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Abstract

The aim of this paper is to extend Washburn’s capillary rise equation by incorporating a slip condition at the pipe
wall. The governing equation is derived using fundamental principles from continuum mechanics. A new scaling is
introduced, allowing for a systematic analysis of different flow regimes. We prove the global-in-time existence and
uniqueness of a bounded positive solution to Washburn’s equation that includes the slip parameter, as well as the
continuous dependence of the solution in the maximum norm on the initial data. Thus, the initial-value problem for
Washburn’s equation is shown to be well-posed in the sense of Hadamard. Additionally, we show that the unique
equilibrium solution may be reached either monotonically or in an oscillatory fashion, similarly to the no-slip case.
Finally, we determine the basin of attraction for the system, ensuring that the equilibrium state will be reached from
the initial data we impose. These results hold for any positive value of the nondimensional slip parameter in the
model, and for all values of the ratio /y/h, in the range [0, 3/2], where hy is the initial height of the fluid column and
h, is its equilibrium height.
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1. Introduction

The equation governing the spontaneous movement of a liquid in a vertical narrow pipe, derived and analyzed by
E. W. Washburn in 1921 [13]], is known as Washburn’s equation. The terms appearing in the equation are inertial,
viscous, gravitational, and capillary. Although Washburn’s equation can be derived using Newton’s second law, it is
also possible to derive it from first principles, that is, from the laws of mass and momentum conservation.

The case of liquid-rise between two parallel plates is discussed in [3], and a similar procedure for a cylindrical
geometry is considered in [6]. It has been observed that the stationary state can be reached monotonically or in an
oscillatory manner [[11} 12, 6. However, discrepancies between experimental observations and predictions based on
the model were observed during the initial phase of the flow. One possible explanation could be the Huh—Scriven
paradox. Specifically, if the velocity field is assumed to be parabolic with a no-slip boundary condition, this would
imply that the velocity at the pipe wall is zero, even as the liquid column rises [3]]. This led Fricke et al. and Griinding
[2, 3] to the introduction of a slip condition in the velocity field to account for the viscous dissipation caused by the
moving contact line.

The question of global existence and uniqueness of solutions to Washburn’s equation over the time interval ¢ €
[0, 00) was considered in [9], which provided both the motivation and inspiration for this work. However, closer
examination revealed gaps in the proof that require further attention. A crucial hypothesis of the Picard—Lindelof
theorem (namely, the Lipschitz condition) does not hold at + = 0 because of the choice of zero initial data for the
solution and the fact that, while the nonlinear term f(u) := 1 — V2u featuring in the equation satisfies a Holder
condition with exponent 1/2 on the space of nonnegative continuous functions defined on the interval [0, co) that
vanish at ¢ = 0, it violates the Lipschitz condition. The authors of [9] therefore applied Schauder’s fixed point theorem
to prove the existence of a solution defined on [0, c0), in conjunction with Theorem 11.7 from [10], to guarantee the
local uniqueness of the solution over the interval [0, 1/2], followed by the use of Banach’s fixed point theorem over the



interval [1/2, c0) to extend the locally unique solution to a globally unique solution over the whole of [0, c0). While
the paper [9] contains a number of interesting ideas, the proof of existence and uniqueness of solutions to Washburn’s
equation presented there is incomplete, as in their application of both Schauder’s and Banach’s fixed point theorem
the authors failed to verify the essential requirement that their proposed fixed point map 7 : v — T(v) is a self-map,
i.e., that T maps a certain complete metric space X (which should have been taken to be the space of all bounded
nonnegative continuous functions v defined on the interval [0, o) in the case of Schauder’s fixed point theorem, and
the space of all continuous functions v defined on a bounded closed interval, which are equi-bounded from below by a
positive constant in the case of Banach’s fixed point theorem) into itself. We were unable to fill the gaps in the authors’
proof of Theorem 1 in [9]]. Furthermore, the application of Theorem 11.7 from [10]] in the authors’ proof of Theorem
1 in [9] is flawed because, with ¢(s) = 0 and ¥(s) = s*/2 chosen by the authors as the ‘endpoints’ of the interval
of monotonicity in the proof of their Theorem 1, Theorem 11.7 from [10] cannot be applied since it requires strict
positivity of the two endpoints of the interval of monotonicity over the range of s under consideration, which in the
paper [9] is the interval s € [0, 1/2]. For these reasons, we shall revisit the proof of global existence and uniqueness of
solutions to Washburn’s equation through a completely different approach, and we shall do so by admitting a broader
range of initial data than in [9].

Thus, our aim is twofold. In terms of physics, our objective is to place Washburn’s equation into the broadest
possible context and derive it using a precise list of assumptions. This necessitates the application of the basic laws of
continuum mechanics, which will provide a firm basis for generalizations. In terms of mathematics, our aim is to apply
rigorous tools in the analysis of model reduction, to prove the existence and uniqueness of solutions to Washburn’s
equation over the entire time interval [0, co), and to explore the stability of solutions to Washburn’s equation. This, in
turn, will bring about simplifications and extensions of known results.

The paper is organized as follows. In Section [2] we derive Washburn’s equation for a pipe with constant radius,
introducing a slip condition analogous to the approach in [2]]. We shall first use the local forms of mass and momentum
balance in cylindrical coordinates, along with basic assumptions on the fluid and its flow, to derive restrictions on the
velocity and pressure fields. Additional key ingredients, which will ultimately lead to Washburn’s equation, are our
assumption of the velocity profile, the introduction of a mean velocity, and the use of momentum balance in its global
form.

In Section [3] we focus on the dimensional analysis of the model and its transformation to a dimensionless form.
This will be the starting point for the subsequent mathematical analysis. Furthermore, using a scaling argument we
develop a rigorous approach to model reduction in the context of Washburn’s equation. It will reveal the conditions
which allow us to neglect particular physical mechanisms.

In Sectiond] we prove the global-in-time existence and uniqueness of solutions to Washburn’s equation. Our main
tool is the Picard-Lindelof theorem applied to a regularized form of Washburn’s equations, in conjunction with a
compactness argument based on the Arzela—Ascoli theorem. To the best of our knowledge, this is the first instance
of the application of these techniques to Washburn’s equation. In this study we admit more general (but physically
meaningful) initial data than the homogeneous initial data used in [9)]. We also prove the continuous dependence of
the solution on the initial data in the maximum norm.

Finally, in Section [5] we discuss the stability of the unique stationary (equilibrium) solution, corresponding to
the equilibrium height, and the convergence of the solution of the initial-value problem to the equilibrium as ¢ —
+oo. Linear stability analysis is used to confirm the asymptotic stability of the stationary solution; it reveals the
influence of the slip parameter on the critical value of the model parameter w that separates monotonic solutions from
oscillatory solutions. This local characterization based on linearization raises the question of nonlinear stability of
the equilibrium. An appropriate choice of a Lyapunov function and the application of LaSalle’s invariance principle
enable us to identify the basin of attraction, which includes the initial state of the system proposed in this study. This
global stability result, in conjunction with global existence and uniqueness, implies that solutions to the initial-value
problem studied in this paper converge to the equilibrium state.

We conclude with some remarks and an outlook on potential future research directions.

2. Derivation of the model

The usual approach to the modeling of capillary flow of a fluid is to apply Newton’s second law to a control volume
(or an infinitesimal volume element). This simplified procedure yields a second-order ordinary differential equation,

2



Washburn’s equation, which encodes all physical mechanisms relevant for the flow: inertia, gravity, viscosity and
capillary effects. In our view, the main drawback of this approach is that it is difficult to generalize to more complex
situations that are physically plausible. Therefore, our goal in this section is to derive Washburn’s equation starting
from first principles, i.e., from the fundamental laws of mass and momentum balance for continuous media.

2.1. Modelling assumptions

We study the motion of a fluid through a vertical cylindrical pipe of circular cross section. It is assumed that the
cross-sectional radius R of the pipe is constant. It is also assumed that the fluid is Newtonian, of constant mass density
p and of constant dynamic viscosity y. During the motion, the free surface of the fluid is assumed to be subject to
constant surface tension vy and a constant contact angle 6. The volume force that acts on the bulk fluid is gravity of
constant acceleration g. The main assumption concerning the motion of the fluid is that the velocity field v is axially
symmetric and parallel to the axis of the pipe.

Our goal is to determine the height /() of the meniscus at time ¢ > 0. The influence that the approximately
spherical cap of the free surface has on the motion of the bulk fluid will be neglected. It will also be assumed that
the entrance into the pipe is immersed in the large (theoretically infinite) reservoir, in which the fluid is still. These
assumptions make the model approximate from the outset, but it will turn out that they are needed for the derivation
of Washburn’s equation.

