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Abstract

In 1965, B. A. Troesch solved the isoperimetric sloshing problem of determining
the container shape that maximizes the fundamental sloshing frequency among two
classes of shallow containers: symmetric canals with a given free surface width and
cross-sectional area, and radially symmetric containers with a given rim radius and
volume (Commun Pure Appl Math 18(1-2):319-338, 1965, https://doi.org/10.1002/
cpa.3160180124). Here, we extend these results in two ways: (i) we consider sur-
face tension effects on the fluid free surface, assuming a flat equilibrium free surface
together with a pinned contact line, and (ii) we consider sinusoidal waves traveling
along the canal with wavenumber o > 0 and spatial period 27 /«; two-dimensional
sloshing corresponds to the case &« = 0. Generalizing our recent variational charac-
terization of fluid sloshing with surface tension to the case of a pinned contact line,
we derive the pinned-edge linear shallow sloshing problem, which is an eigenvalue
problem for a generalized Sturm-Liouville system. In the case without surface ten-
sion, we show that the optimal shallow canal is a rectangular canal for any o > 0. In
the presence of surface tension, we solve for the maximizing cross-section explicitly
for shallow canals with any given @ > 0 and shallow radially symmetric containers
with m azimuthal nodal lines, m = 0, 1. Our results reveal that the squared maximal
sloshing frequency increases considerably as surface tension increases. Interestingly,
both the optimal shallow canal for « = 0 and the optimal shallow radially symmetric
container are not convex. As a consequence of our explicit solutions, we establish
convergence of the maximizing cross-sections, as surface tension vanishes, to the
maximizing cross-sections without surface tension.
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1 Introduction

Sloshing dynamics refers to the study of the motion of a liquid free surface (i.e., the
interface between the liquid in the container and the air above) inside partially filled
containers or tanks [9, 19]. Liquid sloshing has attracted considerable attention from
engineers, scientists, and mathematicians. It is an inevitable phenomenon in many
engineering applications, causing detrimental impacts on the dynamics and stability
of marine, road, rail, and space transportation systems. For trucks and trains trans-
porting oil and hazardous material, liquid sloshing can affect vehicle dynamics during
braking maneuvers and curve negotiation, which could reduce the braking efficiency
and increase the risk of vehicle rollover [21, 39, 50]. For liquid propellant space-
craft, violent fuel sloshing produces highly localized pressure on tank walls, leading
to deviation from its planned flight path or compromising its structural integrity.

It is of practical interest to predict the natural sloshing frequencies of the liquid in
partially filled containers of arbitrary shape since large amplitude sloshing tends to
occur in the vicinity of resonance, i.e., when the external excitation (forcing) frequency
of the container is close to one of these natural sloshing frequencies. Knowing these
natural frequencies is therefore essential in the analysis and design of liquid containers.
In this case, it suffices to consider the linear sloshing problem since the details of the
fluid motion are not required in determining the natural frequencies [32]. Except for
very few simple geometries (such as upright cylindrical and rectangular containers)
with a flat free surface, where the linear problem has closed-form solutions [19, 28],
computing the natural sloshing frequencies of a liquid in arbitrarily-shaped containers
remains an intricate task but can be treated using a combination of analytical and
numerical techniques. Some of the well-known approaches include: (1) variational
formulations [27, 29, 30, 34-36, 40, 46], (2) integral equation/conformal mapping [6,
7, 10, 11], (3) special coordinate systems [31, 32, 41], and (4) the series expansion
method [8, 41, 42]. In this paper, we use a variational approach to study the linear
sloshing problem with the pinned-end edge constraint.

1.1 Pinned-Edge Linear Sloshing Problem

We begin by describing free oscillations of an incompressible, inviscid fluid in a three-
dimensional rigid container; a physical derivation of the linear sloshing problem can
be found in, e.g., [46, Appendix A]. Let £, denote a characteristic length scale of the
container and g the gravitational acceleration. We nondimensionalize all lengths by
L., time by t.:=+/€./g, and velocity by £./t.. The fluid occupies a bounded, simply-
connected moving domain D(r) C R? that is bounded above by the fluid free surface
F(t) and below by piecewise smooth wetted container walls B(1):=0D(¢) \ F@).
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Let (x, y, z) be dimensionless Cartesian coordinates such that the z-axis is directed
vertically upward. We make the following assumptions:

1. The fluid flow is irrotational. This implies the existence of a velocity potential
¢(x,y, z,t) whose gradient is the fluid velocity field, u = V¢.

2. The fluid is acted upon by the gravitational force in the bulk and capillary (surface
tension) forces on the free surface F(t). The equilibrium free surface F is flat and
lies in the plane z = 0. We describe the moving free surface as the graph of a
function n(x, y,t): F(t) = {(x,y,2) € R3:z= n(x,y, )}

3. The contact line 0 F (t), i.e., the curve at the intersection of the free surface and the
container wall, is fixed at all time. This translates to 9,7 = O on d.F (t) = dF and is
known as the pinned-end edge constraint. This was first suggested by Benjamin and
Scott [4] to avoid certain discrepancies in the experimental measurements of wave
propagation of clean water in a channel. It was subsequently investigated by several
authors [3, 14-16, 20, 37, 42, 43]. The pinned contact line has been observed in
small amplitude sloshing, and this effect is enhanced on a brimful container or if
the fluid exhibits strong surface tension [2, 4].

4. The fluid undergoes small amplitude oscillations, allowing for the linearization of
the governing equations around the equilibrium solution (¢g, no) = (1, 0), i.e.,
write (¢, n) = (1,0) + 8(43, ) + O(e?), for some ordering parameter £ < 1.

This last assumption crucially permits the transformation of the nonlinear fluid prob-
lem on the moving domain D(¢) to a linear one (the O(¢e) equations) on the fixed,
equilibrium domain D. Finally, we seek time-harmonic solutions to the linear prob-
lem with natural sloshing frequency w and natural sloshing modes (@, &), i.e., we
write d;(x, v,2,t) = ®(x,y,z)cos(wt) and N(x, y, t) = &(x, y) sin(wt).

The O(e) equations (with the time-harmonic factor canceled) are a dimensionless
linear boundary spectral problem for (w, @, &), which we refer to as the pinned-edge
linear sloshing problem:

AP =0 in D, (1.1a)

03P =0 on B, (1.1b)

0, P = wé on F, (1.1¢)

é—LA]:;%:a)@ on F, (1.1d)
Bo

E=0 on dF, (1.1e)

where fi is the outward unit normal vector and A z&:=09y& + 9,,£ is twice the lin-
earized mean-curvature operator. The dimensionless number Bo = pgﬁg /o (with
p > 0 the constant fluid density and o > 0 the surface tension coefficient along the
free surface) is known as the Bond number and it measures the relative magnitudes
of gravitational and capillary forces. The mass of the fluid is conserved for any w.
Indeed, a trivial eigenpair of (1.1) is given by (w, @, &) = (0,1, 0), and for w # 0
mass conservation |’ & dA = 0 follows from the divergence theorem.
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Fig. 1 (Left) A canal generated by a vertical cross-section C with container shape z = —h(x). (Right) A
radially symmetric container obtained as a rotation of a planar meridian domain R with container shape
z=—h(r)

1.2 Isoperimetric Sloshing Problem

In the absence of surface tension (i.e., Bo = 00), B. A. Troesch [47] studied the
isoperimetric sloshing problem of determining universal upper bounds for sloshing
frequencies for the following two families of shallow symmetric containers:

1. Canals (uniform horizontal channels of arbitrary cross-section) with a given free
surface width and cross-sectional area; see Fig. 1(left).
2. Radially symmetric containers with a given rim radius and volume; see Fig. 1(right).

