal cylinder which is uniformly
hotter or colder than the surrounding atmosphere.

the free surface. Surface tension, viscous dissipation, inertia and thermal advection are all

neglected (which is valid provided that the appropriate capillary number is sufficiently large

and that the appropriate Brinkman, Reynolds and Péclet numbers are sufficiently small).
We consider only thin films with small aspect ratio € defined by

O\ 1/2
€= (’;Oga> <1, (2.3)

where g denotes the magnitude of gravitational acceleration, and non-dimensionalise and
scale the system appropriately by writing

r=a(l+eY™*), h=-eah*, u=aQu*, v==teaQdv*,
P = Fea®W*, p=p.Feapgp*, T =Tw+ (To—Tx)T", (2.4)
n= Moﬂ*a Q = Eang*a M = GGQPM*a

in which the + in the 4 corresponds to coating flow while the — corresponds to rimming flow,
1 is the streamfunction satisfying « = 9¢/0Y and v = —99/00 with ) =0on Y = 0, p, is
the constant pressure in the surrounding atmosphere, @) is the constant azimuthal volume
flux of fluid per unit axial length crossing a station § = constant, and M (> 0) is the constant
fluid load on/in the cylinder (that is, the mass of fluid per unit length on/in the cylinder).
Note that since the non-dimensionalisation of temperature given in (2.4) incorporates the
factor Ty — T, which can be either positive or negative, care is required when interpreting
results for the non-dimensional temperature 7™ in terms of the dimensional temperature 7.
For clarity the star superscripts on non-dimensional variables will be omitted henceforth.
In terms of non-dimensional variables the fluid occupies 0 <Y < h for —m < 0 < 7, the
general viscosity model p = pu(T) satisfies p = 1 and du/dT = —V when T = 1, and the
exponential viscosity model (2.2) is given by

u=exp(=V(T —1)). (2.5)
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For both coating and rimming flow at leading order in € the governing equations become

ou Ov 0 ou op . 0*T B
% —+ 87 = 0, 87 (ﬂ) = COS 0, 67 = — Ssin 9, W = 0, (26)

together with the boundary conditions

u=1 v=0 and T=1 on Y =0 (2.7)
and o oT
U

where the Biot number, B (> 0), defined by

EA0th

B = ,
En

(2.9)
is the appropriate non-dimensional measure of heat transfer to or from the atmosphere at
the free surface. The special case B = 0 corresponds to a perfectly insulated free surface
with no heat transfer to or from the atmosphere (i.e. 9T/0Y = 0 on Y = h), while at
leading order in the limit B — oo the free surface is at the same uniform temperature as
the atmosphere (i.e. T=0o0nY = h).

Introducing the rescaled radial coordinate y = Y/h (so that the fluid lies within the fixed
range 0 < y < 1) and solving (2.6) subject to (2.7) and (2.8) for the azimuthal velocity
u = u(y, #), the streamfunction ¢ = 1 (y, ), the pressure p = p(y, #) and the temperature
T =T(y,0) yields

u—1—h2cos9/yidg (2.10)
o u(T(y,0) '
—y 3 Y- -9)
Y =hy — h3c059/ / dydy—hy h cos@/ ——2 = g, (2.11)
p=~h(l—y)sinb (2.12)
and Bh
Y
T=1- . 2.1
1+ Bh (2.13)
Hence the volume flux @ (= ¥(1,6)) is given by
1 5 Ty 1 7
Q:h/ udy=h—nh cos@/ / ————dgdy, (2.14)
0 o Jo m(1(g,0))
which may be re-written as
h3 cos 6
Q=h- "0, (2.15)
T Note that the rescaled stream function 1 = 1(y, #) satisfies u = }L g’ﬁ and v = + %M a—’ﬁ Leslie,

do o
Wilson and Duffy (27) erroneously omitted the second term from their correbpondlng expression for wv.
Fortunately, none of their subsequent results are affected by this oversight.
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where f = f(0) (> 0) denotes the fluidity of the fluid film, defined by

-G P -yp?
=3[ e = e (210
In the special case of constant viscosity p = 1 the fluidity is simply equal to unity, i.e. f = 1.
In the present work we shall be concerned only with “full-film” solutions, i.e. solutions
for which A is continuous, finite and non-zero for all —m < 6 < =, corresponding to a
continuous film of fluid covering the entire outside or inside of the cylinder. In particular,
for such solutions equations (2.13) and (2.16) show that f depends on @ only through its
dependence on h, and hence, using (2.15), only through its dependence on cosf. Hence
h, v and T depend on # only through cos#, and so the flow has top-to-bottom symmetry
(but not left-to-right symmetry). Moreover, at the top and the bottom of the cylinder
(0 = +m/2) the film thickness is simply A = @ (from which we trivially deduce that @ > 0)
and the velocity is a uniform (i.e. independent of y) “plug flow” u = 1 across the film.
The fluid load in/on the cylinder, M (> 0), is given by

M= hd9=2/°hda (2.17)
0

—T

With the viscosity model u = p(T) prescribed, the film thickness h is determined in
terms of @) by the algebraic equation (2.15) in which f is given by (2.16). The value of @ is
determined from either an appropriate criticality condition (given in Section 5) or from the
condition of prescribed load using (2.17). The properties and behaviour of the solutions in
these two cases are discussed in detail in Sections 5 and 6, respectively, but in both cases,
the solutions for u, ¥, p and T are given explicitly by (2.10)—(2.13), respectively.

3. The Special Case of Constant Viscosity

If either there is no heat transfer to or from the atmosphere at the free surface (i.e. in
dimensional terms if oy, = 0) so that B = 0 (in which case the fluid film is isothermal
with constant temperature 7' = 1) or the viscosity is independent of temperature (i.e. in
dimensional terms if A = 0) so that V = 0 (in which case the fluid film is non-isothermal
with non-constant temperature 7' # 1), then the fluid has constant viscosity u = 1 and
fluidity f = 1. In either case we recover the classical constant-viscosity solution derived by
Moffatt (28), denoted by h = hg, u = ug, ¥ = ¥, Q@ = Qo and M = My, where

h2 cos 6
up=1- "0 )y, (31)
h3 cos @
Yo = hoy — (B -y, (3.2)
h3 cos 6
Qo =ho = = (3.3)

and .
My = 2/ ho dé. (3.4)
0
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Figure 2 shows contours of the flux Qg given by (3.3) in the 8/7—hy plane, which, since
they are by definition curves on which Qg = constant, represent candidate solutions for the
free surface hy = ho(#). In particular, Figure 2 shows that full-film solutions are possible
only for values of Qg satisfying 0 < Q¢ < Qcq, where Q.o = 2/3 denotes the flux of the
critical solution above which full-film solutions are not possible, and that these solutions
have loads My satisfying 0 < My < M., where M., denotes the load of the critical solution.
A detailed description of the other (i.e. non-full-film) solutions of (3.3) is given by Duffy
and Wilson (10). When 0 < Q¢ < Q¢ the full-film solution of (3.3) for hy may be written
explicitly in terms of Qg and 6 as

2 2r 1 _ 3 .
WCOS {3 — g cos ! <—2Qo[cos9]1/2>} it |0 < 7/2,
2 : L. -1 3 1/2 :
(_COWSIH}I g sinh §Q0[_ COS 6} if 77/2 < |6| S ™,

and has load M satisfying 0 < My < M., given by (3.4). The critical solution, denoted by
ho = heg, U = Ucg and Py = g, is obtained by substituting Qo = Qo = 2/3 into (3.1),
(3.2) and (3.5), and from (3.4) has load My = M.y, where

My = 2/ heodf ~ 4.44272. (3.6)
0
As Figure 2 shows, the critical film thickness h¢y has a corner at § = 0 (with corresponding
corners in all of the other streamlines ., = constant also at § = 0) given by hey =
1— H¢ol0] 4+ O(6?%), where the magnitude of the slope of the corner, denoted by H.y, is given
by Heo = 1/v/6 ~ 0.40825.