2.2. Local form of the balance laws

The first step in the derivation of the model will be to use the mass and momentum balance laws in their local form
[[L]. Since the fluid is assumed to be incompressible and viscous, these are the Navier—Stokes equations for a viscous
incompressible Newtonian fluid:

V.v=0, H

0
p(a—:+v~Vv)=—Vp+,uAV+pg. ?)

In component-wise form, the mass and momentum balance laws in cylindrical coordinates are given in
equations (A:I) and (A.2)), respectively. They will be used to derive further restrictions on the velocity and pressure
fields.

1. The velocity field in cylindrical coordinates with respect to the usual orthonormal basis is expressed as
V=V, + Ve, + Ve
Since the fluid flows along the (vertical) z-axis, we assume that
v, =0, v,=0. (3)

It follows from the mass balance law (A.T) and the assumptions on the velocity (3) that

ov,
= =0. 4
P C))

In other words, v, does not depend on z. Because of the assumed axial symmetry, we may assume that v, does
not depend on ¢ either, so v, = v,(r, ). It then follows that the velocity field has the form

v = v (r, t)e,. (5)

2. The pressure field in our model is assumed to be stationary, i.e., it is supposed to be independent of time ¢.
From the momentum balance law and the assumptions (3) on the velocity field, we obtain the following
constraints on the pressure field:

o _o 9P _

=0, =0.
or o
In other words, the pressure field depends only on z, but not on r and ¢; that is,
p = pQ). (6)
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The results of the local analysis, expressed in the equalities (3)) and (6), considerably simplify the Navier—Stokes
equations (I)), (2)), but we are still faced with a partial differential equation that has to be solved. To arrive at Wash-
burn’s equation, which is an ordinary differential equation, we need to impose further assumptions. Also, we need to
analyze the motion using global balance laws, rather than local ones.

2.3. Flow field and mean velocity

Since the use of a parabolic velocity profile is a standard assumption for the motion of Newtonian fluids through
cylindrical domains [14], we shall assume that the velocity field of the fluid is described by a Poiseuille flow profile
(see Figure E]) In addition, we introduce a slip parameter, as in [2], in order to model the moving contact line:

2L
vo(r, 1) = V(t)(l T 7), (N
where a slip-length L > 0 is introduced; in the no-slip case L = 0.
M
hof P v (r,t)
z
z
L.
hy, r

Figure 1: Capillary pipe with Poiseuille velocity profile and column height A(z) at time 7.

Let us note that postulating a no-slip velocity profile, although commonly done for Newtonian fluids, in this case
becomes paradoxical: the fluid velocity at the pipe wall, r = R, is then zero at all times, so the contact line would
remain stationary; at the same time the liquid column is assumed to be rising, which implies vertical motion of the
contact line. This is known as the Huh—Scriven paradox [5]].

Since the velocity field is uniform along the vertical axis z of the pipe, we may introduce the mean velocity v of
the circular cross section, perpendicular to the z-axis. It is defined as the mean value of v,(r, f) over the cross section

(see (B2)):
_ 1 2 R V(t)
V(1) := Erfo fo v (r,)rdrdp = %’ (8)

where the slip parameter 3 is defined as
I
=1 4—) ; 9
pi= (144 ©)

in the no-slip case 8 = 1. In our analysis, the mean velocity (8] will be taken to be related to the rate of change of the
height A(¢) of the fluid column at time ¢ by
dh(r)

=~ (10)

2.4. Global form of the momentum balance law

To derive Washburn’s equation with a slip boundary condition, we apply the momentum balance law in its
global/integral form [4]], taking into account all of the relevant assumptions stated above. The rate of change of



the linear momentum is balanced by the sum of the contact forces and body forces (see (B.3)), i.e.,

ifl((x,t)dvzf t(x,t,n)dS+fpb(x,t)dV, (11)
dr Je, P, ,

where K = pv is the momentum density, t is the traction at the boundary point with outward unit normal vector n, and
b is the specific volume force. The domain of integration %, is the volume of the pipe filled with fluid at time ¢. Using
the previously introduced assumptions, the following equalities are obtained (see [Appendix B):

d oo d )
@ f? K(x, 0 dV = pR7w— [(h(1) + h)7(D)] &,
f t(x, £,m)dS = —R*x{p(h(t)) — p(0) — pghyle. — 8unf(h(r) + h,)P(D)e., (12)

f pb(x,1)dV = —pgR*n(h(t) + hy)e;.
P

Furthermore, the pressure drop is balanced by the vertical component of surface tension (see (B.9)):

2y cos 8

pO) = pth(®)) = —p—- 13)

The last equality cannot hold when A(r) = 0, as the right-hand side of (T3] is a positive constant, independent of # > 0.
This singular case is resolved by assuming that £(0) = kg > 0; consequently, i(¢) > 0, which we shall rigorously prove
in the analysis of global existence in Section ] This assumption concerning the initial height introduces the surface
tension as a driving agent from the outset, but it does not explain how the fluid has reached the positive initial height.

Combining (I2) and (I3) with (TI), and taking into account relation (I0), the following nonlinear second-order
ordinary differential equation is obtained, which governs the evolution of the height 4(#) of the fluid column/meniscus

(see (B.10)):

|+ e O+ h) ==+ pgh(n) = = a5

which is Washburn’s equation with immersion. The additive terms on the left-hand side are the inertial, viscous
and gravity term, respectively, whereas on the right-hand side there is a single term, the capillary term. Since the
immersion depth will be inessential in our analysis, we shall assume in the sequel that /,, = 0. Thus, in what follows,
we shall be concerned with the equation

d dh(t)]  SuB.  dh(r) 2y cos
— |:ph(t)—:| + Fh(l‘)T +pgl’l(l) = T

Edt [p(h(t) +hy,) dh(®) } 8up dh(1) 2ycosd

dr dr s
We shall refer to this equation as Washburn’s equation.
Two remarks are in order concerning the model that will be of use in the subsequent analysis. First, the slip at the
boundary affects the model only through the slip parameter 8, which appears in the viscous term. Second, Washburn’s
equation (T3) has a unique stationary solution A(f) = h, = const., where
h, = 2y cos 8
PER
which is known as Jurin’s (equilibrium) height; clearly, the value of the slip parameter 8 does not affect the equilibrium
height (T6).

Our final observation is concerned with the choice of the initial data. As is evident from (I3)), and from (13)
as well, Washburn’s equation becomes singular at + = 0 if homogeneous initial conditions #(0) = 0, %(0) = 0 are
imposed. If this singularity is to be avoided, such homogeneous initial conditions cannot be applied. There have been
different attempts to introduce appropriate initial conditions that are physically admissible and mathematically correct
at the same time. In this study it will be assumed that the fluid column is initially at rest, with the initial height iy > 0
much smaller than the equilibrium height %,:

) (16)

h(0) = hy < he, %(0) =0. (17)
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The model proposed above has certain inherent drawbacks. It neither addresses the entrance of the fluid into the
pipe, nor does it show how the fluid reaches the initial height sy > 0. Furthermore, it does not take into account
the influence of the shape of the free surface. Therefore, in view of our assumptions, Washburn’s equation with
initial data may be regarded as suitable model of capillary rise in the entire flow domain, except perhaps in a
small neighborhood of the entrance z = 0 and in a small neighborhood of the meniscus z = A(?).

3. Dimensional analysis and model reduction

The systematic mathematical analysis of Washburn’s equation, to be conducted in the sequel, requires a model in
dimensionless form. In this study we shall adopt the same dimensionless variables as the ones used in [9]]:

H:= hﬁe’ T := 5_, 7= Egz;, @ = Z—(:. (18)
These lead to the following dimensionless form of Washburn’s equation:
wHH'Y +BHH' +H =1, (19)
with the dimensionless parameter w defined by
he _ p°Rg 20)

@= gt 64u2h,’

where H = H(T) and the symbol prime (') in equation denotes differentiation with respect to the dimensionless
time 7'. The initial conditions are scaled as follows:

HO)=a, H0)=0. @1
The stationary (equilibrium) solution H(T) = H, = const. of (19), which corresponds to (16}, has the form
H =1. 22)

Although the physical origins of the terms appearing in the equation (T9) are now hidden, they can be recognized
as follows: w(HH’) is the inertial term, SHH’ is the viscous term, H is the gravity term, and 1 is the capillary
term. Further analysis will also be facilitated if the dimensionless parameter w is expressed in terms of dimensionless
numbers, the Ohnesorge number Oh and the Bond number Bo:

oL (Boy
" 128cosf\Oh/ ’

R2
Oh := L, Bo := pg .

VRpy y
The Ohnesorge number measures the relative importance of viscosity compared to inertia and surface tension, whereas
the Bond number (also known as the E6tvos number) relates gravitational forces to surface tension.