The term shallow refers to the assumption that the fluid depth, £, is sufficiently small
compared to the wavelength of the free oscillation. Exploiting translational symmetry
along the canal length for canals and rotational symmetry for radially symmetric
containers and then applying the shallow water theory, the three-dimensional sloshing
problem in the fluid domain reduces to a one-dimensional problem on the fluid free
surface. The isoperimetric sloshing problem becomes a one-dimensional eigenvalue
optimization problem with an area or volume constraint, in the sense that the free
surface is fixed and only the wetted bottom of the container is allowed to vary.

In the absence of surface tension, Troesch derived the first-order optimality condi-
tion using a variational argument, which says that the velocity potential must be linear
for any optimal container. Combining this with the extremal property of the sloshing
frequencies, Troesch showed that solving the isoperimetric sloshing problem is equiv-
alent to solving a certain first-order singular ODE with the area or volume constraint.
We now state Troesch’s result. Let A; po=co be the square of the dimensionless fun-
damental (smallest positive) sloshing frequency without surface tension for a shallow
container. For shallow canals with a dimensionless cross-sectional area A, we have

Al,Bo:oo(h) = 3A/2

for all depth functions 4 within a particular class and the container that saturates this
inequality is a parabola; in particular, the maximizing cross-section is convex and has
no vertical side walls. For shallow radially symmetric containers with a dimensionless
volume V, A1 Bo=oo (corresponding to a motion with one nodal diameter m = 1 on
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the free surface) satisfies
A1,Bo=co(h) <4V /1

for all depth functions ~ within a particular class and the container that saturates
this inequality is again a parabola. The problem for higher sloshing frequencies is
solved numerically and these optimal containers are not connected, in the sense that
the container depth vanishes at some point in the interior of the free surface.

1.3 Summary of Main Results and Outline

The goal of this work is twofold: (i) solve the isoperimetric sloshing problem for the
fundamental (smallest positive) sloshing frequency, including the effects of surface
tension on the free surface and (ii) extend transverse sloshing to longitudinal sloshing
along the canal. We now give precise statements of our main results.

Canals. In the case of canals, we restrict our attention to sinusoidal solutions of the
form @ (x, y, 7) = ¢(x, z) cos(ay) and £(x, y) = ¢(x) cos(ay), where the parameter
a > 0 is the wavenumber associated with the longitudinal sloshing mode with spatial
period 27 /o In particular, the case « = 0 corresponds to planar sloshing in the vertical
xz-plane. For a (sufficiently small) fixed cross-sectional area A > 0, we introduce the
following class of admissible shape functions for shallow canals

1
My:= {h ePC[-1,1]: h > 0on[—1, 1];/

hdx:A},
-1

where PC![—1, 1] denotes the set of all continuous and piecewise continuously differ-
entiable functions on the interval [—1, 1]. For every @ > 0, let .ng’] and 2,1 denote
the fundamental sloshing frequency for a shallow canal in the absence (Bo = 00)
and presence (Bo < 00) of surface tension, respectively. Define Agf’l::(ﬂg_ol)Z and
Aal ::.{202[’ |- Troesch proved that the parabolic cross-section maximizes )\8?1 in My,
with upper bound )L(cf’l’* :=3A/2. Our first theorem extends Troesch’s result fromo = 0
to o > 0 in the absence of surface tension.

Theorem 1.1 (Bo = oo, a > 0) Let h be a shape function in M s. Then for all o« > 0,
we have

2

A
A (h) < Azfi*:zaT.

Equality holds for h = h3>*:=A/2, i.e., the maximizing cross-section is a rectangle
forany a > 0.

Observe that o > AZOI‘* is strictly increasing on (0, 00) and A0} — 0 # Ay as
a — 07. We associate this with the fact that the trivial eigenvalue A = 0 exists for the
shallow sloshing problem without surface tension (2.14) for « = 0 but not for & > 0.
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The next two theorems generalize Troesch’s result for « = 0 and Theorem 1.1 for
a > 0 from Bo = oo to Bo < oo.

Theorem 1.2 (Bo < oo, @ = 0) Let h be a shape function in M 4. Then the following
inequality holds:

3 (@ — tanh (\/ﬁ)) B

Y
)\O,l(h)f)vo,liz_ 1-

(1.2)
2 Botanh («/Bo )
Equality holds for h = h{; defined by
M M o et s
RE) = 2L —x2) - 01 [cosh( Bo) — cosh( Box)].
0 2 /Bosinh(v/Bo)

(1.3)

In particular, z = —h(’g is symmetric but not convex on [—1, 1].

Theorem 1.3 (Bo < oo, o > 0) Define ko:=+/a2 + Bo. Let h be a shape function in
M 4. Then for all o > 0, we have

24 .2 -1
oAk tanh «
hat(h) < AF i=—— 2|1 — =1 1.4
a,l( )_ w,1 ) BO[ Ko ] ( )
Equality holds for h = h}; defined by
1k Bo cosh (kg x)
R () =~ |1 — Lty 15
a9 o2k cosh kg (1)
In particular, z = —h}, is symmetric and convex on [—1, 1].

Radially symmetric containers. In the case of radially symmetric containers, we con-
vert to cylindrical coordinates (r, 6, z) and look for solutions of the form @(r, 6, z) =
@(r,z)cos(mf) and &(r,0) = ¢(r)cos(m6), withm = 0, 1,2, ... the number of
azimuthal nodal lines. For a (sufficiently small) fixed volume V > 0, we introduce
the following class of admissible shape functions for shallow radially symmetric con-
tainers

1
Mvzz{h € PC'[0, 1]: & > 0 on [0, 1];/ hrdr = V/Zn}.
0

For every m = 0, 1,2, ..., let £2,, 1 denote the fundamental sloshing frequency for
a shallow radially symmetric container in the presence of surface tension and define
Am.1 :=.Q"21’ |- The next two theorems generalize Troesch’s result form = 1andm = 0
from Bo = oo to Bo < oo. Throughout this paper, 7, and L,, are modified Bessel and
Struve functions of the first kind of order v, respectively, and , F; is the generalized
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hypergeometric function; see [38, Sect. 10.25] for I, [38, Chap. 11] for L, and [38,
Chap. 16] for , F,.

Theorem 1.4 (m = 1) Let h be a shape function in My . Then the following inequality
holds:

M) =0 = [1 - 4’2(—“3_")}_1 (16)
oo VBoI1(v/Bo)
Equality holds for h = hY defined by
s A1 > Mo
h) = =) - e [10(/Bo) — h/Bon].  (17)
In particular, z = —h7 is not convex on [0, 1].

Theorem 1.5 (m = 0) Let h be a shape function in My . Then the following inequality
holds:

18(1 — do)7 Y (+/Bo)
ro(R) < A% i=—""|6dy — 3
0.1(h) < Ao, [ b—3+ Bolo(vBo)
35 _ Bo 9n2Lo(«/Bo)T(«/Bo):|_1
32F3(1,2;, =, =,3; — | — , (1.8
2 3( 22 4) Bo*/21(+/Bo) 4o

where

T (vBo):=I,(v/Bo) Lo(vBo) — Io(v/Bo) L1 (+/Bo)
p 377 (v/Bo) + 2Bo Ip(v/Bo) — 6+/Bo I;(v/Bo) (1.9
0= 3Bo I,(vBo) '

Equality holds for h = h{; defined by

h(r) *1 [3d0r 2] 251 (1 —do)1(vBor)
ryr) = — —r
’ 3 L2 V/Bo Ip(+/Bo)
AT Lo(vBo)I1(vB
L2007y (VBory — evBo)itvBon) | (1.10)
2Bo IO( /BO)
In particular, hj(0) = 0 and z = —h; is not convex on [0, 1].