4. The General Case of Non-Constant Viscosity

In general, if there is heat transfer to or from the atmosphere at the free surface (i.e. in
dimensional terms if ay, > 0) so that B > 0 and the viscosity depends on temperature (i.e.
in dimensional terms if A > 0) so that V' # 0, then the fluid film is non-isothermal with,
in general, non-constant temperature, viscosity and fluidity. In the particular case of the
exponential viscosity model (2.5) we have

o= exp(—V(T — 1)) = exp (1 .

y ) — exp(Vy), (4.1)

where, for brevity, we have introduced the notation ¥V = V(6) defined by
BVh

- 2 4,
V=1 + Bh’ (42)
so that (2.10) yields the azimuthal velocity
h?cos 6
w=1- %[V—1+(1—V(1—y))exp(—vy)}, (4.3)

T Note that Moffatt (28) gave slightly inaccurate values of Mcq and Hcg, corresponding to Mcg = 4.428
and H;op = 0.577 in the present notation.
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QO < Qco
QO > Qco QU > Qco
}LU 1 Qco Qco

0.5

n
1

Fig. 2 Contours of the flux in the constant-viscosity case, Qo, given by (3.3) in the §/7—ho plane.
The contours are drawn for Qo/Qco = 1/6, 1/3,1/2, ..., 3, where Qc, = 2/3.

(2.11) yields the stream function

3
=y~ PO V- Dy ) 41— -V en(-Vy)]  (44)

and (2.16) yields the fluidity

f= % [(V-1)>+1-2exp(-V)]. (4.5)

Note that the azimuthal velocity profile (4.3) is, in general, very different from the simple
parabolic velocity profile in the constant-viscosity case (3.1), and that the fluidity (4.5)
is a monotonically decreasing function of V satisfying f = O(exp(=V)/(=V)3?) — oo as
V——o00, f=1+0V)asV —0,and f=0(1/V) — 0" as V — oo.

Figure 3 shows contours of the flux @ given by (2.15) and (4.5) when B = 1 for (a)
V = =5 and (b) V = 5. These plots are typical of those for all values of B and V, and
show that, as in the constant-viscosity case, there is a critical flux Q. = Q.(B,V) with a
corresponding critical load M, = M.(B, V) (both of which, of course, now depend on both
B and V) such that full-film solutions exist only for 0 < @ < Q. (i.e. for 0 < M < M.). For
future reference, the corresponding critical solution (with Q@ = Q. and M = M,) is denoted
by p = pic, h =he, u=ue, Y =tpe, T =T and f = fe.

Figure 4 shows streamlines of the flow (drawn for coating flow) when B =1 and V =1
for (a) a prescribed load M = 4 (< M, ~ 4.73590) and (b) the critical case M = M.. In
particular, in the case shown in Figure 4 the azimuthal velocity u is always in the same
direction as the rotation of the cylinder (i.e. u > 0 for all 0 <y < 1), and so backflow (i.e.
u < 0 somewhere in 0 < y < 1) does not occur. While this is by far the most common
behaviour (i.e. for most values of B and V' backflow does not occur), unlike in the special
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Qy

24 2

Q> Qe

1.5

h 14 h 14

Q<Qc
0.5 0.5
-
0-l T T T T O-l T T T
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1
0/m 0/m

(b)

Fig. 3 Contours of the flux in the non-constant-viscosity case, @, given by (2.15) and (4.5) in the
0/m—h plane when B =1 for (a) V = —5 and (b) V = 5. The contours are drawn for Q/Q. = 1/6,
1/3,1/2, ..., 3, where (a) Q. ~ 0.49107 and (b) Q. ~ 0.89514.

Free Surface
wc = Qc
Cylinder
1/}(: =0
Free Surface
Y=Q

(a) (b)

Cylinder
=0

Fig. 4 Streamlines of the flow (drawn for coating flow) plotted for ¢¥/Q = 0 (the cylinder),
1/5, 2/5, 3/5, 4/5 and 1 (the free surface) when B = 1 and V = 1 for (a) a prescribed load
M = 4(< M. ~ 4.73590) with @ ~ 0.62083 (< Q. ~ 0.70942) and (b) the critical case M = M.
with Q = Q..



THERMOVISCOUS COATING AND RIMMING FLOW 11

case of constant viscosity in which backflow never occurs, in Section 7 we will show that
in the general case of non-constant viscosity there is a region of the B-V parameter plane
in which backflow occurs in a region on the right-hand side of the cylinder containing the
point on the free surface at # = 0 (i.e. the point y = 1 and 6 = 0).

5. The Critical Solution

In this Section we consider the properties and behaviour of the non-constant-viscosity
critical solution with load M = M, introduced in Section 4 such that full-film solutions
exist only for 0 < M < M,.. Not only is this generalisation of the classical constant-
viscosity critical solution of some interest in its own right, but, as we shall see subsequently
in Section 6, it is crucial to understanding the properties and behaviour of solutions with a
prescribed load.

As Figures 2 and 3 clearly show, the unique feature of the critical solution is that @) has
a saddle point at = 0 and h = h.(0), at which point 0Q /96 = 0 and 9Q/0h = 0, which

leads to the criticality condition
d [ fh3
— L) =1 1
dh ( 3 ) (5-1)

evaluated at § = 0. For the exponential viscosity model (4.1) the criticality condition (5.1)
yields

V242DV —2) =2V 46— B2V (V -V)2—2(V -V +3)exp(—=V) =0 (5.2)

evaluated at 6 = 0, where V is given by (4.2). Solving (5.2) yields the value of V(0) and
hence the value of h.(0), and then (2.15) with f, given by (4.5) yields the value of Q. and
the solution for h.. The solutions for ue, ¥, T and M, are then given by (4.3), (4.4), (2.13)
and (2.17), respectively. As in the constant-viscosity case, the critical film thickness h. has
a corner at § = 0 (with corresponding corners in all of the other streamlines ¢, = constant
also at @ = 0) given by h. = h.(0) — H.|0| + O(6?), where the magnitude of the slope of
the corner, denoted by H, = H.(B,V) (which, of course, now depends on both B and V)
is given by

_ V2 [(V — 1)2 41— 26Xp(—V)] 1/2
He = (232(1/ —VRVZ4+2V(V —2) -2V +6—[(V -V —2)? +2] exp(_v)]> (5.3)

evaluated at # = 0. In fact, rather unexpectedly, a general version of (5.3) valid for any
viscosity model can be also obtained and is given by

Loy &
He= ! T(3T — 2{1; ’UJ(I;)(TdTT)(gT —-T) ) (5.4)
? /T u(T) dT/T w7

where T = T.(1,0) = 1/(1 + Bh.(0)) is the critical free-surface temperature evaluated at
0 =0.
Figure 5 shows the critical film thickness h. plotted as a function of /x for a range of
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1.6 3
’/A‘ V =5 in solid lines
1.41 \
1.29
V =30
2]
o
he 0.8 e
0.6 V=0
1A
0.2 B oo A
-
N V = —5 in dotted lines o V= —30/
T T T T T T T T T T
4 05 05 1 -1 05 ¢ 03 !
o/n 0/m

Fig. 5 Critical film thickness h. plotted as a function of §/7 for (a) B = 0 (dash-dot line) and
B =10" (n=-1, —0.75, —0.5, ..., 1.5) for V = —5 (dotted lines) and B = 10" (n = —1, —0.75,
—0.5, ..., 1) for V=5 (solid lines) and the leading-order asymptotic solution in the limit B — oo
for V.= —5 and V =5 (dashed lines), and (b) V = —30, —25, —20, ..., 30 for B = 1.