Model reduction is a technique in which certain terms in the model are canceled out because of negligible influence
of the corresponding physical mechanism. Model reduction is usually based on heuristic arguments and is performed
in an ad hoc manner. Our aim is to analyze possible model reductions in a systematic way. To that end we need a
properly scaled governing equation that can be simplified if a certain term is much smaller than the others, which are
in turn of the same order of magnitude. The dimensionless Washburn’s equation (T9) is a good starting point, but
it cannot capture all the possibilities that are likely to appear. The reason for this is simple: it represents only one
possible scaled governing equation. For a systematic analysis of model reduction we have to construct a whole family
of scaled equations.

Let us introduce the new scalings

(23)




and plug them in the equation (T9) to get

wiz_z d (,.dn
2dee\ dr

dn*
dr

h? .
) HBh I = 1 24)

We shall assume that the scaled time 7 and height / are power-law functions of w, that is:

= h=d.

>

With these assumptions, equation (24) becomes
WP WRY + 0B + PR = 1 (25)

Note that the capillary term on the right-hand side is of order of unity and cannot be further scaled. Therefore, the
other terms in (23)) have to be balanced with it. There are three terms on the left-hand side of different physical origins
(inertia, viscosity, and gravity) and it turns out that there are four possibilities for reduction. We shall consider these
four cases separately.

H H
6 LT —
i 08
4
— B= 0.6 — B=1
3
£=05 04 B=05
2
1t 0.2
% 2 4 e s 10 %% 2 4 & s 10
(a) Case 1: (b) Case 2:
a=1,b=1/2,w—0 a=0,b=0,w—0
H
15
— B=1 1.0 'v_‘ — B=1
B=05 .," :-' | \ | B=05
0.5/ \/ \/ \/ \
0 2 4 6 s 10 % 5 10 15 20 25
(c) Case 3: (d) Case 4:
ae,1),be(0,1/2),w—0 a=1/2,b=0,w— o

Figure 2: Flow regimes for different values of the slip parameter.

Case 1: Negligible gravity. In this case, capillary forces are balanced by the inertial and viscous terms, which are
supposed to be of the order of unity. In other words, the coefficients of the inertial and viscous term have to be equal
to 1, that is

2b+1-2a=0,
2b—a =0,
which implies that
1
=1, b=~
¢ 2

Therefore, equation (23]) becomes
(Wh*"Y + w'"?h* + R = 1.
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Letting w — 0 we obtain the following simplified equation for the case of a negligible gravity term:
(W*R*"Y +Bh*h" = 1. (26)

Case 2: Negligible inertia. In this case, capillary forces are balanced by the viscous and gravitational terms.
Similarly as in the case above, if the coeflicient of the inertial term has to be small, the viscous and gravitational terms
should be of the order of unity. It follows that

2b—a =0,
b =0,

which implies that
a=b=0.

This then transforms equation (23)) into
W RY + 1+ PR = 1.,

Letting w — 0 we obtain the following simplified equation for the case of a negligible inertial term:
BR R +h" = 1. 27

Case 3: Negligible gravity and inertia. Since in both Case 1 and Case 2 the model was reduced for w — 0, it is
natural to raise the question whether it is possible to neglect both gravity and inertia. In that case, the capillary term
should be balanced by the viscous term only, which implies that its coefficient must be of the order of unity, i.e.,

2b-a=0 = a=2b.
At the same time, the powers of w in the other two coeflicients have to be positive, that is,

2b+1-2a>0,
b >0,

which together imply the following one-parameter family of solutions:
1
ac(0,1), be (05) a=2b.

Consequently, equation (23)) becomes
O TR RY + BRRY + WP = 1.
Letting w — 0 we obtain the following reduced model with neglected gravity and inertia:
BhR = 1. (28)
This equation is of particular significance since in the no-slip case (8 = 1) its solution is
(") e VP,

which is known as Washburn solution (in a restricted sense).
Case 4: Negligible viscosity. In this case, capillary forces are balanced by inertial and gravitational terms. If the
inertial and gravitational terms are of the order of unity, it follows that

2b+1-2a=0,
b=0,



which implies that

and reduces equation (23)) to
(Wh'Y +h* + 0™ PR R = 1.

It is obvious that the viscous term cannot become negligible when w — 0. However, it may be neglected for w — oo,
leading to the following simplified equation:
(KR +h* = 1. 29)

The reduction of the model presented above was based on the size of the dimensionless parameter w. In (23) w was
expressed in terms of two dimensionless numbers, Oh and Bo, which will help reveal the physical circumstances when
model reduction is feasible. Equations (26), and (28) were derived for w — 0. In Case 1 (negligible gravity), this
is likely to occur when Bo — 0 (strong surface tension with respect to gravity, the liquid column is rising). In Case
2 (negligible inertia) this is expected to happen because of Oh — oo (strong viscous forces compared to inertia). In
Case 3 (negligible gravity and inertia), both effects can be present, i.e., Bo — 0 and Oh — co. On the other hand,
equation (29), in which the viscosity term is neglected (Case 4), is obtained for w — oo. This is possible for Oh — 0,
when the viscosity is small compared to inertia and surface tension. The other possibility would be Bo — co, which
means that the gravitational effect should be dominant with respect to the surface tension. However, this is not the
case since we chose the scaling in such a way that the capillary term (surface tension) is of the order of unity.

Figure 2] illustrates the different flow regimes observed in our model, considering Cases 1-4 based on various
reductions of the model (I9). For each scenario, we show how the liquid height changes for two different values of
the slip parameter: S = 1 (blue representing no-slip) and 8 = 0.5 (orange).

Cases 1 and 3 exclude gravitational effects and represent the phase in which the liquid begins to rise. Case 2
demonstrates how the viscous term stops the flow, leading to an equilibrium state with H. = 1. In all of these cases
w — 0, and the height of the liquid increases faster when the slip parameter is introduced (the slope is steeper
compared to the case without slip).

In Case 4, however, the absence of viscosity leads to strong oscillatory behavior, with the solutions corresponding
to slip and no-slip conditions overlapping.

4. Global existence and uniqueness

The first step in the analysis of Washburn’s equation will be to prove the existence and uniqueness of a solution.
Washburn’s equation is nonlinear, but its structure motivates a simple and natural transformation, stated in Lemma4.1
below, that removes the nonlinearity from the leading term in the equation and relegates it to a lower-order term in the
resulting transformed equation; this was already observed in [9] in the special case of 8 = 1.

Lemma 4.1. The initial-value problem

w(HH'Y + BHH' + H =1, (30)
HO0)=a, H'0)=0, (31
can be transformed via u(s) := %H(T)2 with s 1= ‘/LB into an initial-value problem
u’ + £u' + V2u=1, (32)
w
1 2 ’
u(0) = Ear , u(0)=0, (33)
with 3 := (1 + ‘%)_1, a > 0, and the independent variable s € [0, 00).



The proof of the lemma is straightforward and is therefore omitted; for the special case of 8 = 1 and @ = 0 the
reader may wish to consult Lemma 1 in [9].

Observe that the equation admits a stationary solution u(s) = u, = const., where
(34)

1
Ue = 7’
and corresponds to the stationary solutions (T6) and (22).

We shall prove the existence and uniqueness of a global-in-time solution to the initial-value problem (32)), (33)
for all @ € [0, 3/2]. Our proof covers a more general set of initial data than the argument presented in [9], which was
restricted to zero initial data and to 5 = 1.

Theorem 4.2. Forany S > 0, 8> 0, w > 0, and any « € [0,3/2], the initial-value problem (32), (33)) has a unique
solution u € C*([0,S]). When « = 0 the solution u is strictly positive on (0,S], and when a € (0,3/2] the solution
is strictly positive on [0,S]; furthermore u(s) < 9/8 for all s € [0,S] and all « € [0,3/2), and u(s) < 9/8 for all
s € [0,8] and all @ € [0,3/2]. Finally, for a € [0,3/2] the solution depends continuously on the initial data; i.e.,
the initial-value problem is well-posed in the sense of Hadamard on the interval [0,S] for all S > 0 and for all
a € [0,3/2].