Effects of surface tension. Let us describe the effects of surface tension (Bo < c0)
on the solution to the isoperimetric sloshing problem.

1. Except for the case & > 0, the optimal shallow containers ~2* are no longer convex.
Specifically, these containers flatten near the contact point, i.e., #* and its derivative
vanish on the boundary of the free surface F.
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2. Our isoperimetric inequalities for A B, (%) can be interpreted as

)Ll,Bo(h) = )‘T,Bo =C-A]

1,Bo=o00"

where C = C(Bo) > 1 for Bo > 0 and )‘T,Bo=oo is the squared maximal sloshing
frequency for Bo = oo. In particular, Bo — C(Bo) is strictly decreasing on
(0, 00) and for Bo = 1, C is approximately 16.4 for « = 0, between 4.2 and 48
for @ < 2 say, 25.5 for m = 1, and 38.8 for m = 0, i.e., surface tension results

in a significantly larger squared maximal sloshing frequency.

Because all our solutions are explicit, we are able to show that the limit of the solution
(Mg, AT,BO) to the isoperimetric sloshing problem with surface tension, as surface
tension vanishes, i.e., Bo — 00, is the solution (hE o—o0? )ﬁf‘ Bo—oo) 0 the isoperimetric
sloshing problem without surface tension; see Corollaries 2.12, 2.13, 3.8, 3.9.

The results in this paper lend theoretical justification for the practice of adding
surfactant to a liquid in certain vessel geometries to change the fundamental sloshing
frequency and help mitigate negative consequences of sloshing dynamics in certain

applications.

Remark 1.6 There are a few assertions in the proofs of our main results that we verify
numerically. Except for Theorem 1.1, we verify using the finite difference method that
AT,BO is indeed the squared fundamental sloshing frequency for the corresponding
shape function hT’BO. For Corollary 3.9, we use Mathematica to compute the limit
of the third term of Ag involving combinations of the modified Bessel and Struve
functions as Bo — oo for any r € (0, 1).

Outline. The paper is structured as follows. In Sects. 2 and 3, we describe the reduction
of (1.1) when the container is a canal and a radially symmetric container, respectively.
We generalize our recent variational characterization of fluid sloshing with surface
tension [46] to the case of a pinned contact line in Sects. 2.1 and 3.1. In Sects. 2.2
and 3.2, we derive the pinned-edge linear shallow sloshing problem and outline our
approach in solving the isoperimetric sloshing problem. We prove Theorem 1.1 in
Sect. 2.3, Theorems 1.2 and 1.3 in Sect. 2.4, and Theorems 1.4 and 1.5 in Sect. 3.3.
We establish the zero surface tension limit of the solution to the isoperimetric sloshing
problem in Sects. 2.5 and 3.4. We conclude in Sect. 4 with a discussion.

2 Canals

We choose the halfwidth x( of the equilibrium free surface as the characteristic length
scale. Let (x, y, z) be dimensionless Cartesian coordinates with y directed along the
length of the canal, which is unbounded and z vertically upwards; see Figure 1(left).
Let i(x) be a dimensionless function describing the profile of the container’s bottom.
A canal is the equilibrium fluid domain D = C x {y € R}, bounded by the wetted
bottom B = (—1, 1) x R x {z = —h(x)}, the free surface 7 = (—1, 1) x R x {0},
and the contact line dF = {£1} x R x {0}. We think of C as the cross-section of D
that lies on the plane y = 0.
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We seek sinusoidal solutions of (1.1) oscillating with wavenumber « > 0 in the
positive y-direction, i.e., we write the natural sloshing modes (@, &) as @ (x, y, z) =
¢(x, y)cos(ay) and &(x, y) = ¢{(x) cos(ay). These ansatzes reduce (1.1) to the fol-
lowing two-dimensional generalized mixed Steklov problem for (w, ¢, ¢) on C:

dhp=0a’¢ in C, (2.1a)

%y =0 on Be:=dCNBKB, (2.1b)

0,0 = w¢ on Fe:=0CNF, (2.1¢)

<1 + a—2> ¢ - LC” = wp on Fg, (2.1d)
Bo Bo

¢(x1)=0. (2.1e)

Here, Vo:=(0y, 9;), Ac = V¢ - Ve = 0xx + 9,2, and we now have two contact points
(x,2) = (£1,0) in (2.1). It is straightforward to verify that the ansatz for & satisfies
the necessary condition f F & dA = 0 due to the factor cos(ay) for « > 0. The case
a = 0 corresponds to the two-dimensional transverse sloshing problem on C and a
necessary condition for the existence of solutions of (2.1) is f_ll cdx = 0.

2.1 Variational Principle

Let H'(C) = W'2(C) and H(}(—l, 1) = W()l’z(—l, 1) denote the standard Sobolev
spaces with real-valued functions, both equipped with norms induced by their nat-
ural inner products. Define the Hilbert space He:=H'(C) x H}(—1, 1) with norm
1@ Ol =011 0y FE 151y - Suppose (@, ¢, ¢) is asufficiently regular solu-
tion of (2.1) for @ > 0. Testing (2.1a), (2.1d) with f € H'(C),g € Hl(-1,1),
respectively, and using the remaining equations in (2.1), we arrive at the following
weak formulation of (2.1) for o > 0.

Definition 2.1 Given o > 0, we say that (wg, ¢u, {¢) € R X He, (94, o) # (0, 0) is
a weak sloshing eigenpair of (2.1) if the following holds for all (f, g) € H¢:

1 2 1
/ (Vc%-vcf—i-az(paf) dA—i—/ |:(1+oz_) {ag—i-—;“ég’} dx
I -1 Bo Bo
— o f Caf + Gug) dx. 2.2)
Fe

For o = 0, we introduce the Hilbert space He o:={(¢, ¢) € He¢: f_ll ¢dx =0}
which is a closed subspace of H¢, with norm induced by the norm of He.

Definition 2.2 We say that (wo, o, Z0) € R x Hc.o, (90, S0) # (0,0) is a weak
sloshing eigenpair of (2.1) for o = 0 if the following holds for all (f, g) € Hc o:

1 1
/ Vego - Vef dA+ / <§og 4 —cég’> dx = wg / (Cof + og) dx. (2.3)
C —1 Bo Fe
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If (wg, @a, Lo) 1s a weak sloshing eigenpair of (2.1), then so are (—wy, £¢y, Flo)
and we may restrict our attention to weak sloshing eigenpairs with w, > 0. We now
derive a sufficient condition for obtaining positive sloshing frequencies. To this end,
define the functional

Ge(p,0) =/ ot dx,

Fe

and the energy functional E¢ , (¢, ¢) which is the sum of the kinetic energy D¢ ,(¢)
and the potential energy Sc o (¢) of the fluid under small amplitude oscillations:

E 1 Vool + a2o? 1! o\ o 1,
Cal9:0)=7 g IVeol” + o™ |dA+ 5 1 Tt 5o )6+ 5D | dx.

DC,a (®) Sc.a($)

Lemma 2.3 Given o > 0, suppose (wy, ¢u, Ca) is a weak sloshing eigenpair of (2.1).

We have the identity we G (o, goz) = DC,a(¢a) + SC,a(;a) = EC,a(‘pa» Lo). In
particular, wy and G¢ (¢, o) have the same sign provided G¢(¢y, o) # O.

Proof The identity follows from substituting (f, g) = (¢q, {y) in (2.2) and (2.3). The
second assertion follows by noting that E¢ , is nonnegative and has a trivial kernel
for « > 0 and the one-dimensional kernel spanned by (¢, ¢) = (1,0) fora =0. O

For oo > 0, let wy,1 denote the fundamental (smallest positive) sloshing frequency
of (2.1) with corresponding weak fundamental sloshing eigenfunction (¢, 1, &a.1)-
We are now prepared to establish a variational characterization for wy 1 which is
inspired by [46] and Lemma 2.3. Note that since E¢ , is a homogeneous functional
of degree 2, minimizing E¢ o (¢, {)/Gc (¢, ¢) over all nonzero functions (¢, ¢) satis-
fying G¢ (¢, ¢) > 0 is equivalent to minimizing E¢ o (¢, ¢) over all functions (¢, ¢)
satisfying the integral constraint G¢ (@, ) = 1.