V=20

Fig. 6 Critical film thickness at 8 = 0, hc(0), plotted as a function of (a) B for V = —20, —16,
—12, ..., 20 with the asymptotic solutions in the limits B — 0T and B — oo for V = —4 and
4 (dotted lines), and (b) V for B = 0 and B = 10" (n = —1.5, —1.25, —1, ..., 1.5) with the
asymptotic solutions in the limits V' — 0, V' — oo and V — —oo for B = 1 (dotted lines) and the
leading-order asymptotic solution in the limit B — oo (dashed line).
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0.2

V=-20
, ,
0 1

(a)

.\,A
w
=
"

Fig. 7 Magnitude of the slope of the corner in the critical film thickness at § = 0, H., plotted

as a function of (a) B for V = —20, —16, —12, ..., 20 with the asymptotic solutions in the limits
B — 0% and B — oo for V = —4 and 4 (dotted lines), and (b) V for B = 0and B = 10" (n = —1.5,
—1.25, =1, ..., 1) with the asymptotic solutions in the limits V' — 0, V' — oo and V — —oo for

B =107%% (dotted lines) and the leading-order asymptotic solution in the limit B — oo (dashed
line).

values of (a) B and (b) V, and Figure 6 shows the critical film thickness at 6 = 0, h¢(0),
plotted as a function of (a) B for a range of values of V' and (b) V for a range of values of
B. In particular, Figures 5 and 6 show that h. is a decreasing function of ||, an increasing
(decreasing) function of B for positive (negative) V, and an increasing function of V.
Figures 7 and 8 show the magnitude of the slope of the corner in the critical film thickness
at § = 0, H., and the critical load M., respectively, plotted as functions of (a) B for a range
of values of V and (b) V for a range of values of B. In particular, Figures 7 and 8 show
that both H. and M, are increasing (decreasing) functions of B for positive (negative) V,
and increasing functions of V.

Figure 9 shows critical velocity profiles u. at various values of 6 in the range 0 < 0 <=
when B = 1 for (a) V = —5 and (b) V = 5. The corresponding profiles in the range
—7 < 6 < 0 follow immediately from the top-to-bottom symmetry of the flow. In particular,
Figure 9 shows that u, is an increasing function of ||, a decreasing (increasing) function of
y on the right-hand side 0 < || < 7/2 (the left-hand side 7/2 < 0| < 7) of the cylinder,
and a uniform plug flow u. = 1 at the top and bottom of the cylinder |f| = 7/2. Figure
10 shows the critical free-surface velocity at 8 = 0, u.(1,0), plotted as a function of (a) B
for a range of values of V' and (b) V for a range of values of B. In particular, Figure 10
shows that u(1,0) is an increasing (decreasing) function of B for positive (negative) V', an
increasing function of V for positive V', but a non-monotonic function of V' for negative V.

Figure 11 shows the critical free-surface temperature at 6 = 0, T.(1,0), plotted as a
function of (a) B for a range of values of V' and (b) V for a range of values of B. In
particular, Figure 11 shows that T.(1,0) is a decreasing function of both B and V.
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Fig. 8 Critical load M. plotted as a function of (a) B for V = —20, —16, —12, ..., 20 with the
asymptotic solutions in the limits B — 0" and B — oo for V = —4 and 4 (dotted lines), and (b)
V for B=0and B = 10" (n = —1.5, —1.25, —1, ..., 1.5) with the asymptotic solutions in the
limits V' — 0, V — oo and V — —oo for B = 1 (dotted lines) and the leading-order asymptotic
solution in the limit B — oo (dashed line).

1.2 1.2

0=mr 0=r
L1 y 1.1
T 2 by
€€ g=" 1€ g="
107148 3 1.0 3
0.9 0.9
Ue (.8 \ Ue (0.8
0.7 0.71
0.6 0.6
0.5 0—0 0.57 =0
0.4 T T T T T T T 0.4+ T T T T T T T
0 02 04 06 08 1 1.2 14 0 02 04 06 08 1 1.2 14
Y = hey Y = het
(a) (b)
Fig. 9 Critical velocity profiles u. plotted as a function of Y = hey at 6 =0, /32, ©/16, ..., «

when B=1 for (a) V=—-5and (b) V =5.
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0.7

0.6

0.5

uc(1,0) 0.3

0.2

0.1

Fig. 10 Critical free-surface velocity at 8 = 0, uc(1,0), plotted as a function of (a) B for V = —20,
—16, —12, ..., 20 with the leading-order asymptotic solution in the limit V' — oo (i.e. uc(1,0) =
2/3) (dashed line) and the solution for V' = 0 and the leading-order asymptotic solution in the
limit V — —oo (i.e. uc(1,0) = 1/2) (dash-dot line), and (b) V for B =0 (i.e. uc(1,0) = 1/2) and
B =10" (n = —-1.5, —1.25, —1, ..., 1.5) with the leading-order asymptotic solution in the limit
B — oo (dashed line).

B ey 1
\V — —00
8 0.84
0% V=20
0.6 0.6
Te(1,0) Te(1,0)
0.44 0.4
V=0
0.2 0.24
V — oo
i V =20
B e B
0 1 2 3 4 5
B
(a)

Fig. 11 The critical free-surface temperature at 8 = 0, Tc(1,0), plotted as a function of (a) B for
V = -20, —16, —12, ..., 20 with the leading-order asymptotic solution in the limit V' — oo (i.e.
T.(1,0) = 0) (dashed line) and the leading-order asymptotic solution in the limit V' — —oo (i.e.
T.(1,0) = 1) (dash-dot line), and (b) V for B = 0 (i.e. 7:(1,0) = 1) and B = 10" (n = —1.5, —1.25,
—1, ..., 1.5) with the leading-order asymptotic solution in the limit B — oo (i.e. Tc(1,0) = 0)
(dashed line).
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In order to complete our understanding of the effects of varying B and V on the critical
solution, in the following Subsections we analyse the behaviour of the critical solution in
the asymptotic limits B — 07, B — 00, V — 0, V — oo and V — —c0.

5.1 The Limit of Weak Heat Transfer B — 0T

At leading order in the limit of weak heat transfer at the free surface, B — 0%, the free
surface is perfectly insulated (i.e. 9T, /0y = 0 on y = 1) and the fluid film is isothermal with
constant temperature T, = 1, viscosity p. = 1 and fluidity f. = 1. Hence the leading-order
solutions for h., H., M. and u. are simply the constant-viscosity solutions kg, Hcg, Mcg
and ucy given in Section 3. The effect of variations in B first appear at O(B), to which
order the solutions for h¢, He, M., u. and T, are given by

BVh
he = heo + =5 (3heo + 1) + O(B?), (5:5)
7BV
H.=H., + —— + O(B?), 5.6
c=Heo+ 317 (B%) (5.6)
BV
My = Mo + ﬂ(3030 + Mo) + O(B?), (5.7)
BVh¢2 9
Yo = U — % [heo(8y2 — 15y +6) + 2 — y] + O(B?) (5.8)
and
B2h
T, =1 Bheyy — 2503’ [V (3heo + 1) — 24heo] + O(B3), (5.9)
where the constant Cp( is given by
Cpy = 2/ hep df ~ 3.21962. (5.10)
0

Note that the solutions (5.5)—(5.9) are valid for a general viscosity model satisfying p = 1
and du/dT = —V when T, = 1 to the order shown (but not to higher orders). The same
is true for the asymptotic solution in the limit of weak thermoviscosity V' — 0 presented
subsequently in Subsection 5.3. The solution (5.9) shows that the effect of weak heat transfer
at the free surface is to slightly decrease the temperature from its constant isothermal value
T. = 1 throughout the fluid film, and thus to slightly increase (decrease) the viscosity from
its constant isothermal value u. = 1, causing h., H. and M. to slightly increase (decrease)
from their isothermal values when V' > 0 (V < 0). Furthermore, since the sign of the first-
order term in (5.8) is simply the sign of —V cos 6, the effect of weak heat transfer at the free
surface is to slightly decrease (increase) u. from its isothermal value u.y when V cosé > 0
(Vcosf < 0). The asymptotic results (5.5)—(5.7) are included in Figures 6(a), 7(a) and
8(a), respectively.
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5.2 The Limit of Strong Heat Transfer B — oo