Proof. We begin by noting that since u is, by definition, a nonnegative function (cf. Lemma.T), if u is a (nonnegative)
solution to the initial-value problem (32), (33) (assuming that such a u exists), then it is automatically a solution to
the initial-value problem

u’ + %u’ + A2[uly =1, 35)
u(0) = %az, ' (0) =0, (36)

where [u], := max{u, 0} = %(u + |ul) = 0. Conversely, if u is a solution of (33)), (36) (assuming that such a u exists),
then it is straightforward to prove that u must be nonnegative, i.e., [u], = u, and therefore u is then a solution to the
initial-value problem (32)), (33). Indeed, let [u]- := minfu, 0} = %(u — lul) < 0. Multiplying (33) by ([u]-) yields the
equality

Pyt
LT <o,

because v2[u]:(s)([#]-)'(s) = 0. (Note that if [u].(s) > 0 at some s € [0,S], then by continuity [u], is strictly
positive in some nonempty neighborhood of such an s; but then [«]_ is identically zero in that same neighborhood,
whereby ([u]-)’ is also identically zero in that same neighborhood). Therefore, upon integration,

d (1 2 B
& (5[([u]) I"(s) - [u](S)) =

1 1
5[([u]-)']2(8) + (=[ul-(s)) < 5[([u]-)']2(0) + (=[u]-(0)). (37

As a?/2 > 0, it follows that []_(0) = 0. Furthermore, since ([u]_) (s) = %(u’(s) —u'(s) sign(u(s)) and v’ (0) = 0, also
([u]-)’(0) = 0. Hence, the right-hand side of is equal to 0. As the left-hand side of (37), which is the sum of two
nonnegative terms, is nonnegative, it must also be equal to zero. It then follows that in particular (—[u]_(s)) = O for
all s > 0 for which a solution to (33)), (36) exists. This then implies that, if a solution to (33), (36) exists, it must be
nonnegative. Hence, any solution to (35), is a solution to , .

Having shown that problems (32), (33) and (33)), (36) are equivalent, and that if problem (33)), (36) has a solution
then this must be nonnegative, we shall focus on showing the existence of a unique solution to the latter on the entire
interval [0, S]. We shall do so by first showing the existence of a unique solution to a regularized version of problem
(33), (36) on the entire interval [0, S]. To this end, for & € (0, 1), we consider the following regularized initial-value

problem:
u + %u; + V2[uds +e=1, (38)

10



1
us(0) = 5%, u(0) =

(39)

As the function z € R — +2[z]; + € € R, is globally Lipschitz, the existence of a unique solution u, € C%([0,5])
to the initial-value-problem (38), (39), for any S > 0, follows by a straightforward application of the Picard-Lindelof

theorem.

We shall prove the existence of a solution to the initial-value problem (33), (36) by passing to the limit & — 0, in
the problem (38), (39). To be able to do this, we need suitable uniform bounds on the family of functions (us)o<e<1,

which we shall now derive. By multiplying equation (38) by u, we have that

_i ’ 2 i ’ 2 _ o
st[ug(s)] + \/a[ug(s)] = ug(s) — ug(s) V2[u(s)l+ + &

Hence, upon integration and using the elementary inequality ab < gaz + 21—5b2 with § = B/ Vw, we find that

Lwor+ L2 f (O dt = f () di - f OOl T edt
0

2
sfo el (1)] dt + % fos[u’g(t)p dr + —f Qug(H]4 + &) dr.

Thus, and because [u:(1)]+ < |us(?)], it follows that
—[u ) + —f [u.()] dt<f |u ()| dr + \/_f Qlus(t)| + &) dr.

As u,(s) = 1a* + fos ul(¢) dt, whereby 2Ju (1| < a? + 2 for |u.(7)|d7 for all £ € [0, s] C [0, S ], we have that

%[u;(s)]2 + % fo S[u'g(t)]z dr < f S |l ()| dt + ‘2/—? fo s (oﬂ +2 fo |ul.(7)| dT + g) dt
< S;/ﬁ_ (a +s) (1 + %) j: |ul.(£)] dt

s Vw (az +8) + (1 + %) \/E(fs[u N7 dt)]/2

IA

2B
§S$<a2+s)+%—( S\/_) s+—f[ L] dr.

Therefore, for any § > 0 and all s € [0,S] and all € € (0, 1),

L) (1 S

1
2[u ()] +—f[ ()] dt <

This then implies that

maxepo,s1 lu(s)| < C,

where C denotes a generic positive constant independent of £ € (0, 1); therefore, again because u.(s) =

fos u,(t) dt, we also have that
maxeo,s] [us(s)l < C.

(40)

@*/2 +

Thus we infer that the family of functions (ug)o<e<; C C%([0,S)) is uniformly bounded in C([0, S]) and that it is
uniformly equicontinuous. Indeed, by the mean value theorem and {0), |u:(s1) — u:(s2)| < Cls| — 5| for all sy, 5, €
[0, S], uniformly in € € (0, 1), so the uniform equicontinuity of the family directly follows. Hence, by the Arzela—
Ascoli theorem, there exists a subsequence of (u.)p<s<1 (not explicitly indicated), which uniformly converges on [0, S ]
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to a continuous function u € C([0,S]) as € — 0,. Next, we shall show that « is in fact a solution to the initial-value
problem (33)), (36). We shall do so by restating the initial-value problem (38), (39) in an equivalent form as a nonlinear
Volterra integral equation of the second kind, and passing to the limit € — 0. in this integral equation.

By integrating (38) from 0 to s € (0,S], using #*/ Ve as an integrating factor, and then integrating the resulting
equality again, it follows that u, satisfies the following nonlinear Volterra integral equation:

2 S —B(s—1,
1,(s) = % +f0 %[1 _e e (1 TR +s)dt, s€[0,S].

By passing to the limit € — 0. in this equation over the uniformly convergent subsequence whose existence has been
guaranteed above by the Arzela—Ascoli theorem, it follows that the limiting function u satisfies

2 S (st
u(s) = %Jrfo %[1 —e%](l - \/2[u(t)]+)dt, s€0.5]. (41

Clearly, u(0) = @?/2. As u € C([0,S]), the right-hand side of @T)) belongs to C 10,8, whereby the function
u appearing on the left-hand side of (#I) also belongs to C'([0,S]). We are therefore allowed to differentiate the

equality (1)), and we find that
s (T s
W(s)=e " f e (1 — \2[u(n)]y) dt. 42)
0

Obviously «/(0) = 0. Since the integrand appearing in (@2) belongs to C([0,S1), and therefore the right-hand side of
(@2) belongs to C'([0, S 1), the same must be true of the left-hand side of [@2)); hence, u € C*([0, S ]). We are therefore
allowed to differentiate (42)); using the expression for u’(s) stated in @2)) in the equality resulting from differentiating

([#2), we then find that
W/(s) = ~Loil(5) 4 (1 = AL
Vw

Thus we have shown that the function u satisfies the differential equation (33)) and the initial conditions (36). In other
words, we have proved the existence of a solution u € C 2([0, S to the initial-value problem @]), @]) on any interval
[0,S]. As we have already shown that all solutions to this initial-value problem are nonnegative, it follows that we
have proved the existence of a nonnegative solution u € C>([0,S]) to the initial-value problem (32), (33) on any
interval [0, S ].

Let us now show that all solutions to the initial-value problem (32)), (33) must, in fact, be strictly positive through-
out the interval [0, S ] in the case of @ € (0,3/2], and over the half-open interval (0, S] in the case of @ = 0. Having
done so, we shall be able to prove uniqueness of the solution. By multiplying (32) by u/(s) it follows that

5_[»/(@]2.

w

d|1 2V2
WP~ uts) + %[u(s)]m] =-
Letting
1, 2V2
E(s) = S ()1 = u(s) + —==[u()"?,
it follows that E is a monotonically nonincreasing function of s and
a? 2a
E(0) = ——(1 - —).
0) > 3

We will first show that E(s) < 0 forall s € (0,S] and all @ € [0, 3/2].

Clearly, if @ € (0,3/2) then E(0) < 0, and therefore E(s) < 0 for all s € [0,S], because E is monotonically
nonincreasing.

If, on the other hand, @ = 0, then E(0) = 0 and since E(s) is a nonincreasing function of s, it follows that E(s) < 0
for all s € [0, S]. We will show that, in fact, E(s) < O for all s € (0, S]. Since u € C%([0, S]) and

’” _ _ﬂ ’ _
u”’(s) = @u (8) + (1 = 2u(s)),
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by passing to the limit s — 0, and recalling that #(0) = 0 and «’(0) = 0, it follows that #”(0) = 1. Since " € C([0, S ]),
we deduce that #”” must be strictly positive in a small neighborhood of s = 0, which means that " is a strictly
monotonically increasing function in that neighborhood. As u’(0) = 0, it then follows that «’(s) > O for all s > 0 in
that small neighborhood of s = 0. Because E(0) = 0 and E(s) < 0, E(s) cannot be identically equal to zero over this
small neighborhood of s = 0, as in that case we would have that

L —u) + D u =0
over that interval, and by differentiating this equality (recall that u € C?([0, S ])) it would follow that
W (s (s) = ' (s) + V2[u(s)]'/*u'(s) =
for all such s. However, u’(s) > 0 for all such s, and therefore it would follow that
u’(s) =1+ V2[u(s)]"* =0

Substitution of u”’(s) = 1 — V2[u(s)]'/? into the differential equation (32) would then imply that (8/ Vw)u'(s) = 0 on
that interval, which is impossible because u’(s) > 0 there. Thus, we deduce that E(s) < O for all s > 0 sufficiently
close to s = 0. However, since E is nonincreasing, we infer that E(s) < 0 for all s € (0, S].