Theorem 2.4 (Variational characterization, « > 0) Let C be a bounded Lipschitz
domain in R, For every a > 0, there exists a weak fundamental sloshing eigenpair
(W15 Pa.1s Ca.1) Of (2.1), where (a1, Lo, 1) is a constrained minimizer of the following
variational problem:

. 1:= inf Ecoulp,0): Ge(p, 0) =17 2.4
Wa,1 (w,é?enc{c’ (¢.0): Gelp, ) =1} (2.4)

Proof Fix a > 0. Define the admissible set M:={(¢, ¢) € H¢: Ge(p, ¢) = 1}. The
existence of a minimizer to (2.4) for « > 0 follows from the direct method of the
calculus of variations, as M is weakly closed in H¢ and E¢ , is weakly coercive and
weakly lower semicontinuous on M with respect to H¢; see [46, Lemmas 3.5 and
3.6] for similar proofs of these assertions. Let (¢}, {;) be a minimizer of (2.4). It is
straightforward to verify that both E¢ , and G¢ are continuously Fréchet differentiable
on H¢ and for any (¢, ¢) € M we have (DG¢ (¢, ¢), (¢, C))H/C’HC = f]_-c 20¢ dx =
2 # 0, where H/c is the dual space of H¢ and (-, ')H&,Hc denotes the duality pairing
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between He and Hj,. Thus the Lagrange multiplier rule applies and there exists a
Lagrange multiplier u,, € R such that

d
%(Ec,a — uaGe)py +ef ¢y +e8)| =0 forany (f,g) € He. (2.5)
e=0

A direct computation shows that (2.5) is equivalent to (uq, ¢, ¢5) € R x M satisfy-
ing (2.2) for all (f, g) € H¢. Moreover, Lemma 2.3 together with Ge (¢, ¢3) = 1
gives uy = Ec o (¢}, ¢F) > 0. It remains to show that E¢ (¢}, ¢) is the fundamen-
tal sloshing frequency, but this follows immediately by choosing any weak sloshing
eigenfunction (¢y, {y) € M as a trial function in (2.4) and applying Lemma 2.3. 0O

Theorem 2.5 (Variational characterization, « = 0) Let C be a bounded Lipschitz
domain in R2. There exists a weak Sfundamental sloshing eigenpair (wo.1, ¢0.1, £0,1)
of (2.1) for a« = 0, where (¢o,1, {0,1) is a constrained minimizer of the following
variational problem:

= inf E, ,0): G ,0)=1¢. 2.6
o, 1 (w,Cl)IéHC.o{ co(@. 0): Gelp. &) =1} (2.6)

Proof Define the admissible set M:={(¢,¢) € Heo: Ge(p,¢) = 1}, its subset
N:=M N {p: f]_-c ¢ dx = 0}, and the operator Pp:=¢ — ﬁ f]_-c @ dx. We claim
that a minimizer of (2.6) is given by (@, E), where (@, E) is a constrained minimizer
of E¢ o over N.Indeed, since (Pg, ¢) € N for any (¢, {) € M, we obtain

Eco(p, ) = Eco(Pg,£) > Eco(@,7) forany (p,¢) € M.

The existence of (@, E) follows from the arguments given in [46, Theorem 1.1], in
partlcular we have that (1, @, {) with & = Ec, 0(@, ;) satisfies (2.3) for all (f 2) €
Heo N UF: [5, fdx = 0} Choosing (7.9) = (Pf.g) forany (f.8) < Heg
and using f_l { dx = 0, we find (11, @, {) satisfies (2.3) for all (f, g) € He,p, i.e.,
(1, 9, Z:) is a weak sloshing eigenpair of (2.1) for « = 0. Finally, a similar argument
from Theorem 2.4 shows that & is the fundamental sloshing frequency and we omit
the proof for brevity. O

Remark 2.6 Although we have a family of minimizers (¢ +c, E) to(2.6) forany c € R,
(2.1d) shows that ¢ = —ﬁ f_l I 7" dx for sufficiently regular (¢, 7).

2.2 Isoperimetric Sloshing Problem on Shallow Canals

Let us now restrict our attention to shallow canals. Recall the class of admissible shape
functions for shallow canals

1
My:= {h e PC'[-1,1]: & > Oon[—1, 1];/ hdx = A}.
-1
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Appealing to the shallow water theory, we may assume that ¢ is independent of the
depth, i.e., ¢(x,z) = ¥ (x). Define the Hilbert space H:=H'(—1,1) x H}(—1,1)
and its closed subspace Hy:=H N {¢ : f_ll ¢ dx = 0}. Following [29, 47] and thanks
to Theorems 2.4 and 2.5, we may approximate wy 1 as the infimum of the following
one-dimensional constrained variational problem:

wq,1(h) = ¢, 1(h):= inf {Ey(h;¥,8): G, ) =1}, 2.7
(. 0)eXe

where Xo:=Hj, X, :=H forevery a > 0, G(¥, {):= f_ll Y¢ dx, and

1! N} 2,2 1! o? 2 [P
Ea(h;w,c):zf_lh[(w) +a w]dx+§/_1[<1+§>§ +§(C)]dx-

De o (V):=Dq (h; )

We then define the weak formulation of the one-dimensional pinned-edge shallow
sloshing problem for every o > 0 on [—1, 1] as the weak form of the Euler-Lagrange
equations of the constrained variational problem (2.7).

Definition 2.7 Given @ > 0, a weak shallow sloshing eigenpair (24, ¥y, {y) € R X
Xos (Was Co) # (0, 0), satisfies the following equation for all (f, g) € Xy:

! ’ ol 2 o? L, !
/ |:h(‘l’af +o wotf) + (1 + B >§ag + {ag:|dx = Qoz/ CGa f +VYag)dx.
1 o Bo 1

The corresponding one-dimensional boundary eigenvalue problem for every o > 0
is given by

—(hy'Y +o®hy = 2¢ on (=1, 1), (2.82)

a? |
(1 + B—O) (=gt = Q¢ on(—1,1), (2.8b)
(hy') (£1) = ¢(£1) =0. (2.8¢)

For o = 0, we must impose the necessary condition f_ll ¢ dx = 0 as well. Note that
the governing equations (2.8a) and (2.8b) can also be derived from averaging (2.1)
from z = —h(x) to z = 0 and collecting O(h) terms. With this derivation, ¥ (x) is
identified as ¢ (x, 0) instead; see [45, Sect. 10.13].

We now state the isoperimetric sloshing problem for shallow canals: For every
a > 0, find the shape function 7 € M 4 that maximizes £2,.1, i.e., solve

sup £24,1(h). 2.9
he My
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Our approach in solving (2.9) is based on the following simple observation. Let
(Yx, ¢x) be an admissible pair of trial functions in (2.7) satisfying

((w;‘)’)2 +o’ ()P =c; on (=1 1) (2.10)

for some constant ¢, 7# 0. Then we obtain a simple upper bound for £24 1 (h):

2

1l A
4.1 < 5/ hcg dx + Sc’a(;“;) = C"‘T + Sc’a(g;) forany h € My. (2.11)
-1

Moreover, equality holds in (2.11) only if (¥}, ¢) is a fundamental shallow sloshing
eigenfunction of (2.8) associated with some admissible shape function ), € M4.
This suggests the following strategy in solving (2.9):

1. Solve (2.10) for v and substitute ¥ into (2.8b) and (2.8¢) to solve for ¢;.

2. Substitute (¥}, ¢) from Step 1 into (2.8a) and (2.8c) to solve for A.

3. Compute 2 |:=52¢,1(hy) using f_ll hi dx = A. Then check that i}, € M 4.

4. Check that (.Q;‘,l, oy ¢a) is a fundamental shallow sloshing eigenpair of (2.8).
This is numerically verified using the finite difference method with a standard

second-order central difference.