At leading order in the limit of strong heat transfer at the free surface, B — oo, the free
surface is at the same uniform temperature as the atmosphere (i.e. 7. = 0 on y = 1) and
the fluid film has non-constant temperature 7, = 7' = 1 — y and viscosity p. = it = M(T)
As Duffy and Wilson (12) showed, from (2.10) and (2.16) the leading-order solutions for u.

and f., denoted by 4 and f , are given by

. 7
i —h cos@/ —dT 5.11
7 w(T) (5.11)
and

1 2

A T
f:3/ S—— 5.12
o WD) (5.12)

where h denotes the leading-order solution for h.. Closed-form expressions for f for linear,
exponential and Eyring VleOblty models are given by Wilson and Duffy (46). Moreover,
since, for any viscosity model, f f (V) is a constant (and not a function of 6 as, in general,
f is) the leading-order solutions for h., H. and M., denoted by h H and M are given
simply by rescaling the corresponding constant-viscosity solutions h¢q, Hcg, QCO and M.,
according to h = f’l/QhCO, H= f’l/QHCO = (6]5)’1/2, Q= f*1/2QCO and M = fﬁl/cho.
For the exponential viscosity model V ~ V in the limit B — oo, and so the leading-order
solutions for p, uc, ¥ and f. are given simply by (4.1), (4.3)—(4.5) with V replaced by V'
respectively.

As might have been anticipated, this simple re-scaling property does not extend to higher
orders. Specifically, to higher order the solutions for h., H., M. and T, are given by

hch+m+o<;), (5.13)
o V224 3(V46)f —18 1
H.=H + 3B2((6f)3/)2 +0 (BS> , (5.14)
and
f12y  (3-Vf 1
T.=T+ J;hco (332h{§y +0 <BS> . (5.16)

The solution (5.16) shows that the effect of large-but-finite heat transfer at the free surface is
to slightly increase the temperature from its leading-order value T, = T=1- y throughout
the fluid film, and thus to slightly decrease (increase) the viscosity from its leading-order
value p. = i = exp(Vy), causing he, H. and M, to slightly decrease (increase) from their
leading-order values when V' > 0 (V' < 0). The asymptotic results (5.13)—(5.15) are included
in Figures 6(a), 7(a), and 8(a), respectively.
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5.3 The Limit of Weak Thermouiscosity V. — 0

At leading order in the limit of weak thermoviscosity, V' — 0, the fluid film has non-constant
temperature T, # 1 but constant viscosity u. = 1 and fluidity f. = 1. Hence, like in the
limit B — 07, the leading-order solutions for h¢, H., M, and u. are simply the constant-
viscosity solutions hcq, Heg, Meo and ucq given in Section 3. The effect of variations in V'
first appear at O(V'), to which order the solutions for h., H., M., u. and T, are given by

BVheo[3(1+ B)heg + 1]

he =Moo T 1A ¥ B)(1 + Bheg) os: (5.17)

H.= H.y+ B‘;ifg(ffé; " +0(V?), (5.18)

M, = Mo + 12&1 B) /Oﬂ hCO[g(fig}):gO + 1] df +0(V?), (5.19)

e — g Bt/hcgycose[(;4 z; f)gc)(z(ffB_hf;j +6) +2— ] Low?) (5.20)

and T—1- Bheoy  B*Vheoy[3(1+ B)heo + 1] Lo, (5.21)

1 + Bhey 24(1 + B)(1 + Bhe)?

The solutions in this limit are somewhat similar to those in the limit B — 07 described
previously in Subsection 5.1 and have the corresponding physical interpretation. There is,
however, one noteworthy difference. Whereas in the limit B — 07 the sign of the first-
order term in (5.8) is simply the sign of —V cos#, in the present limit it is the sign of
the somewhat more complicated expression —V cos0[(1 + B)heo(8y* — 15y + 6) + 2 — y].
Thus for 0 < heg < 1/(1+ B) and for 0 < y < yoo when 1/(1 4+ B) < heg < 1 the effect of
weak thermoviscosity is to slightly decrease (increase) u. from its isothermal value u.y when
Vcos® >0 (Vcosf < 0), whereas for yoo < y <1 when 1/(1 + B) < heg < 1 the effect is
the opposite, where y = 9o (0 < yeq < 1) satisfies (1 + B)heo(8y? — 15y +6) +2 —y = 0.
This behaviour is the first hint of the occurrence of the backflow described subsequently in
Section 7. The asymptotic results (5.17)—(5.19) are included in Figures 6(b), 7(b) and 8(b),
respectively.

5.4 The Limit of Strong Positive Thermoviscosity V. — oo

In the limit of strong positive thermoviscosity, V — oo, the solutions for h., H., M., uc

and 7T, are given by
V1/2hey 1 1
=7 _3B+O<V1/2>’ 22

o VY VABB - ) 0(1),

7 3/2 | 18B2V1/? v

(5.23)

V2M,  2r 1
M= 5 = 3540 (g .
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hc(z) cosf V/3heo cos O 1
and 3
_ 3y 2y 1
Tc =1- Yy + BVI/QhCO - BQVhC?) + O (‘/3/2) . (526)

These solutions show that at leading order in the limit of strong positive thermoviscosity the
temperature is given by T, = 1 —y and the viscosity u. = O(exp(Vy)) is exponentially large
outside a narrow boundary layer of width O(1/V) <« 1 near the cylinder y = 0, resulting
in a uniform plug flow u, = 1 — hcg cos0/3 outside the boundary layer and a large film
thickness and load of O(V1/2) > 1. The asymptotic results (5.22)-(5.24) are included in
Figures 6(b), 7(b) and 8(b), respectively.

5.5 The Limit of Strong Negative Thermouviscosity V — —oo

In the limit of strong negative thermoviscosity, V' — —oo, the solutions for h., H¢, M., uc
and T are given by

e e o () ] o (M) o
H, = B(iv) +0 <1°g‘(/2v)) , (5.28)
= b o () v -ae] 0 (BEETEY o

cos 0 B2V2wy o\ Y B2y2
c = 1— — °° 1 — 1—
=1 gave (T ) {[ls(520) -] 4w

g (322‘/2) + va} +0 (W) (5.30)

and oerd log(_V)
Y BV og(—V
T.=1- 1 — Wy — 1 O —=————= 5.31
=l o R R G )
where the function Wy o, = Wy (0) is given by
cosf
o = () o
and the constant Cy o, is given by
Cveo = 2/ Wy o df ~ —0.73144, (5.33)
0

in which Wy = Wy(x) denotes the principal real branch of the Lambert W function. Figure
12(a) shows the two real branches of the Lambert W function, which is defined to be
the solution for W = W(x) of Wexp(W) = x, namely the principal real branch Wy(x)
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Wo ()
0.2 H

W o)

Fig. 12 (a) The two real branches of the Lambert W function, Wo(z) and W_1(z), plotted as
functions of z. (b) The function Wy, = Wy(— cosf/e) plotted as a function of 0/.

with domain [—1/e,00) and range [—1,00) and the lower real branch W_;(z) with domain
[-1/e,0) and range (—oo,—1]. Figure 12(b) shows the function Wy ., given by (5.32)
plotted as a function of 6/7 and, in particular, shows that the sign of Wy o is simply the
sign of — cos . The solutions (5.27)—(5.31) show that at leading order in the limit of strong
negative thermoviscosity the temperature is given by T, = 1 and the viscosity u = O(V ~2Y)
decreases from O(1) at the cylinder y = 0 to O((—V)™2) < 1 at the free surface y = 1,
resulting in a velocity that increases (decreases) from u. = 1 at the cylinder [where there is a
narrow boundary layer of width O(1/log(—V)) < 1] to uc = 14+ Wy /2 at the free surface
[where there is another narrow boundary layer also of width O(1/log(—V)) < 1] when
cosf < 0 (cos@ > 0), and a small film thickness and load of O(log(—V)/(=V)) <« 1. The
asymptotic results (5.27)—-(5.29) are included in Figures 6(b), 7(b) and 8(b), respectively.