If @ = 3/2, then E(0) = 0 and since E(s) is a nonincreasing function of s, it follows that E(s) < 0 for all s € [0, S ].
We will show by an argument similar to the one presented in the case of @ = 0 that, in fact, E(s) < 0 for all s € (0,S].
Since u € C%([0,S]) and

u'(s) = —iu’(s) + (1 = 2u(s)),
N
by passing to the limit s — 0, and recalling that u(0) = @*/2 =9/8 and «’(0) = 0, it follows that «’’(0) = —1/2. Since
u" € C([0,S]), we deduce that u” must be strictly negative in a small neighborhood of s = 0, which means that u’ is
a strictly monotonically decreasing function in that neighborhood. As #’(0) = 0, it then follows that #’(s) < 0 for all
s > 0 in that small neighborhood of s = 0. Because E(0) = 0, E(s) < 0, and E(s) cannot be identically equal to zero in
this small neighborhood of s = 0 (by the same argument as in the case of @ = 0 above, but now using u’(s) < 0 for all
s > 0 in this small neighborhood of s = 0), the fact that E is nonincreasing implies that E(s) < O for all s sufficiently
close to s = 0. However, since E is nonincreasing on the interval [0, S ], it then follows that E(s) < O for all s € (0, S].
Thus we have shown that, for all @ € [0,3/2], E(s) < 0 for all s € (0, S]. Hence,

0> E(s) = 51 ()P~ u(s) + ZT‘/E[u(sn“2 > —u(s) + ZT‘/E[M@P” (o)1= 25|
for all s € (0,S]. Consequently (recall that u(s) > 0), we have that
0 < u(s) < g for all s € (0,S1]. 43)

Thus we have shown that the initial-value problem (32)), (33) has a solution u € C 2([0,S51) on any interval [0, '] of the
real line and that all solutions of this initial-value problem must be positive on (0, S ] when @ = 0 and on the whole of
[0,S] when a € (0, 3/2]; furthermore, all solutions must satisfy the upper bound u(s) < 9/8 for all s € [0, S] (thanks
to (@3) and because u(0) = @*/2 <9/8 for all @ € [0,3/2]).

It remains to prove the uniqueness of the solution to the initial-value problem (32)), (33)). Let us first consider the
case where @ € (0, 3/2]. Suppose that u and v are two solutions to the initial-value problem (32), (33). As both must
be positive functions on the closed interval [0, S|, because of the continuity of # and v each of these functions can only
have a finite number of minima on [0, S] and at each of these minima both u and v must be strictly positive. Thus,
there exists a positive real number § such that u(s) > ¢ and v(s) > ¢ for all s € [0, S]. Equation (T)) then implies that

|u<s)—v<s>|<—f | - M|dr<——f Ju(e) - v(o)l dr
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for all s € [0,S]. It then follows from this inequality by Gronwall’s lemma that |u(s) — v(s)| = 0 for all s € [0, S].
Thus we have shown the uniqueness of the solution when a € (0, 3/2].

Now suppose that @ = 0. Our aim is to apply Theorem 11.3 of Precup [IOJEI to deduce the existence of a unique
(local) solution to the initial-value problem on the closed interval [0, s..], where s. := min{1/2, v/w/B}. To be able to
do so, we need to check the assumptions of that theorem.

e We begin by noting that X := C([0, s.]) is an ordered Banach space with the ordering < (i.e., given v,w € X, we
say that v < w if, and only if, v(s) < w(s) for all s € [0, 5.]) and

K=WveX: :v(s)=20 Vsel0,s.]}

is a normal cone in X. We recall that a cone K C X is normal if, for any pair of sequences (wi);2, C K and
(vi)je; € K such that lim_,c, vy = 0in X and 0 < wy < vy, it follows that limy e wi = 0 in X. That our K, as
defined above, is a cone in X is trivially true, as any nonnegative constant multiple of a nonnegative continuous
function defined on the interval [0, s.] is a nonnegative continuous function defined on the interval [0, s.]. To
prove that our cone K is normal, we note that if (v);2; C K converges to 0 in X (i.e., it converges to 0 uniformly
on the interval [0, s.]), then, because 0 < maxe[o.s,] Wk(s) < Maxseqo,s,] Vi(s) = 0 as k — oo, it follows that the
sequence (wx);-; C K must also converge to 0 uniformly, i.e., lim;_,. wx = Oin X.

e Next, for s € [0, 5.], we let up(s) := s2/6 and vo(s) := s°/2 and we take [uo, o] as the order interval in Precup’s
Theorem 11.3. Because the function z € Ryg - 1 — V2z € R is decreasing and 0 < 1 —e™ < 1 for all z > 0,
it follows that the map T : [0,vg] — X defined by

(TO)I(s) = % fo[l —eiﬁ(jﬁ?“](l - M)dt

is decreasing, in the sense that if 0 < w < v on [0, s,] then T(0) > T(w) > T(v) on [0, s.].

e Furthermore, the map 7T : [ug, vo] — X is continuous. Indeed, if uy < vy < vgand vy — vin X, then ug < v < v;
also, T(v¢) — T(v) in X, thanks to the inequality | v2v;(f) — V2v(#)| < V2[vi(#) = v()|"/2, which implies that
maxepos.1 [T)I(s) = [TWIS)] < (S/ V2) maxgeqo,s.; ve(s) — v(s)['? = 0 as k — .

e As a matter of fact, the map T : [ug,vo] — X is compact, i.e., if (vi);2, is a sequence in X = C([0, 5.]),
such that ug < vx < v, then the mapped sequence (T (vx));2, has a convergent subsequence in X. Indeed, as

T(vo) < T(vi) < T(up) for k = 1,2,..., the sequence (T'(v¢)),, is bounded in X. Furthermore, as

[TOOT(s) = e fo (- V) d,

it follows that T(v¢) € C!([0, s.]) and (T(vi))2, is a bounded sequence in C ([0, 5.]1). Thanks to the compact
embedding of C'([0, s.]) in C([0, 5.]) = X (or by the Arzela—Ascoli theorem) it then follows that there exists a
subsequence (T'(vy,)),- ; that converges in X to an element of X. Hence, the map T is compactﬂ

IFor the reader’s convenience, we include here the statement of this result (in an abbreviated form).
Theorem 11.3 (of [10], p.171) Let (X, K) be an ordered Banach space (i.e., a Banach space endowed with a closed cone K) and let [ug, vo] :=
(wp+K)yn(wvo—K)={veX : uy<v<v} CXbe an order interval with 0 < ug < v such that there is a real number A with

A1>0, Avy < up.
Assume that 7 : [0,v9] — X is decreasing on [0, vg], continuous on [ug, vol, T([10, vo]) C [uo, vo], and that there is a function y : (0, 1) — (0, c0)
such that |
x() < T T(Av) < x(DT(v)
forall A € (0,1), v € [ug, vo]. In addition assume that K is a normal cone and 7 is compact. Then, 7 has a unique fixed point u in [ug, vo].
2In fact, in the statement of Theorem 11.3 of [10] the author uses the term completely continuous map in reference to T, but his notion of
completely continuous map is what is now called compact map, namely one that maps a bounded sequence into a sequence that has a norm-

convergent subsequence in the target space. This is a stronger requirement than being a completely continuous map, i.e., one that maps a weakly
convergent sequence into a norm-convergent sequence in the target space.
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e Next, a simple calculation yields that with our choices of uy(s) = s?/6 and vo(s) = s%/2, we have that ug < T(vo)
and T(ug) < vo on [0, s.]. Let us confirm that this is indeed the case. Lety := 8/ Vw. Because 1 —e™ > x— %xz
forall x> 0and 0 < 5 < 5, = min{1/2, Vw/B} = min{1/2,1/y} < 1/2, we have that

[TO(s) = - f (1= Y1 = 1y dr

— 2 2 2
_—f(y(s Y6 t))dt—i(l—%s) %:uo(s) Vs elo,s].

On the other hand, since 1 —e™ < x for all x > 0, it follows that

1 ,
[T(my)l(s) = ;jo‘ (1- e‘y(‘_’))(l - %) dr

slfy(s—t)(l—i)dtzf(l— u )S—2=V0(S) Vs €[0,s.].
Y Jo V3 2 3V3 2

Hence, thanks to the monotonicity of T, it follows that T([ug, vo]) C [uo,vo]. Indeed, if uy < w <
ug < T(vg) < T(w) < T(up) < vyp.