Note that from (2.10), > is proportional to ¢, and it follows from (2.8b) that ¢ is
also proportional to ¢y. Since we are only interested in .Q;l and (2.7) is equivalent
to minimizing E, /|G| over all nonzero functions (¥, {) € Xy, we may choose cy
to be any positive real number in (2.10), i.e., the amplitude of ) is irrelevant. We
summarize these observations in the following theorem.

Theorem 2.8 Given a > O, if there exists h, € My such that ($24,1(h)), V5, %) €
R x X is a fundamental weak shallow sloshing eigenpair with ; satisfying (2.10)
for some cg # 0, then h, is a solution of (2.9), i.e., h, is a maximizer of §2q.1.

Remark 2.9 Formally, (2.10) can be interpreted as the first-order optimality condition
for (2.9). Suppose £24,1(h},) is differentiable. For sufficiently small ¢ > 0, consider
the family of functions A (x; €) = A (x) + ev(x) for any piecewise smooth variation
v(x) satisfying hy(x;¢) > 0 on [—1, 1] and fil hy(x;e)dx = A. Differentiat-
ing the area constraint with respect to ¢ yields fil vdx = 0. For every ¢ > 0, let
(£24,1(8), Yo (x; €), &y (x; €)) denote a fundamental weak shallow sloshing eigenpair

a,l

associated with hy (x; &) and define £2,:= d;zg . Differentiating the weak formulation
with respect to €, we see that the following holds for all (f, g) € Xq:

1 o/ 5 e ()[2 ° 1 o/
/ [ha (I//c( f/"f_a waf)‘l_(l'i_B_);ag_i__é‘Dt g/j|dx
_1 0 Bo

+ /11 v (VS + @b f ) dx = 20 /11 (:Lf + x/f'ag> dx

e 1
+~Qa/ (o f + Yag)dx. (2.12)
—1
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Choosing (f, g) = (Ya(x;0), &u(x;0)) in (2.12) and (f, g) = (Yu, {y) in Defini-
tion 2.7 corresponding to (.Qa,l(O), Yo (x;0), &o(x; O)), setting ¢ = 0, and using the

assumption that .(.2 (0) = 0, we are left with
1
/ v [(% (3 002 + a2 (x; 0)] dx = 0. (2.13)
-1

This yields (2.10) since (2.13) must hold for all v satisfying fil vdx = 0.

Theorems 1.1-1.3 tell us that in the absence or presence of surface tension, the
maximizing cross-section 4, for every a > 0 is symmetric. We now show that this
can be interpreted as a consequence of the concavity of the map h +— 24,1 (h).

Theorem 2.10 Given a > 0, the map h +— $24.1(h) is concave on M 4. As a conse-
quence, if there exists a maximizer of §2,.1, then there exists a symmetric maximizer
of §24.1 too.

Proof Fix a > 0. The concavity follows from the variational characterization of 2, 1
(see (2.7)), as M 4 is convex and the map h +— $§24 1(h) is the infimum of the family
of affine functions {h — (Ey/|G|)(h; ¥, {)}(y.¢)- Next, suppose hy € My is a
maximizer of §2, 1. Define hy(x):=hj(—x) € My and h3:=(h; + h2)/2 € My,
the latter which is symmetric. It is clear from (2.7) that £2,,1(h2) = $24.1(h1). By
concavity of the map i — £§2,,1(h), we get

1 1
-Qot,l(h3) > Ega,l(hl) + EQQ,I(hZ) = Qa,l(hl)- O

2.3 Zero Surface Tension: Proof of Theorem 1.1

In the absence of surface tension, the corresponding shallow sloshing problem is
obtained from (2.8) by formally setting Bo = oo. Decoupling the equations, we see
that (.(202[, Vo) ER X H L(—=1, 1) satisfies the following Sturm-Liouville problem:

—(hYl) + @* iy = 229 =2C Ve on (—1, 1),

2.14
(hy))(£1) = 0. @19

It is not difficult to see that for every o > 0, the squared fundamental sloshing fre-
quency A5°; admits the following variational characterization:

1
Aga(h) = inf {ZDa(h;w):/ wzdle}. (2.15)
-1

veH!(=1,1)
Troesch proved that the maximizing cross-section for « = 0is a parabola with squared

maximal sloshing frequency Ag;*:=3A/2 [47]. We now show that the maximizing
cross-section for o > 0 is a rectangle h10>* = A/2.
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Proof of Theorem 1.1 For any « > 0, choosing ¥, = 1/+/2 as an admissible trial
function in (2.15) yields

lh 2 2A
kg?l(h)ifl%dx=a7 forany h € Ma. (2.16)

To see that equality holds in (2.16) for h = hJ>* = A/2, we substitute h = A/2 into
(2.14) and rearrange to obtain

” 2)“20 2 !
T/fa+(T—Ol vfa:O on (_17]); I/fa(:tl):()

It is clear that (A2°, ¥y) = (@%A/2, ¢) is the fundamental eigenpair for any nonzero
constant c. O

2.4 Finite Surface Tension: Proof of Theorems 1.2 and 1.3

Throughout this subsection, for any given « > 0 we denote by & the maximizing
cross-section, (§2, ¥, ¢) its corresponding fundamental shallow sloshing eigenpair,
and A:=$£22 for notational convenience.

Proof of Theorem 1.2 Set @« = 0. Choosing cp = 1 in (2.10), one such solution is
Y (x) = x + do for some dy € R. We first solve for ¢. Define k:=+/Bo. Substituting
Y (x) = x + dp into (2.8b) for @ = 0 and rearranging yield

" — k= —2k% (x +do) on(—1,1).
Together with ¢(£1) = 0 and f_ll ¢ dx = 0, the solution is given by

() = 2 <x B sinh(/cx)) '

sinh k

Next we solve for . Substituting ¥ and ¢ into (2.8a) for « = 0 and (2.8c) yield

W= s, |:x B sinh(k x)

; h(xl) =0.
sinh « i|’ &

The solution is given by

h(x) = %(1 - (Coshfc - COSh(Kx)).

Kk sinh x
A direct computation of f_l | hdx = A shows that A = A§ | > 0 as defined in (1.2).

Finally, we have h € My as h is even, h(1) = 0, and h' < 0on (0, 1); the latter
follows from the fact that sinh(z)/z is strictly increasing for z > O. O
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Proof of Theorem 1.3 Fix a > 0. Choosing ¢, = « in (2.10), one such solution is
Y = 1. We first solve for ¢. Define k,:=+/a? + Bo. Substituting ¢/ = 1 into (2.8b)
and rearranging yield

¢" — K2t =—2Bo on(—1,1).

Together with ¢(41) = 0, the solution is given by

(x) = ‘i‘i" [1 _ COSh(K““} .

g cosh kg

Next we solve for &. Since (hy’) (1) = 0 is trivially satisfied with ¢ = 1, it follows
from (2.8a) that

h(x) =

£2¢(x) ABo cosh(kyx)
= 1— .
a2y (x) okl cosh kg

Again, a direct computation of f hdx = A shows that A = A}, .1 > 0 as defined
in (1.4). Finally, it is clear that h € My as h is even, h(1) = O and £ is strictly
decreasing on (0, 1). O

Remark 2.11 Givena > 0, let i and &, be two maximizing cross-section. By concav-
ity of h — §2,.1(h) (see Theorem 2.10), we know that the average h3:=(h; + h2)/2
is also a maximizing cross-section. Let (1, {,) be an eigenfunction associated with
§24,1(h3). From the variational characterization (2.7) together with linearity of the
map h — Dy (h; ), we get

1 1
Qa,l(hS) =Eq(h3; Vo, Lo) = zEa(hl; Yo, Ca) + EE(hZ; ¥, )

A%

1 1
78201 (h) + 58201 (h2).