6. Full-Film Solution with a Prescribed Load

In this Section we consider the properties and behaviour of the non-constant-viscosity full-
film solution with a prescribed load M. As described in Section 4, such solutions exist only
when 0 < M < M., where M. is the load of the critical solution described in Section 5
and shown in Figure 8. Thus for a prescribed value of M such solutions exist, in general,
only for restricted ranges of values of B and V', and the critical values of B and V for such
solutions to exist, denoted by B. and V,, are precisely the values of B and V for which
the critical solution has load M. = M. The ranges of values of B and V depend on the
relative size of the prescribed load M compared to the load of the critical solution in the
limit B — 0T (i.e. in the constant-viscosity case), namely M., ~ 4.44272, and the load
of the critical solution in the limit B — oo, namely M = f~/2M,,, where f = f(V) is
given by (5.12), described previously. Specifically, as Figure 8(a) shows, for positive V' there
are no full-film solutions for any value of B when M > M , full-film solutions for B > B,
when M.y < M < M , and full-film solutions for all values of B when M < M., while
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M = My =~ 4.44272

-204

o

Fig. 13 The critical curves (Bc,V;) for M =1, 2, 3, ..., 12 and M = Mo ~ 4.44272. For
each value of M the corresponding curve (Bc, V;) divides the B-V parameter plane into the region
above the curve in which full-film solutions exist and the region below the curve in which they do
not exist.

for negative V there are no full-film solutions for any value of B when M > M., full-film
solutions for B < B, when M< M < M_p, and full-film solutions for all values of B when
M < M. In particular, if we denote the value of V satisfying M = M by V = V4, then
there are full-film solutions in the limit B — oo for V' > Vi, but not for V' < V. Similarly,
as Figure 8(b) shows, for all values of B there are full-film solutions for V' > V., but not
for V- < V.. This behaviour is summarised in Figure 13, which shows the critical curves
(Bc, V.) for a range of values of M. For each value of M the corresponding critical curve
(B., V) divides the BV parameter plane into the region above the curve in which full-film
solutions exist and the region below the curve in which they do not exist.

Figure 14 shows the film thickness h when M = 2 (< M,,) plotted as a function of §/7
for a range of values of B for (a) V = £4 and (b) V = £5. Figure 14 shows that when
M =2for V=5V =4and V = —4 (all of which satisfy V > V ~ —4.51567) there
are full-film solutions for all values of B, but for V' = —5 < V,,, there are full-film solutions
only for B < B, ~ 19.84427. Figure 15(a) shows the film thickness h plotted as a function
of 0/m for a range of values of B when M = 6 (> M.y) and V = 5, in which case there
are full-film solutions for B > B, ~ 0.99344. Note that there is no corresponding plot for
M = 6(> M¢y) and V = —5 because there are no full-film solutions when M > M., and
V < 0. Figure 15(b) shows the film thickness h plotted as a function of §/7 for a range of
values of V' when M = 2 (< M) and B = 1, in which case there are full-film solutions for
V > V. ~ —14.83331 (< 0). Note that the corresponding plot for M = 6 (> M) (which is
omitted for brevity) is qualitatively similar to Figure 15(b) except that V; > 0. Figures 14
and 15 also show that h is a decreasing function of ||, but, in contrast to the corresponding
results for h. shown in Figure 5, show that near § = 0 the film thickness h is a decreasing
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Fig. 14 Film thickness h when M = 2 (< M) plotted as a function of /7 for (a) B = 0 (dash-
dash-dotted line), B = 10" (n = —0.5, 0, 0.5, 1, 1.5, 2) for V. = —4 (dotted lines) and B = 10™
(n=-0.5,0, 0.5, 1) for V =4 (solid lines) together with the leading-order asymptotic solution in
the limit B — oo for V = —4 and V = 4 (dashed lines), and (b) B = 0 (dash-dash-dotted line),
B=10" (n=0,0.5, 1) for V = —5 (dotted lines) and B = 10" (n = —0.5, 0, 0.5) for V =5 (solid
lines) together with the leading-order asymptotic solution in the limit B — oo for V =5 (dashed
line) and the critical solution for V' = —5 with B = B. ~ 19.84427 (dash-dotted line).

1.4 0.40

0.38 fY V=1, ~14.83331
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0'28-\ T T T T

(a) b/m (b)

Fig. 15 Film thickness h plotted as a function of /7 for (a) B = 10™ (n = 0.25, 0.5, 0.75, 1,
1.25) (solid lines) together with the leading-order asymptotic solution in the limit B — oo (dashed
line) and the critical solution with B = B. ~ 0.99344 (dash-dotted line) when M = 6 (> M)
and V = 5, and (b) V = —12, —8, —4, ..., 20 (solid lines) together with the leading-order
asymptotic solution in the limit V' — oo (i.e. h ~ 0.31831) (dashed line) and the critical solution
with V' =V, ~ —14.83331 (dash-dotted line) when M = 2 (< Mco) and B = 1.
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Fig. 16 Film thickness at § = 0, h(0), and at § = 7, h(w), when M = 2(< M) plotted as
a function of (a,c) B for V.= —20, —16, —12, ..., 20 (solid lines) and V = Vo =~ —4.51567
(dash-dotted line) together with the leading-order asymptotic solution in the limit V' — oo (i.e.
h(0) = h(m) ~ 0.31831) (dotted lines) and the critical solution with V' = V. (dashed line), and
(b,d) V for B =0 (i.e. h(0) ~ 0.32971 and h(7) ~ 0.30802) and B = 10" (n = —1, —0.75, —0.5,
.., 1) (solid lines) together with the leading-order asymptotic solution in the limit B — oo (dotted
line) and the critical solution with B = B. (dashed line).

(increasing) function of B for positive (negative) V and a decreasing function of V', but that
near § = 7 it behaves in the opposite way in order to satisfy the condition of prescribed
load. Figures 16 and 17 show the film thickness at 8 = 0, h(0), and at = m, h(r), plotted
as a function of (a,c) B for a range of values of V' and (b,d) V for a range of values of B
when M = 2(< M) and M = 6 (> Mcg), respectively. Note that in Figure 16(a,c) the
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Fig. 17 Film thickness at 6 = 0, h(0), and at 0 = 7, h(w), when M = 6 (> Mco) plotted as a

function of (a,c) B for V =4, 8,12, ..., 28 (solid lines) together with the leading-order asymptotic
solution in the limit V' — oo (i.e. h(0) = h(m) ~ 0.95493) (dotted lines) and the critical solution
with V' = V. (dashed line), and (b,d) V for B = 10" (n = —1, —0.75, —0.5, ..., 1) (solid lines)

together with the leading-order asymptotic solution in the limit B — oo (dotted line) and the
critical solution with B = B. (dashed line).
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Fig. 18 Velocity profiles u plotted as a function of Y = hy at ¢ = 0, n/32, w/16, ..., m when

M =2and B=1for (a) V =-5and (b) V =5.

curve V = V. ~ —4.51567 divides curves that attain the limit B — oo from those that
terminate at the finite value B = B, on the curve corresponding to V' = V.. In particular,
Figures 16 and 17 show that h(0) is a decreasing (increasing) function of B for positive
(negative) V' and a decreasing function of V', and that h(m) behaves in the opposite way.

Figure 18 shows velocity profiles u at various values of 6 in the range 0 < 6 < 7 when
M =2and B=1for (a) V=-5and (b) V = 5. Again the corresponding profiles in
the range —m < 6 < 0 follow immediately from the top-to-bottom symmetry of the flow.
In particular, Figure 18 shows that the velocity profiles u are qualitatively similar to the
critical velocity profiles u. shown in Figure 9.

Figures 19 and 20 show the free-surface velocity at 6 = 0, u(1,0), and at § = 7, u(1,7),
plotted as a function of (a,c) B for a range of values of V and (b,d) V for a range of values
of B when M =2 (< M) and M = 6 (> M.g), respectively. In particular, Figures 19 and
20 show that u(1,0) is an increasing (decreasing) function of B for positive (negative) V
and an increasing function of V| and that «(1,7) behaves in the opposite way.