“

Vg, then

o Finally, we observe that, for any 2 € (0, 1), v € [ug, vo] and 7 € [0, s.], we have that

1— \200() < % (1- v2v(0),

because

V21 =) <t(1-2) < %(1 - = %(1 + V(- vy <1-+va

Consequently,

[T(v)](s) = % fo ' [1 —e*ﬁ(ﬁ”]@ - \/lev(t))dt < %[T(v)](s) Vselo,s.].

Clearly the function y : (0,1) — (0, o) defined by y(1) := 1/ V2 satisfies y(1) < 1/A for all A € (0,1) and
T(Av) < (DT () for all 2 € (0, 1) and all v € [ug, vo].

Thus, we have checked all the hypotheses of Theorem 11.3 of [10]], which then implies that 7 has a unique fixed
point u € K. In other words, there exists a unigue (local) solution « to the initial-value problem on the interval [0, s.]
when a = 0.

If S € (0, s.], then the proof of the uniqueness (and existence) of a solution « in the case of @ = 0 is complete. If,
on the other hand, S > s., then we proceed as follows. Let us define u, := u(s.) and u, := u’(s.). Then, it remains
to show uniqueness over the interval [s.,S] of solutions whose existence over [0,S] we have already established
above. Suppose therefore that u and v are two solutions on [0, S] to the initial-value problem (32), (33) for @ = 0.
As u(s) must be equal to v(s) for all s € [0, s.] thanks to the uniqueness of the solution on [0, s.], it follows that
u(s,) = v(s.) = u. and /(s.) = v'(s.) = u/,. By integrating the differential equation (32), now from s. to s € (s.,S1,
we then have

u(s) = . + 7\/_(1 - eﬁ“f’)u; N f %[1 - e'ﬁ%"](l - \/T(z))dt (44)
d
h W(s) = u. + %(1 _ M )u; + f %[1 - e%](l - \/T(z)) dr. (45)

As both u and v must be strictly positive on the entire closed interval [s,, S ], it follows from ([@4)) and @3) by Gron-
wall’s lemma, in exactly the same way as above, that |u(s) — v(s)| = O for all s € [s.,S]. Thus we have also shown the
existence of a unique solution on the entire interval [0, S] in the case of @ = 0.
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It remains to prove the continuous dependence of the solution on @. Let us denote by u, the unique solution of
the initial-value problem corresponding to @ € [0,3/2]. As 0 < u,(s) < 9/8 for all s € [0,S] and all @ € [0,3/2], it
follows from that |u,(s)| < S forall s € [0,S] and all @ € [0,3/2]. Let ag € [0,3/2]. Then, thanks to the Arzela—
Ascoli theorem, there exists a subsequence of the family (u4)o<a<3/2, Which converges to a function u,, € C([0,S])
uniformly on [0,S] as @ — ag € [0,3/2]. Since Uy, is the limit of a uniformly convergent sequence of nonnegative
continuous functions, it too must be nonnegative on [0, S]. We then return to @D, with u replaced there by u, and
pass to the limit over this uniformly convergent subsequence as @ — « to find that

CRCRR ARG (BN I

Clearly, 1, (0) = a5/2, 1, (0) = 0, and

B

U (8) = === (8) + (1 = |21, ().

Vo

Therefore, the limiting function u,, is in fact the unique solution u,, of the initial value problem corresponding to
a = ap € [0,3/2]. As the initial-value problem corresponding to a( has a unique solution, the same convergence
argument applies to any subsequence of (iy)o<a<3/2 With @ — @p. In other words, u, converges to u,, in the norm of
C([0,S]) whenever @ — «g. Thus, we have shown continuous dependence of the solution u, on « € [0, 3/2].

That completes the proof of the existence of a unique solution u € C?([0,S]) to the initial-value problem (32).,
for all @ € [0,3/2] on the interval [0, S] for any S > 0, and of the well-posedness of the initial-value problem in
the sense of Hadamard. O

Although we have proved the well-posedness of the initial-value problem (32)), (33) on the interval [0, S] for any
S > 0 and for all @ € [0,3/2], in view of our assumption and the definition of @ as the ratio of the nonnegative
initial height & and the positive equilibrium height £, (cf. equation (I8)), the values of « that are of actual physical
interest in the context of capillary rise are those in the range 0 < @ < 1. For this reason, in particular, we do not
consider here the case where a > 3/2.

5. Stability and convergence to the equilibrium solution

We proceed by restating the second-order ordinary differential equation (32)) in an equivalent form as the following
autonomous system of two first-order ordinary differential equations:

u =v= filu,v),

Vi=1- %v— V2u =: Hu,v),

with fi and f> understood to be functions of (u,v) defined on Q := {(u, WeR?>:u>0,ve R}. The critical point of
the system (46) is the stationary solution (u(s), v(s)) = (iter, ver) for which both fi(uer, ver) = 0 and fo(uter, ver) = 0.
Clearly, the system (46)) has a unique critical point

(46)

(thers Ver) = (%, 0) s 47)
which corresponds to the stationary solution (or, equivalently, or (34)).

In [9] it was shown that the stationary solution of (30), H(T) = Hy = 1, in the case without slip (8 = 1) is reached
monotonically or oscillatorily depending on the value of w. This stationary solution corresponds to the critical point
of the system (46)).

It turns out that when the slip parameter S is introduced there are no qualitative changes in the asymptotic behavior
of the solution—the only difference is in the critical value w. (cf. equation (#9) below) of the parameter w that
separates monotonic asymptotic behavior from oscillatory asymptotic behavior. To prove this claim, we shall linearize
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the system (46)) in the neighborhood of the critical point by defining x(s) := u(s) — e, y(5) := v(s) — ver, and note
that the ‘perturbations’ x(s) and y(s) satisfy the following autonomous linear system of differential equations:
X =y,
y = —X - iy (48)
Vo
We shall then analyze the stability and the type of the critical point (¢7), or equivalently (x, yer) = (0,0). We note
in passing that f; and f, are C™ functions in a small neighborhood of the critical point (1/2,0); therefore, the local
linearization of the nonlinear system in the vicinity of the critical point is meaningful.
In the following, the arguments largely proceed along similar lines as those in Section 3.2 of [9].

Theorem 5.1. For the linear(ized) system {@8)) the following assertions hold:
(i) the critical point (x¢r, yer) = (0,0) is linearly asymptotically stable;

(ii) the type of the critical point depends on the values of the parameters, i.e., there is a critical value of w

2
w. =, 49)

such that
(a) for w < w, the critical point is a stable node;

(b) for w > w. the critical point is a stable spiral;

(c) for w = w, the critical point is a stable inflected node.

0 1
A:Z(_1 _i]
o

associated with the right-hand side of the linearized system (@8)) has the following eigenvalues:

___ B _dw
Aip = 2@[11 1 ﬁ2]'

Since B > 0 and w > 0, the eigenvalues are nonzero and are either real and negative, or complex with negative
real part, which proves (i). The type of the critical point depends on the sign of the discriminant 1 — 4w/B%: when
1 —4w/B? > 0, ie., w < w,, the critical point (0, 0) is a stable node, while when 1 — 4w/8> < 0, i.e., w > w,, the

Proof. The matrix

critical point (0, 0) is a stable spiral. When w = w,, 41, = —1 with associated eigenvector (1, —DT, and the critical
point (0, 0) of the linearized system is then a stable inflected node. O

Corollary 5.2. The critical point of the nonlinear autonomous system (46} is a stable node for w < w, a stable
spiral for w > w., and a stable inflected node for w = w,, where w, is as in #9).

Proof. The assertion is a direct consequence of the statements (a), (b) and (c) of Theorem @] and the Hartman—
Grobman theorem (cf., for example, Sec. 2.8 of [8]), thanks to the fact that each of the eigenvalues, 4, », calculated in
the proof of Theoremhas a strictly negative real part: Re(11,) = —=8/(2Vw) < 0 forall 8 > 0 and w > 0. O

Corollary[5.2]implies that the critical point/equilibrium height is approached monotonically in the subcritical case
(w < w,) and oscillatorily in the supercritical case (w > w.).

While Theorem [5.1] provides a helpful characterization of the critical point, it holds only locally, in the sense
that the monotonic or oscillatory behavior asserted in the theorem can be claimed only after the trajectory of the
solution has reached a sufficiently small neighborhood of the critical point, and there is no mathematically rigorous
guarantee that the solution of the initial-value problem will reach that neighborhood. An attempt was made in [9] to
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prove global stability by constructing a suitable Lyapunov function for equation (30) and the corresponding basin of
attraction. However, the basin of attraction determined that way did not include the initial data.