By extremality of /4 and h», it must be the case that (Y, ) is an eigenfunction
associated with both £24 1(h1) and §2,,1 (h2). Consequently, we have

1
f (hy — hy) [w;f/ +a2waf] dx =0 forall f e H'(—=1,1). (2.17)
—1

We claim that the maximizing cross-section is unique under the assumption that the
eigenfunction associated with any maximizer of (2.9) is unique. For o« = 0, (2.17)
gives (h1 —h2) ¥ = C for some constant C. Since ¥, # 0 from the proof of Theorem
1.2, we must have h; = hy on (=1, 1). For a > 0, (2.17) gives [(h; — hz)wg,]’ =
(h1 — hy)a V. Since ¥, is constant from the proof of Theorem 1.3, we again have
hy =hyon (—1,1).
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Fig. 2 An illustration of the zero surface tension limit for « = 0 (top) and « = 7 (bottom), both with
A = 1. (Left) The maximizing cross-section plotted for varying Bo (see (1.3) and (1.5)) and for Bo = oo
(zero surface tension). (Right) The squared maximal sloshing frequency (1.2) and (1.4) plotted as a function
of Bo. The inset is a log-log plot of the squared maximal sloshing frequency for Bo € [0.1, 10]

2.5 Zero Surface Tension Limit (Bo — o0)

In this subsection, we show that for every o > 0, the corresponding optimal shallow
canal without surface tension is the zero surface tension limit of the optimal shallow
canal with surface tension. Moreover, the map Bo — Azyl(Bo) is strictly decreasing
on (0, 0o). Figure 2 illustrates these results for « = 0 (top) and « = 7 (bottom).
For Bo = 1, we get )‘3,1/)‘8?1’* and )L;l/)»?i* to be approximately 16.4 and 15.6,
i.e., the squared maximal sloshing frequency increases drastically when capillary and
gravitational forces are comparable. In Figure 2(right), the log-log plots reveal that
A1 (Bo) oc Bo~08% and A% | (Bo) o Bo~ "7 for Bo € [0.1, 10].

Corollary 2.12 (a = 0, Bo — 00) Let Ay 1, hg be defined as in Theorem 1.2. The map
Bo > 4§, (Bo) is strictly decreasing on (0, 00) and A | (Bo) — )Lgfl’* =3A/2 as
Bo — oo. Moreover, hg(Bo; x) — hgo’*(x):=3A(1 — xz)/4 as Bo — oo for every
xe[—1,1].
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Proof Define k:=+/Bo > 0. From (1.2), we write )\3’1 as

—1 .

15 (Bo) = 35,63 = 457" (1=3Y(0)) , with ¥ () = %

To prove the first statement, we need to show that Y is strictly decreasing on (0, 00),
with range (0, 1/3). This was proven in [1, Example 4(3), p. 809]. Lastly, we compute
the zero surface tension limit of hg(Bo; x). Comparing (1.3) to hgo *(x), we need only
show the second term in (1.3) vanishes in the limit of Bo — oo for any x € [—1, 1].
This is evident for x = =£1. For any fixed x € (—1, 1), this follows from the fact that
cosh(kx)/coshk — 0asx — oo. O
Corollary 2.13 (¢ > 0, Bo — o0) Forany a > 0, let )\(’;’1, h} and )»Z?i*, h3>* be
defined as in Theorems 1.3 and 1.1, respectively. The map Bo — )‘2,1 (Bo) is strictly
decreasing on (0, 00) and A;“hl(Bo) — )\ffi* as Bo — oo. Moreover, h;(Bo; x) —
h3>*(x) as Bo — oo for every x € (—1, 1).

Proof Fixa > 0.From (1.4), we write )\;’I(Bo) = AZf’i*Z(Bo) [1 — Y(Bo)]™!, where

2
Kozl o? tanh i, tanh («/oe + BO)
o o (6]

The first statement now follows immediately. For any fixed x € (—1, 1), the zero
surface tension limit of 7 (Bo; x) follows from the fact that cosh(xyx)/ coshky — 0
as Bo — oo. O

3 Radially Symmetric Containers

We now assume that D is radially symmetric, i.e., D\ I is generated by the rotation of a
planar meridian domain R about the z-axis, where I is the part of the z-axis contained
in D; see Figure 1(right). We choose the radius rg of the equilibrium free surface as
the characteristic length scale. Let (r, 8, z) be dimensionless cylindrical coordinates
with @ € T:=(—m,]. Then D \ I} is transformed to R x T and we write R =
{(r,z):r €(0,1), z € (=h(r),0)} with boundary R = T U Br U Fr U {(1, 0)}.
Here, By, is the graph of z = —h(r) withO < r < 1 and Fr = (0, 1) x {0}.

In cylindrical coordinates, the functions @ and & defined on D and F, respectively,
can be represented by the Fourier series ), ., ¢ (r, 2)e™? and Y mez m (r)etm?,
respectively. Since we are interested in real-valued solutions, we consider the cor-
responding real Fourier series. It is clear that @ = ¢, (r,z)®(m0) and & =
I (r)O(m0), withm = 0,1,2,... and ®@(m0) being cos(mb) or sin(m6), reduces
(1.1) in cylindrical coordinates to the following infinite sequence of two-dimensional
generalized mixed Steklov problems for (@, @m, &m):
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2
_ m .

rN0.(r 0y pn) + Oecom = —5om  In R, (3.1a)

0590m =0 on Bp, (3.1b)

0zPm = om¢ on Fgr, (3.1¢)

L[ _

Em — % (r l(ré-l;”l - _§m> = wpmpm on Fg, (3.1d)
¢m(1) =0, (3.1e)

where we now have one contact point (r, z) = (1, 0) in (3.1). It is straightforward to
verify that the ansatz for § satisfies the necessary condition |’ r&dA = 0 due to the
factor & (m0) for m > 0. The case m = 0 corresponds to a purely radial motion and

a necessary condition for the existence of solution is fol Sordr = 0.

3.1 Variational Principle

We first define suitable function spaces for the Fourier coefficients ¢,, defined on k.
For any k € R, we consider the weighted L2-spaces on R with weight r*

LI(R):= {q) R — R: ||¢||L2(R) / o*r¥drdz < oo} )
For m = 0, we consider the following weighted Sobolev-space on R with weight r
H Ry:={¢ € LIR): 0,9, 0.9 € IR},

with norm ||¢||? For m > 0, the factor

iy =12 ) F N0 ) 12010
m?/r? in (3.1a) prompts us to considering a separate weighted Sobolev space

VI (R):=H](R) N L2 (R),

with norm ¢ ||2,, The function spaces

A PN LY S LR L
L2(0 1), H (0, 1), and V (0, 1) can be defined analogously by replacing the measure
drdz with dr Since ¢, satlsﬁes the Dmchlet boundary condition ¢, (1) = 0, we
introduce the subspaces H (0, 1) and V] (0, 1) of functions that vanish at r=1.