Figures 21 and 22 show the free-surface temperature at § = 0, T(1,0), and at 0 = =,
T(1,7), plotted as a function of (a,c) B for a range of values of V and (b,d) V for a range of
values of B, when M = 2 (< M.g) and M = 6 (> M), respectively. In particular, Figures
21 and 22 show that T'(1,0) is a decreasing function of B and an increasing function of V,
and that T'(1,7) is also a decreasing function of B but a decreasing function of V.

In the following Subsections we analyse the behaviour of the full-film solution with a
prescribed load in the asymptotic limits B — 07, B — 00, V — 0, V — o0 and M —
0. Note that (unlike in the corresponding analysis of the critical solution described in
Subsection 5.5) there is no solution with prescribed load in the limit V' — —oo, and, of
course, there is no solution with prescribed load in the limit M — oco. Moreover, there are
solutions with a prescribed load in the limits B — 0" and V — 0 only when M < M.
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Fig. 19 Free-surface velocity at § = 0, u(1,0), and at = 7, u(1,7), when M = 2 (< M) plotted
as a function of (a,c) B for V. = —20, —16, —12, ..., 20 (solid lines) and V = V ~ —4.51567
(dash-dotted line) together with the leading-order asymptotic solution in the limit V' — oo (i.e.
u(1,0) = u(1l,7) = 1) (dotted lines) and the critical solution with V' =V, (dashed line), and (b,d)
V for B =0 (i.e. u(1,0) ~ 0.94565 and u(1,7) ~ 1.04744) and B = 10" (n = —1, —0.75, —0.5, ...,
1) (solid lines) together with the leading-order asymptotic solution in the limit B — oo (dotted
line) and the critical solution with B = B. (dashed line).
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Fig. 20 Free-surface velocity at 8 = 0, u(1,0), and at § = m, u(1l,7), when M = 6 (> M)
plotted as a function of (a,c) B for V =4, 8, 12, ..., 28 (solid lines) together with the leading-
order asymptotic solution in the limit V' — oo (i.e. u(1,0) = u(1,7) = 1) (dotted lines) and the
critical solution with V' = V. (dashed line), and (b,d) V for B = 10" (n = —1, —0.75, —0.5, ..., 1)
(solid lines) together with the leading-order asymptotic solution in the limit B — oo (dotted line)
and the critical solution with B = B. (dashed line).
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Fig. 21 Free-surface temperature at 6 = 0, T(1,0), and at 8 = 7, T(1,7), when M = 2 (< M)
plotted as a function of (a,c) B for V.= —20, —16, —12, —8, —4, 0 [for clarity, only the curves
corresponding to V. = —8 and V = 0 are shown in (c)] (solid lines) and V = V, ~ —4.51567
(dash-dotted line) together with the leading-order asymptotic solution in the limit V' — oo (dotted
line) and the critical solution with V' = V. (dashed line), and (b,d) V for B = 0 (i.e. T(1,0) =
T(1,7) =1) and B = 10" (n = —1, —0.75, —0.5, ..., 1) (solid lines) together with the leading-

order asymptotic solution in the limit B — oo (i.e. T(1,0) = T'(1,7) = 0) (dotted lines) and the
critical solution with B = B. (dashed line).
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Fig. 22 Free-surface temperature at 6 = 0, 7(1,0), and at 8 = 7, T(1,7), when M = 6 (> M)
plotted as a function of (a,c) B for V = 4, 8, 12, 16 [for clarity, only the curves corresponding
to V = 8 and V = 20 are shown in (c)] (solid lines) together with the leading-order asymptotic
solution in the limit V' — oo (dotted line) and the critical solution with V' = V. (dashed line), and
(b,d) V for B = 10" (n = —1, —0.75, —0.5, ..., 1) (solid lines) together with the leading-order
asymptotic solution in the limit B — oo (i.e. T(1,0) = T'(1,7) = 0) (dotted lines) and the critical
solution with B = B. (dashed line).
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6.1 The Limit of Weak Heat Transfer B — 0T

In the limit of weak heat transfer at the free surface, B — 0%, the solutions for A, © and T’

are given by
BV (Ipo — hicosb)

- B 1
ot 12(1 — h2 cos ) +O(B7), (6.1)
. BV hgycos @ 9 ) )
U= o 7 o o1 T R0 oS O) (4" Ty +2)
+(Ipo — h3)(2 —y)] +O(B?) (6.2)
and , ) ; 2 2 9

B2y [V(Ipy — h —12h2(1 —h

T =1- Bhoy — Y [ (I G cos0) o G cos )] N O(B3), (63)

12(1 — h3 cos 6)
where the constant Iy = Igo(Mp) (0 < Ipg < 1) is given by

™ hgcosd
/ 0(;205 a0
7. Jo 1 — hgcost
Bo — ™ 1 ’
——s——df
/0 1 — h3 cosf

and hg and ugp are the constant-viscosity solutions with load My = M (< M.g) given
in Section 3. Note that the solutions (6.1)—(6.3) are valid for a general viscosity model
satisfying 1 = 1 and dp/dT = —V when T = 1 to the order shown (but not to higher
orders). The same is true for the asymptotic solution in the limit of weak thermoviscosity
V' — 0 presented subsequently in Subsection 6.3. Like the corresponding behaviour of the
critical solution described in Subsection 5.1, the solution (6.3) shows that the effect of weak
heat transfer at the free surface is to slightly decrease the temperature from its constant
isothermal value T' = 1 throughout the fluid film, and thus to slightly increase (decrease)
the viscosity from its constant isothermal value p = 1 when V' > 0 (V' < 0). However,
unlike the corresponding behaviour of the critical solution, the effect on i depends on the
sign of V(Ipg — h§ cos ) (rather than just V). Thus when V > 0 (V < 0) the effect of weak
heat transfer at the free surface is to slightly decrease (increase) h from its isothermal value
when 0| < @ with the opposite behaviour when |0| > 6, where § = 0 (0 < § < 7/2) satisfies
Ipy — hécos@ =0.

(6.4)

6.2 The Limit of Strong Heat Transfer B — oo

In the limit of strong heat transfer at the free surface, B — oo, the solutions for A, u and
T are given by

o 1
h—h+B+O<B2>7 (6.5)
. hg cos 6

—{V({1+2h1)—2(1+h1)} (1 —exp(=Vy))]+ O <B12> (6.6)
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and

- fl/zy fl4+hy)y 1
T=T — _ .
+ Bho B2 +0 5 ) (6.7)

where hy = hy(0) is given by

py — (oo = W cosO)[3 - (V+3)f] (6.8)
3f(1 — hicosh)

and the constant Ip,, = Ipo(My) (0 < Ips < 1) is given by

T 1 -1
I =1- ——df . 6.9
Boe 7r(/0 1 — hicosf ) (6.9)

As in the corresponding analysis of the critical solution described in Subsection 5.2, the
leading-order solutions for h and @, denoted by h and Q, are given simply by rescaling
the corresponding constant-viscosity solutions hg and @y according to h = fﬁl/ 2ho and
Q = f‘1/2Q0, where M = f—1/2M07 and the leading-order solutions for u and f, denoted
by @ and f, are again given by (5.11) and (5.12), respectively. Like the corresponding
behaviour of the critical solution described in Subsection 5.2, the solution (6.7) shows that
the effect of large-but-finite heat transfer at the free surface is to slightly increase the
temperature from its leading-order value T' = T=1- y throughout the fluid film, and thus
to slightly decrease (increase) the viscosity from its leading-order value p = i = exp(Vy)
when V' > 0 (V < 0). However, unlike the corresponding behaviour of the critical solution,
the effect on h depends on the sign of (Ipe — h3cos0)[3 — (V + 3)f] (rather than just
3—(V +3)f). Thus when V > 0 (V < 0), the effect of large-but-finite heat transfer at the
free surface is to slightly increase (decrease) h from its isothermal value when || < 6 with
the opposite behaviour when |0 > 6, where § = 0 (0 < § < 7/2) satisfies I 5, —h3 cos = 0.