In this work, we suggest a new Lyapunov function related to (32), which enables us to extend the basin of attraction
and include the initial data.

Lemma 5.3. Let Q = {(u, WeR>:u>0,ve R}; then, the function V defined by

+ %, for (u,v) € Q, (50)

is a Lyapunov function for the nonlinear autonomous system (@6).

Proof. We begin by noting that V € C'(Q). To confirm that V is a Lyapunov function for the system (@8} it will be

helpful to define the function
1 2vV2
E(u,v) := Evz —u+ T\/_Lﬁ/z. 6
We note that at the critical point (@7) we have

1
E(ucr, ver) = _8~

Hence,

& 3/2
3 U
We are now ready to verify that the function V is indeed a Lyapunov function for the system. We shall do so in three

steps.

1
+ 6 = E(u, V) - E(ucra VCI’)'

(Step 1) Clearly, V(ucr, ver) = V(4,0) = 0.

(Step 2) Next, we need to show that V(u,v) > 0 for every (u,v) € Q, (u,v) # (Uer, Ver). To this end, V(u, v) is transformed

as follows:

2V2
3

1
V(u,v) = =v* —u+

2
e )

>0 for u € [0, c0)\{1}

1
M\/ﬁ'l'g

Therefore, the function V(u, v) is strictly positive on Q \ {(ucr, Ver)}-

(Step 3) We also need to show that V’(u(s), v(s)) := %V(u(s), v(s)) < 0, for every (u(s), v(s)) € Q. Indeed,

SV A = ()~ (5) + 22 3L )

s 3 2
= v(s)(— 2u(s) - %v(s) + 1) = v(s) + V2[u(s)]"*v(s) (52)
__ B P
= @[V(S)] ,

which is nonpositive for all 8 > 0 and all w > 0.
O

As V' (u(s),v(s)) < 0 for all s > 0, but V' (ucr, ver) = V'(1/2,0) = 0 instead of < 0, Lyapunov’s stability method
cannot be applied, and we have to resort to LaSalle’s invariance principle to find the basin of attraction and prove the
asymptotic stability of the critical point.
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Theorem 5.4. The unique critical point (u;, ver) = (1/2,0) of (@0)) is asymptotically stable for all trajectories starting
inside the set
2V2 3/2

1 1
Qo={(M,V)GQ:§v2—u+Tu +6SC}’

where C is a constant given by

1, 2V2e* [ 1 3
C——Ea +77 7-{-6, o € O,E
Proof. Thanks to the definition (50} of the Lyapunov function V, we have that

Q= {(u, v)eQ:Vu,v) < C},

1, 2V2a® [ 1 3
C.——EOK +77 74‘6, [VAS 0,5

Because of the strict convexity of the function V : (u,v) € Q — V(u,v), Q is the smallest level set of V that is both a
subset of Q and which contains the initial state (33]) as well as the critical point. Next, we define

where

&= {(u, v eQy: Viuv) = 0}.

By noting (32), we deduce that all points in & are of the form (#,0), u € [Umin, Umax], WheTe Umin and umax are
nonnegative solutions of the equation

el
3

By recalling the definition of C a simple calculation based on factorization yields that, if @ € [0, 1], then

—u

2V2 1

2 2
a 9(1 a 1
Umin = 7, Umax = g (E — g + 8 9+ 12a — 12&2) . (53)
We note that for @ € (0, 1), 0 < tmin < Umax < 9/8, i.€., Umin and U,y in (G3I) satisfy the two-sided bound (@3)). For
a = 0 we have that upi, = 0 and up,x = 9/8. For @ = 1, upin = max = 1/2 € (0,9/8), in agreement with the fact that
ue = 1/2 is the unique stationary solution. If on the other hand @ € [1,3/2], then

0’2

?9

B L Wyt § -
umi“_§(§_§+8 + l2a — a/), Umax =
and, again, 0 < umin < Umax < 9/8 for a € (1,3/2), while for @ = 3/2 we have that u,;, = 0 and up.x = 9/8.

Let us suppose that a € [0,3/2]. Then, 0 < unyin < Umax < 9/8. To prove the asymptotic stability of the critical
point we have to determine the largest forward invariant subset M of &, i.e., the largest set of solutions of the form
(u(s), 0) with initial data in &, i.e., with ((0), v(0)) = (ug, 0), where ug € [tmin, Umax]. It is obvious that M contains
at least one point—the critical point itself. Our goal is to show that it is the only point contained in M. To do so, we
return to (46)) and require that v/ = 0, since v = 0 for all # > 0. However, it is obvious from (6] thatv' =1 — V2u #0
when v = 0, for any u # u., = 1/2. It follows that there is no other point in M except the critical point (ucr, ver), 1.€.,

(o)

To complete the proof we still need to analyze solutions with initial points in Qg N & = {(Umin, 0), (Umax, 0)}.
Our goal is to ensure that these two points are in the basin of attraction, Q. To that end, consider the initial-value
problem for the system @6) with (1(0), v(0)) = (#min, 0). It follows from the definition of Qg that V((0), v(0)) = C.
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We know from Theorem 4.2] that there exists a unique solution (u(s), v(s)) for s € [0, 2] and any & > 0. Let us assume
(for contradiction) that V(u(h), v(h)) = C > C for some h > 0, i.e., that (u(h), v(h)) ¢ Qp. Since s — V(u(s), v(s))
is a continuous function defined on [0, /], which is differentiable on (0, /), by the mean value theorem there exists a
o € (0, h) such that

V(u(h), v(h)) — V(u(0),v(0)) c-cC

h-0 ok

This contradicts Lemma[5.3] which states that V'(u, v) < 0, (u,v) € Q. Therefore, V(u(h), v(h)) < C for all h € [0, co),
i.e., (u(h),v(h)) € Qg for all i € [0, co0). The same argument applies to (1(0), v(0)) = (umax, 0). By applying LaSalle’s
invariance principle, it follows that every solution starting in {0 approaches M as t — co. O

V' (u(o), v(0)) = > 0.

Theorem [5.4] facilitates the formulation of a new result regarding the solution of Washburn’s equation. First, let
us recall that we have proved the global existence and uniqueness of the solution of the initial-value problem (32,
(33). Second, we have proved asymptotic stability of the critical point for the trajectories starting in the set Qy whose
boundary contains our initial data. An immediate consequence of this is the following result.

Corollary 5.5. Let @ € [0,3/2]. The unique solution 7 € [0,0) — (u(f), v(r)) of the system (46) with initial data
(u(0),v(0)) = (cxz /2, 0) converges to the unique critical point (s, ver) = (1/2,0) as t — oo.

In more physical terms, every solution of Washburn’s equation (T9), which starts from a small nonnegative initial
height H(0) = « from the state of rest (H’(0) = 0), converges to the equilibrium height Hy = 1, i.e., H(T) — 1, as
T — oo, regardless of the choice of the slip parameter § > 0 and the dimensionless parameter w > 0. This result
is physically expected and was computationally observed, but lacked a rigorous mathematical proof, which is now
available.

6. Conclusions

We derived Washburn’s capillary rise equation with a slip condition from first principles. A new scaling approach
was introduced and different flow regimes were analyzed. We then proved the global existence and uniqueness of
a positive solution. Furthermore, we showed that the slip parameter does not affect the qualitative behavior of the
solution. Finally, a Lyapunov function was constructed, demonstrating that the system reaches a stationary solution
from the given initial data. Future work could focus on analyzing the slip parameter, particularly investigating the
effects of negative values of the slip parameter § or its variation along the z-axis. A potential physical interpretation
of negative slip could be related to changes in the contact angle. The construction and mathematical analysis of stable
and convergent numerical methods for the approximate solution of Washburn’s equation that correctly reproduce the
long-time dynamics is a further potential area of future research.

Appendix A. Local forms of balance laws

The analysis of the restrictions on the velocity and pressure fields requires the use of the local forms of mass and
momentum balance laws:
V.-v=0,

0
p(a—‘; +v-VV) = —Vp +uV?v +pg.
Specifically, when the motion is studied in cylindrical coordinates, the local form of the mass balance law for an
incompressible fluid reads as follows [[1]]:

P
L v, (A1)

Dt e T e

10
ror
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The local form of the momentum balance law in cylindrical coordinates is

ov, Vi 1dp 2 v, 2 0v,
D vV, -2 =2 vy, o 2T
ot V-V r p Or WU TR TR dp
v, ViV, 1 dp ) Ve 20y
LV Ve + —L =——Z 4y [V, - 2+ =L (A.2)
ot V- Vv r pr dp YT TR o)’
ov, 10p

m +(v-V)y, = —;a—z +vVh, —g.