Form =1, 2,3, ..., weintroduce the Hilbert space HR:=V1 (R) x V1 (0, 1) with
norm [[(¢., )13, ||¢||V (18031 1) SUPPOSE @ g ) is a sufficiently
regular solution of (3.1). Testlng 3. la) (3.1d) with fr and gr respectively, with

(f, g € Hp, and using the remaining equations in (3.1), we arrive at the following
weak formulation of (3.1) form = 1, 2, 3, .... To this end, define V:=(9,, 9,).
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Definition3.1 Given m = 1,2,3,..., we say that (ou, ¢m, tm) € R x Hg,
(om> Cm) # (0,0) is a weak sloshing eigenpair of (3.1) if the following holds for

all (f, g) € Hr:

m2 1 1 m2
/ (Wm Vf+ —zwmf) rdrdz +f [qmg + — (g@g’ + —zcmgﬂ rdr
R r 0 Bo r
1
:a)m/O Cm [+ omg)rdr.

For m = 0, it is necessary to introduce the Hilbert space defined by

o 1
HRWZ{@J)EHHR)XHHQD:/‘Udr:O}
0

with norm [1(@, )l o =Nel71 ) + 1151, -

Definition 3.2 We say that (wo, @0, S0) € R x Hr 0, (90, 0) # (0,0) is a weak
sloshing eigenpair of (3.1) for m = 0 if the following holds for all (f, g) € Hg o:

1 1 1
/ (Voo - Vf)rdrdz +/ [éog + —C(/)g/} rdr = wof (&of +wog) rdr.
R 0 Bo 0

Arguing as in the case of canals, we may restrict our attention to weak sloshing
eigenpairs with w,, > 0, and show that imposing Gr (¢, {) = f]_-R @lrdr > 0isa
sufficient condition for obtaining positive sloshing frequencies. Similar to the energy
functional E¢ , for canals, we define the energy functional E ,, (¢, {) given by

1 2 m* 2 e 2 1 "2 m* 2
ER*m(‘p’{)‘:E/R Vol +r7¢ rdrdz-i—i/ol ¢ +B70 () +r7§ rdr.

DR.m(p) Sr.m (&)

For every m = 0,1,2, ..., let wy,1 denote the fundamental sloshing frequency of
(3.1) with corresponding weak fundamental sloshing eigenfunction (¢, 1, &m.1). We
now establish a variational characterization for wy, 1.

Theorem 3.3 (Variational characterization, m > 1) Let R be a bounded Lipschitz
domain in R2. For everym = 1,2,3, ..., there exists a weak fundamental sloshing
eigenpair (wm,1, Pm.,1, Em,1) of (3.1), where (@1, &m,1) is a constrained minimizer
of the following variational problem:

m.1:= inf Erm(p,0): G ,0)=1¢. 3.2
O, 1 (w,;l?eHR{ Rom(®,8): GRr(p, ) } (3.2)

Proof Fix m > 1. Define the admissible set M:={(¢,¢) € Hr: Gr(p, ¢) = 1}.
Adapting the proof of [46, Lemma 3.6], we see that M is weakly closed in Hy as
L? [(-) C L3(-) and the embeddings V] (R) < L3(Fg) and V/'(0, 1) < L3(0, 1)
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are both compact [33, Lemma 4.2]. Next we prove a coercivity estimate for ER ,,.
Applying Holder’s and Young’s inequalities, we get for any § > 0,

1 1 m2
25Rm () = =g /rll i 7 e .1 + %/(; ((é“/)2 + r—2§2>rdr
8 2 [ 1 : 2 m* 2
z—zlli /””LI(O,I)_%HV ||L°°(0,1)+§/0 " t3¢ rdr

_(m* 8 ) 1, 1

Choosing 8§ = m?/Bo, we obtain 255, ({) > 5. Bo

2 .
780 11¢ ”Vll o " a2 Together with
2DR m(p) = ll¢ ||%,11 () this shows that Er , (¢, ¢) controls [[(¢, )l andso ER

is weakly coercive on Hiz. Weak lower semicontinuity of E ,, on Hyp follows from
weak lower semicontinuity of the norms | - and || - and the compact
y I ||V11 (R) I ”V1] 0,1) p

embedding Vl1 0, 1) — L%(O, 1). The existence of a minimizer to (3.2) now follows
from the direct method of the calculus of variations. Finally, showing a minimizer
and its argmin is a weak fundamental sloshing eigenpair of (3.1) is similar to that of
Theorem 2.4 and we omit this proof for brevity. O

Theorem 3.4 (Variational characterization, m = 0) Let R be a bounded Lipschitz
domain in R?. There exists a weak fundamental sloshing eigenpair (00,1, %0.1, 0.1)
of (3.1), where (¢o.1, £0.1) is a constrained minimizer of the following variational
problem:

wo.1:= iInf E ,0): G ,0)=1¢.
0,1 (w,c)eHR,o{ R0®,6): GRr(p, ) }

Proof Note that H 11 (R) and H 11 (0, 1) are isomorphic to the space of all radially sym-
metric functions in H'! (D) and in H(} (0, 1), respectively; see [5, Sect. I1.4]. The proof
is then similar to Theorem 2.5 and we omit the proof for brevity. O

3.2 Isoperimetric Sloshing Problem on Shallow Radially Symmetric Containers

Recall the class of admissible shape functions for shallow radially symmetric contain-
ers

1
My:= {h € PC'[0, 1]: & > 0 on [0, 1];/ hrdr = V/ZJT}.
0

Similar to the case of shallow canals, we apply the shallow water theory and
assume ¢(r,z) = ¥ (r). Define the function spaces H:=V11 0,1 x Vll (0, 1) and
Ho:={(y, ¢) € H'(0,1) x H(0, 1): fol ¢rdr = 0}. We may approximate @, | as
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the infimum of the following one-dimensional constrained variational problem, thanks
to Theorems 3.3 and 3.4:

om1(h) = 2y (h):= inf AE,(h; ¥, 0): Gr(¥,8) =1}, (3-3)
W.0)eXm

where Xo:=Hy, X,,;:;=H foreverym = 1,2,3, ..., G, (¥, §):=f01 Yerdr, and

1 : "2 m2 2
En(h; ¥, O:Zifo h[(w) +5v :|rdr

1
+1f [c +— ((c )2+ 2>]rdr.
2 Jo

We then define the weak formulation of the one-dimensional pinned-edge shallow
sloshing problem for every m = 0, 1,2, ... on [0, 1] as the weak form of the Euler-
Lagrange equations of the constrained variational problem (3.3).

Definition 3.5 Givenm = 0, 1, 2, ..., aweak shallow sloshing eigenpair (£2,,,, ¥, &)
€ R x X, (W, &) # (0, 0), satisfies the following equation for all (f, g) € X;:

1 m? 1
/0|:h<1/f;/nf/+r_21ﬂmf>+§g+ (¢g+ 2§g>]
1
=fzm/0 Cnf + Ymgyr dr.

The corresponding one-dimensional boundary eigenvalue problem for every m =
0,1,2,... is given by

1 o m?
- (—(rhlﬂm) - —2hwm> = Q2mim on (0, 1), (3.4a)
1 m?
Cm — Bo ( rey) — —Zém) = 2mV¥m on (0, 1), (3.4b)
r
(hy,,) (1) = gu(1) = 0. (3.4¢)

For m = 0, we must impose the necessary condition fol gor dr = 0 as well.

We now state the isoperimetric sloshing problem for shallow radially symmetric
containers: For every m = 0, 1,2, ..., find the shape function 7 € My that maxi-
mizes §2,, 1, i.e., solve

sup $2,.1(h). 3.5)
he My

Similarly to the case of shallow canals (see Theorem 2.8), we obtain the following
sufficient condition for solving (3.5).
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Theorem3.6 Given m = 0,1,2,..., if there exists h, € My such that
Rpahi), vr, tr) € R x X, is a fundamental weak shallow sloshing eigenpair
with % satisfying

N2 2
(W2)) + 25wt =c onrelo.n (3.6)

for some constant c2, # 0, then h?, is a maximizer of 2. 1.