6.3 The Limit of Weak Thermoviscosity V. — 0

In the limit of weak thermoviscosity, V' — 0, the solutions for h, v and T are given by

BV [Iyo(1 + Bhg) — h§ cos 0]

h=h 2 1
"t 3 - WZeosO)A + Bhy) T OV (6.10)
BV hoycosd 9 9 9
= — 1 - S 4 - 2
YT 91 — hZ cos0)(1 + Bho) {ho(1 = hgcos 0)(4y” = Ty +2)
+ [Ivo(1 4 Bho) = hg] 2 —y)} + O(V?) (6.11)
and 2y [y ) i cos]
Bhoy B*Vy |Iyvo(1 + Bhgy) — hy cos 5
T=1- — 12
1+ Bhg 12(1 — h3 cos)(1 + Bhg)3 +007), (6.12)
where the constant Iy g = Iy (Mo, B) (0 < Iy < 1) is given by
T ey i
0 (1~ hycosf) 0 (6.13)

IVO = ™ 1 )
—s—df
/0 1 — h3cosf
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and ho and wug are the constant-viscosity solutions with load My = M (< M) given in
Section 3. Like the corresponding behaviour of the critical solution described in Subsection
5.3, the solutions in this limit are somewhat similar to those in the limit B — 0% described
previously in Subsection 6.1 and have the corresponding physical interpretation.

6.4 The Limit of Strong Positive Thermouviscosity V — oo

In the limit of strong positive thermoviscosity, V' — oo, the solutions for h, u and T are
given by

M M?cosf(2n + BM) 1
h=— — .14
or * 8m3 BV © <V2) ’ (6.14)

B M cos6(2m + BM) BV My 1
u=l-—— gy [1 exp (‘QHBM 072 (6.15)
and )
BMy M#y cosb 1
T=1- - — . 1

2r+ BM 27 (2m + BM)V <V2> (6.16)

These solutions show that, like the corresponding behaviour of the critical solution described
in Subsection 5.4, at leading order in the limit of strong positive thermoviscosity the
temperature is given by T'=1— BMy/(2r + BM) and the viscosity

10 o (220 ] @

is exponentially large outside a narrow boundary layer of width O(1/V) < 1 near the
cylinder y = 0, resulting in a uniform plug flow uv = 1 outside the boundary layer.
However, unlike the corresponding behaviour of the critical solution, the leading-order film
thickness is an O(1) constant, and the effect of large-but-finite positive thermoviscosity is
to slightly decrease T from its leading-order value throughout the fluid film, and thus to
slightly decrease (increase) u outside the boundary layer and slightly increase (decrease) h,
respectively, from their leading-order values when cos€ > 0 (cosf < 0).

6.5 The Limit of Small Load M — 0
In the limit of small load, M — 0, the solutions for h, u and T are given by

M M3cosf

=2 BT ot 1

h o + 503 +O0O(M"?), (6.18)
M?cosf(2 —y)y M3BV cosf(3 — 2y)y> 4
u o2 + 15,3 +O0(M?) (6.19)
and -
MBy M-< By 3

T=1-—""-= M?). 2

5r T 42 +O(M”) (6.20)

These solutions show that, as might have been anticipated, at leading order in the limit of
small load the film is isothermal, 7" = 1, the viscosity is constant, 4 = 1, the film thickness
is a small O(M) < 1 constant, and there is a uniform plug flow u = 1.
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Fig. 23 The regions of the B-V parameter plane in which backflow occurs for M = 0.1, 0.2,
0.3, ..., 1.4. For each value of M the region in which backflow occurs is bounded below by the
critical curve (Be, Ve) (solid lines) and above by the curve on which u(1,0) = 0 (dashed lines),
which meet on the bounding curve on which u.(1,0) = 0 (thick solid line). Also shown are the
asymptotic solutions for the upper and lower branches of the bounding curve given by (7.1) and
(7.2), respectively, (dashed lines).

7. Backflow

As we noted near the end of Section 4, in the special case of constant viscosity the azimuthal
velocity u is always in the same direction as the rotation of the cylinder (i.e. u > 0 for all
0 <y < 1) and so backflow (i.e. u < 0 somewhere in 0 < y < 1) never occurs. It is therefore
interesting to discover that in the general case of non-constant viscosity there is a region
of the B-V parameter plane in which backflow occurs in a region on the right-hand side
of the cylinder containing the point on the free surface at § = 0 (i.e. the point furthest
from the cylinder at the azimuthal location at which the local effect of gravity is strongest).
Figure 23 shows the regions of the B—V parameter plane in which backflow occurs for a
range of values of M. The “bounding” curve corresponding to u.(1,0) = 0 divides the
B-V parameter plane into the region to the left of the curve in which u.(1,0) > 0 in which
backflow is impossible from the region to the right of the curve in which u.(1,0) < 0 in
which backflow is possible (but may or may not actually occur). As we have already seen,
for each prescribed value of M full-film solutions exist only above the corresponding critical
curve (B, V) (described in Section 6 and shown in Figure 8). Hence, for sufficiently small
prescribed values of M backflow occurs in the narrow region bounded below by the critical
curve (B, V;) and above by the curve on which u(1,0) = 0, and these curves meet on the
bounding curve on which u.(1,0) = 0. In the limit B — oo the upper and lower branches
of the bounding curve satisfy

V= ‘inax

2V/8Vimax Vax +3) ( 1 ) (7.1)

+ -
BvVViax + 6(2Vinax +9) B2



34 G. A. LESLIE ET AL.

0.100

0.098+

0.096+

0.094+

0.0924

Fig. 24 Details of the streamlines of the flow near y = 1 and § = 0 when B = 100 and V = —10
for (a) the solution with prescribed load M = 1/2 (@ =~ 0.07642) in which the streamlines are
drawn for ¢¥/Q = 1487/1500 (the lowest visible streamline), 1488/1500, 1489/1500, ..., 1 (the
stagnation streamline), 1501/1500 and 1502/1500 (inside the recirculation region), and (b) the
critical solution with load M = M. ~ 0.50800 (Q = Q. ~ 0.07716) in which the streamlines are
drawn for ¢/Q = 87/100 (the lowest visible streamline), 88/100, 89/100, ..., 1 (the stagnation
streamline), 101/100 and 102/100 (inside the recirculation region). In both cases the curve on
which v = 0 is shown with a dashed line and the stagnation points are shown with large dots.

where Viax =~ —5.65658 satisfies 2V.2, . — 5Vinax + 6 — (Vinax + 6) exp(—Vinax) = 0, and

log(log B)) |

2
log B (7.2)

V= —4logB—4log(logB)—|—6—4log2—|—O<

respectively. In particular, (7.1) and (7.2) show that backflow never occurs for any value
of B when V' > V.., or, equivalently, when M > M .x = f(Vmax)’l/QMCO ~ 1.50315.
Furthermore, since the bounding curve lies to the right of the point (26.29946, —9.69044),
backflow never occurs for any value of V when B < By, ~ 26.29946.

In order to illustrate backflow, Figure 24 shows details of the streamlines of the flow near
y=1and § =0 when B = 100 and V = —10 in two situations in which backflow occurs.
Specifically, Figure 24(a) shows streamlines of the solution with prescribed load M = 1/2,
while Figure 24(b) shows streamlines of the critical solution with load M = M, ~ 0.50800.

8. Conclusions

In the present work we obtained a comprehensive description of steady thermoviscous
coating and rimming flow on a uniformly rotating horizontal cylinder. We found that,
as in the corresponding isothermal problem studied by Moffatt (28), there is a critical
solution with a corresponding critical load (which depends, in general, on both the Biot
number B and the thermoviscosity number V') above which no full-film solutions exist.