Appendix B. Global forms of balance laws and Washburn’s equation

Our aim is to show that Washburn’s equation is a consequence of the global form of momentum balance and the
assumptions on the flow field. This procedure will be split in several steps.

Domain

In order to apply the balance equations in their global form, we will describe the pipe in cylindrical coordinates.
The volume occupied by the fluid at time # > 0 will be taken to be the set #; in cylindrical coordinates

P =1(r,¢,2lr € [0,R], ¢ € [0,27], z € [=hy, H(D)]},

where A(?) is the height reached by the fluid column at time ¢ > 0, and £,, > 0 is the immersion depth of the pipe in
the reservoir. The boundary of $, will be split in three parts

0P = 0Py U 0P U 0Py,

so that P, and 03 are the boundaries of the bottom and top bases of the cylinder, respectively, 0%, is the boundary
of the vertical side of the cylinder:

0Pn ={(r,¢,2)lr €[0,R],@ €[0,27],z = —hy},  m =—e;

aptz = {(}’, @, Z)|r = R’SD € [0’ 2”]7Z € [_hw’ h(t)]}a n =e€,

0P ={(r,¢,2)Ir € [0,R], ¢ € [0,27], 2 = h(D)}, n; =e;

n;, n, and n3 are the respective unit outward normal vectors.

Mean velocity
As a consequence of our assumption of an axially symmetric flow field, the local mass balance law and Poiseuille
velocity profile, the velocity field has the form v = v,(r, f)e;, where v,(r, f) is given, by (7), as

2
V(1) = v(t)(l S Z—L)

=t R (B.1)

We need the mean velocity of the fluid, i.e., the average value of the velocity field v with respect to a cylindrical cross
section perpendicular to the axis of the pipe:

1 27 R
v(t) = R_%r\f; f(; v, (r, )rdrde.

Using (B.I)) and applying Fubini’s theorem we get

1 21 R 2 L I
W):R_%rfo j(;V(f)(l—%+21—e)rdrdg0=%t)(l+41—e).

In subsequent computations the following form of the mean velocity is used:

()

W=, B (1 + 41%)_1 . (B.2)
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Momentum balance law in global form
We want to apply the momentum balance law in its global form

d K(X,t)def t(n)dS+fpde (B.3)
dr Je, o, s

to the volume $;. We will calculate separately the left- and the right-hand side of the equation.
Left-hand side. The left-hand side of (B.3)) expresses the rate of change of momentum of the fluid. The momentum

density is given by
K, 1) = p(x, )v(X, 1) = pv, (1, t)e,.

d d d (ho R e
T ‘L[ K(x,n)dV = T j;’, ov.(r,2)e.dV :p[d_t j:hw j; fo v (r, t)dgordrdz] e;.
Taking into account and
LR \f:ﬂ v,(r, )deprdr = R27n7(t),

4 K(x,)dV = pR* ifh(l)_(t)d = pR? E[‘(t)(ht+h ] (B.4
a Jy, x,ndV=p |5 7hwv 2| = pRim [V () + hy)le.. 4)

Thus, we have

it follows that

Right-hand side. The right-hand side of (B.3) involves contact and body forces acting on P,. For the body forces we

have
W) R p2n
Fv=fpde:fp(—gez)dV=—pgezf ff rdrdedz.
P, P, —h, Jo Jo

Fubini’s theorem gives that

F, = f pbdV = —pgR*n [h(f) + hy,]e,. (B.5)
Pr

It is left to determine the total contact force F by integrating the traction over the boundary of the pipe. Since the
boundary is divided into three regions, it follows that

F‘Y:f t(n)dS =f tl(nl)d51+f tz(nz)dS2+f t3(n3)dS 3,
t 37),1 aPrZ 67):‘3

where §'1,5, and S5 are surface elements. To this end it will be helpful to recall the following expression for the
traction of an incompressible viscous fluid (cf. [1}[7]):

tn) =—-pn+u2m-V)v+nx(Vxv). (B.6)
Since in our case
V=e 9 +e Lo +e 0
S or Prop 97
we can then determine the local tractions. For t;, n; = —e, and it follows that

(m; - V)v=(-e,-V)ve,) = —%eZ =0,
0z

v,

ov
xS0 oon(- B o B,

or
Therefore,
v,
ti(ny) = p(=hy)e; - Ho e
r
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Similarly, for t,, n, = e,, and we have that

(ny - V)v = (e, - V)(vze) = %ez,
or

ov v

nzx(va)=e,><(—

which implies that
v,
t(np) = —p(z)e, + #?ez-
r
Finally, since t; = —t; we have that

v
t:(n3) = —p(h(n)e; + ,ua—:e,.

Using these expressions, we can now compute the net force exerted on the bases of the cylinder:

R 27 R ov
f t;(n))dS = f f t,(n))rdrdg = R*np(—hy,)e, — 2nu [ f r—zdr] e,
0Pn 0 0 0 67'

R 21 R v
f t;(m3)dS 3 = f f t3(n3)rdrde = —Rzzrp(h(t))eZ + 27 [f r—z} dre;.
0P 0 0 0 (9}’

At this point we may observe that:
p(=hy) = p(0) + pghy,,

so that the sum of surface forces over 0%;; and dP,; becomes:
[ tmasi+ [ tmss = Rrlpgh, + p) - plhoy]e.
0?,1 67):‘3

We now consider the net force exerted on the vertical boundary of the cylinder:

21 (D) 2r h(r) v,
f t(npy)dS, = — [ f f p(z)e,Rdpdz f f a—Rdgodz} e,.
P 0 —hy 0 —h, OF

+p

Note that the unit vector e, must be kept under the integral sign because it is not constant. To compute the first integral,

we use that e, = cos g e, + sin e, and apply Fubini’s theorem to find that

21 () 21 ~h(D)
f f p(z)e,Rdedz = f f p(2) (cos e, + sin <pey) Rdedz
0 J-n, 0 J-n,

2 (D) 21 ()
= [ f f p(2) cos pRdpdz f f p(z) sin chdgodz} e, =0.
0 J-h, 0o J-n,

€, +

This result is a consequence of the axially symmetric distribution of the pressure along the side of the cylinder. In
order to evaluate the second term, we will use the Poiseuille flow profile (B.I)) and the mean velocity (B.2); thus,

o Gy
2unR [ f a—zdz} e. = —8unBi(t) [h(t) + h,]e..
—hyy r

The last equality follows when by taking r = R. Finally,
[ tatmas: = -sumgr tho + e
8?12
Thus, the total contact force is

F, = f tm)dS = —R2x [p(h(1) — p(0) — pghy ] €, — BurBv(?) [h(t) + ] e..
P
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Washburn’s equation
First, we substitute (B.4)), (B-3) and into the global form of the momentum balance equation (B.3)); hence,

d
Rzﬂd—t (1) + h)P(D)] €, = —pgR*m(h(1) + h)e, — Rz [p(h(D) = p(0) — pghy,] €. — 8urBh(®) + h)P(De..

Since all vectors appearing in this equallty are parallel to e,, we shall analyze only this component. Dividing both
sides by 2z and substituting 7() = %42 we obtain

dh(z)

dh
pO) = p(h(®) = p. [(h(t) )= 8uB (t)

+ pgh(t) + —o= (h(t) + hy) == (B.8)

To complete the derivation of Washburn’s equation we need to introduce the surface tension, which is the main
driving agent for capillary flow of the fluid. The coefficient y of surface tension is defined as

Y=
where F is the intensity of the force due to surface tension and d is the length along which the force is exerted. In our
case, the force due to surface tension acts along the inner circumference of the pipe, whereby

F =2Rmy.

Since we are considering fluid flow in the direction of the vertical z-coordinate, we need only the vertical component
of the surface tension force
Fiers = Fcos =2Rmycos,

where 6 is the contact angle of the fluid with the vertical wall of the pipe. On the other hand, the pressure has only a
z-component and the global pressure difference balances the vertical component of the surface tension; therefore,

Fw, _ 27c0s0

p0) = p(h(®)) = R

(B.9)
Although the domain of analysis includes the immersed part of the pipe, z € [—h,,0), this is not relevant for the
relation between the pressure difference and the surface tension (B.9). Namely, if we assume an ideal situation—an
inviscid fluid with negligible capillary effects—the fluid would fill up the pipe in the region [-h,,, 0], and remain at
rest. However, if capillary effects are present, our assumption about the initial height (2(0) > 0) will introduce the
surface tension as a driving agent from the outset.

Substituting into leads to Washburn’s equation with immersion:

dh(7)

8up dh(t) 2ycos6
Py [(h(t) + )=~ —

+pgh(t)+—(h(t) W)T— A (B.10)
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