In Section 5 we showed that the critical film thickness, h., the magnitude of the slope
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of the corner in the critical film thickness at § = 0, H., and the critical load, M., are
increasing (decreasing) functions of B for positive (negative) V', and increasing functions of
V. For a positive (negative) fixed value of V' the maximum (minimum) possible critical load
is attained in the limit of strong heat transfer at the free surface B — oo and is given by
M = f~12M,,, where f = f(V) is given by (5.12) and M, ~ 4.44272 is the critical load
in the constant-viscosity case. For a fixed value of B the critical film thickness, and hence
the critical load, become small like O(log(—V)/(—=V)) < 1 in the limit of strong negative
thermoviscosity V' — —oo and become large like O(Vl/ 2) > 1 in the limit of strong positive
thermoviscosity V' — oo.

Full-film solutions with a prescribed load M exist only when 0 < M < M., and Figure 13
shows how for each prescribed value of M the corresponding critical curve (B, V.) divides
the B-V parameter plane into the region above the curve in which full-film solutions exist
from the region below the curve in which they do not exist. In particular, there are no full-
film solutions with a prescribed load for any value of B when M > M for positive V and
when M > M, for negative V. In Section 6 we showed that near § = 0 the film thickness
h is a decreasing (increasing) function of B for positive (negative) V, and a decreasing
function of B, but that near § = 7 it behaves in the opposite way. For a fixed value of V'
there are full-film solutions in the limit B — oo for V' > Vo, but not for V' < V., where
V = V,, satisfies M = M. For a fixed value of B there is no full-film solution in the limit
V — —o0, while the leading-order film thickness is the O(1) constant h = M/27 in the
limit V' — oo.

In Section 7 we showed that, while by far the most common behaviour of the azimuthal
velocity is that it is always in the same direction as the rotation of the cylinder, for
sufficiently small prescribed values of M satisfying M < My ax =~ 1.50315 there is a narrow
region of the B-V parameter plane shown in Figure 23 in which backflow occurs in a region
on the right-hand side of the cylinder containing the point of the free surface at 6 = 0. In
particular, backflow never occurs for any value of B when V' > Vj,.x ~ —5.65658 or for any
value of V' when B < Bpin =~ 26.29946.

Lastly, in Appendix A we considered the distinguished limit of strong thermoviscosity
V| — oo and weak heat transfer B — 0% with V = BV = O(1) in which the variation of
temperature across the film is small but the variation of viscosity across the film is still O(1),
and found qualitative agreement with but some quantitative differences from the previous
results. In particular, unlike in the limit V — oo described above, in the limit V — oo the
critical film thickness, and hence the critical load, become large like O(V) > 1.
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APPENDIX A

The Distinguished Limit of Strong Thermoviscosity and Weak Heat Transfer |V | — oo and B — 0T
with V.= BV = O(1)

In this Appendix we consider the distinguished limit discussed by Wilson and Duffy (47) of
strong thermoviscosity, |V| — 0o, and weak heat transfer at the free surface, B — 0%, such that
V =BV = O(1), in which, although the variation in temperature across the fluid film is small,
specifically T'=1 — Bhy + O(BQ), thermoviscosity effects still enter the problem at leading order,
i.e. the variation in viscosity across the fluid film is still O(1). Note that in this limit the effective
thermouviscosity number, V=B V', defined in terms of dimensional quantities by

A(To — Too )eaath

V= Al
,uokth ( )
and not the previously defined thermoviscosity number, V', is the appropriate non-dimensional

measure of thermoviscosity effects. In the particular case of the exponential viscosity model (4.1)
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in this limit V ~ Vh and so the leading-order expressions for y, u, ¥ and f are given simply by
(4.1), (4.3)—(4.5) with V replaced by Vh, respectively.

A.1 The Critical Solution

Unlike in the general case considered in Section 5, in the present distinguished limit explicit
expressions can be obtained for the critical film thickness at 6 = 0, hc(0), the magnitude of the
slope of the corner in hc at § = 0, H., and the critical flux, Qc, namely

V24 2(Wy +1)

hc 0) = 7 —— A2
(0) 7 (A.2)
o4 2T A 2\ /2
H. — Ve +4V AWV+4(WV+1) (A.3)
8V(Wy +1)
and 2 (172 2
O, _ VAV2 ) AWy +1)* (Ad)
4v3
where Wy, = Wy, (V) is given by
2
Wo (—exp |:—V2—1:|> it V>0,
W — (A.5)

V= o)
W_q <—exp |:—V2—1:|> if \7<0,

where Wy(z) and W_;(z) are again the principal and lower real branches of the Lambert W
f}mction, respectively. Figure A shows the quantities hc(0), He, Qc and M. plotted as functions of
V.

In the limit of weak thermoviscosity, V- 0, the solutions for hc, H., M. and u. are given by the
corresponding results in the limit B — 0 given in Subsection 5.1, namely (5.5)—(5.8), with BV and
O(B?) replaced by V and O(VZ), respectively, and hence have the same physical interpretation.

In the limit of strong positive thermoviscosity, V- o0, the solutions for h., H., M. and u. are

given by
1% [1—(1—c059)1/2} 1 1
he = 3 cosd + v +0 (%) ) (A.6)
v 1
H, = +0 , AT
2V2 < ) (A1
1
=2V log(1 4+ V2) + (V3> (A.8)
and

V2|1 —(1—cosb) ]y
RN P 2] | _ [ 1
U =1 5 [1 (1 —cosb) } 1 —exp 3 cosd +0 (VQ) . (A9

These solutions differ from the corresponding results in the limit V' — oo given in Subsection 5.4,
namely (5.22)—(5.25), but have a qualitatively similar physical interpretation. In particular, these
solutions show that at leading order in the limit of strong positive thermoviscosity the viscosity

V2 [1 -(1- cos@)l/ﬂ Y
2cos @

uw=0 |exp (A.10)
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Fig. A The quantities hc(0) given by (A.2) (dash-dotted line), He given by (A.3) (dotted line),
Qc given by (A.4) (dashed line), and M. (solid line) plotted as functions of V.

is exponentially large outside a narrow boundary layer of width O(1/V?) < 1 near the cylinder
y = 0, resulting in a uniform plug flow ue = [1 4 (1 — cos#)'/?]/2 outside the boundary layer and
a large film thickness and load of O(V) > 1.

In the limit of strong negative thermoviscosity, V- —00, the solutions for h¢, He, M., and u.
are given by

ot () - log(~V)?
he = ) 1 g( 5 ) Wyo —1 +O< 3 > , (A.11)
1 log(—V)?

H. = 5t o) ( s ) , (A.12)

I S PR B G DS log(~V)?
M. = - |2 1 g< . ) Cvoo — 2 +O< oy ) (A.13)

and
e [ () o)

—log <V;> + Wy | +0 (k)g(‘7—2\7)2> , (A.14)

where the function Wy o, = Wy o (0) and the constant Cv o, are again given by (5.32) and (5.33),
respectively. At leading (but not higher) order these solutions coincide with the corresponding
results in the limit V' — —oo given in Subsection 5.5, namely (5.27)—(5.30), and hence have the
same physical interpretation.
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A.2  Full-Film Solution with a Prescribed Load

In the limit of weak thermoviscosity, V' — 0, the solutions for i and w are given by the corresponding
results in the limit B — 0 given in Subsection 6.1, namely (6.1) and (6.2), with BV and O(B?)
replaced by V and O(V2), respectively, and hence have the same physical interpretation.

In the limit of strong positive thermoviscosity, V — oo, the solutions for k and u are given by

2
M Mcosc9+0<1)

Tom 472V V2
u:l—MCOASQ 1—exp —M —|—O<A1 ) (A.16)
27V 2m V2

These solutions are similar to the corresponding results in the limit V' — oo given in Subsection
6.4, namely (6.14) and (6.15), from which they can be obtained by writing V' = V/B and taking
the limit B — 0, and hence have the same physical interpretation.

In the limit of small load, M — 0, the solutions for h and w are given by the corresponding
results in the limit M — 0 given in Subsection 6.5, namely (6.18) and (6.19), with BV replaced by
V, and hence have the same physical interpretation.

h

(A.15)

and
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