Remark 3.7 Formally, (3.6) can be interpreted as the first-order optimality condition
for (3.5). The formal computation is similar to that in Remark 2.9 and we omit this
for brevity.

3.3 Finite Surface Tension: Proof of Theorems 1.4 and 1.5

We now solve (3.5) form = 1 and m = 0 only. Throughout this subsection, we denote
by h the maximizing cross-section, (§2, ¥, ¢) its corresponding fundamental shallow
sloshing eigenpair, and A:=£2? for notational convenience.

Proof of Theorem 1.4 Set m = 1. In this case, we must have ¢ (0) = 0 = ¢(0) since
functions in Vl1 (0, 1) have null trace at r = 0 [33]. Choosing c% = 21in (3.6), one
such solution satisfying ¥ (0) = 0 is ¥ (r) = r. We first solve for ¢. Substituting
Y (r) = r into (3.4b) for m = 1 and rearranging, we find ¢ satisfies the following
nonhomogeneous Bessel-type boundary value problem:

2" +rg’ — Bor*+ 1) = —2Bor’; £(0) =¢(1) =0. (3.7)

Define x:=+/Bo and introduce a scaled coordinate s:=«kr. Letting y(s) = ¢(r) =
¢(s/k), we see that (3.7) transforms to

2
Y sy = (24 1)y = =5 30 = () =0.
Using the method of undetermined coefficients, the solution is given by

_ s h(s)
y(s) =2 [K 710

B Il(Kr)]

] or ¢(r)=%2 |:r 10

where I, is the modified Bessel function of the first kind of order v. We discard the
modified Bessel function of the second kind K since we require ¢(0) = 0.

Next we solve for &. Substituting ¥ and ¢ into (3.4a) for m = 1 and (3.4c) and
rearranging suitably, we get

h’:—A[V—m}; h(1) =0.
I (k)
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Using the integration formula [38, Eq. 10.43.1] with v = 1, the solution is given by

A
hr) = 50 =) = —=—[ o) = o(er) .

K Iy ()

Imposing the volume constraint fol hrdr =V /2m yields

14 A A Io(k) 1i(k) A Ao (k)

2 8 Kll(K)|: 2 K }_8 2k I (k)

where we use the integration formula [38, Eq. 10.43.1] with v = 0 and the recurrence
relation [38, Eq. 10.29.1] with v = 1. Rearranging for A gives A = A} 1.1 as defined in
(1.6). Finally, it can be shown that h € My ash(1) = 0andh’ < Oon (O 1); the latter
follows from the fact that 71 (z)/z is strictly increasing for z > 0 which is an immediate
consequence of the derivative formula [11(z)/z] = I>(z)/z [38, Eq. 10.29.4]. O

Proof of Theorem 1.5 Set m = 0. Choosing c% = 1 in (3.6), one possible solution is
Y = r — dyp for some dy € R. We first solve for ¢. Substituting {(r) = r — dy into
(3.4b) for m = 0 and rearranging, we find ¢ satisfies the following nonhomogeneous
Bessel-type equation:

’,2;// e — BOVZC _ —.QBOF2(V —dy). (3.8)

Define k:=+/Bo and introduce a scale coordinate s:=kr. Letting y(s) = ¢(r) =
¢ (s/k), we see that (3.8) transforms to

2
2y 4 sy — 52y = = Z5%(s — dok). (3.9
K

The associated homogeneous equation has solutions Ip(s) and Ko(s). Motivated by
the particular solution of ¢ from the proof of Theorem 1.4, we guess a particular
solution of the form y,(s) = Bs + C + F(s) for some constants B, C and function
F(s). Substituting y, into (3.9), we get B = 2 /k, C = —S$2dy, and F (s) satisfies the
following Struve-type equation:

2
C2F 4 sF — 2F — —Bs — 5 (3.10)
K

Comparing (3.10) with [38, Eqgs. 11.2.9, 11.2.10] with v = 0, we may take F(s) =
—2mLo(s)/(2k), where Lg is the modified Struve function of the first kind. Thus,
the general solution of (3.9) is given by

2 b4
¥() = etlo(s) + = [s = dok = ZLo(9)], e1 € R
K 2

where we discard K since we require {(0) = y(0) < oo. Imposing the boundary
condition ¢(1) = y(k) = 0, converting from s to r, and rearranging suitably, we
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obtain
_ lo(kr) _dokr)\ ~ Lo()
t(r)y =% |:r T o) do <1 1o() ) P (L()(Kr) To() ]()(Kr)>:|
=2 [010) = dot(r) = =650
K

Next we find dy by imposing the necessary condition fol ¢rdr = 0. Using the
integral formula [38, Eq. 10.43.1 and 11.7.3] with v = 0, we obtain antiderivatives of
¢ir, Gor, and g3r:

2
Az(V)¢=/§2r dr=" e
2 K Io(k) 3.11)

) r3 Ii(kr)r
Ai(r):= [ qirdr = 3% AR

A3(r)::/ Car dr = LiGer)r  LoG)hi(kr)r
K Kk Ip(k)

It is clear that A;(0) = A2(0) = A3(0) = 0. Also, A3(1) = =7 (k)/xIp(x) with
T (k) defined in (1.9) and the recurrence relation [38, Eq. 10.29.1] with v = 1 gives
Az(1) = Ih(k)/21y(x). Thus, we obtain

1 T
/ crdr =9 [Al(l) —dp Ay (1) — = A3(1)] =0 (.12)
0 2K

Rearranging for dy yields the desired expression for dy as defined in (1.9).
Next we solve for /. Substituting v and ¢ into (3.4a) for m = 0 and (3.4c), we get

rh) = = [61r —dogar = S-tsr ] h(1) = 0.

Integrating once using (3.11), imposing 4(1) = 0 together with (3.12), and grouping
terms suitably, the solution is given by

ho) — % [3? _rz} Ml —dohiGer) | An [Ll(m _

LO(K)II(KV)}
Kk Io(k) 2k 2 ’

Io(x)

Integrating 77 («r) and L (k) using the integral formulas [38, Eq. 10.4.3] withv = 1
and [13, Formula 1.3] with v = 1, respectively, the volume constraint fol hrdr =
V /27 becomes

Vv A |:do 1:| Al —dp)m Y (k)

2t 3|2 4 2121y (k)
A [ K2 35 «k? 7Lo (k)Y (k)
2 R (1,22, 2,3 ) - = 2
t e |:6n2 3( 22 4) 2 Io (k) ]

Factoring 1/36 from the right side of the equation above, rearranging for A, and
simplifying, we obtain A = )»E’;’ | as defined in (1.8). Finally, we observe that 2 > 0 on
[0,1]and so h € My. O
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Fig. 3 An illustration of the zero surface tension limit for m = 1 (top) and m = 0 (bottom), both with
V = 1. (Left) The maximizing cross-section plotted for varying Bo (see (1.7) and (1.10)) and for Bo = oo
(zero surface tension). (Right) The squared maximal sloshing frequency (1.6) and (1.8) plotted as a function
of Bo, with 41,1 Bo=co = 4/ and Ay, 1, Bo=co = 18/7 (dashed lines). The inset is a log-log plot of the
squared maximal sloshing frequency for Bo € [0.1, 10]

3.4 Zero Surface Tension Limit (Bo — o0)

In this subsection, we show that Troesch’s optimal containers without surface tension
form = 1 and m = 0 are the zero surface tension limit of the optimal containers from
Theorems 1.4 and 1.5, respectively. Moreover, the map Bo +— )L;;’] (Bo) is strictly
decreasing on (0, co). Figure 3 illustrates these results with m = 1 (top) and m = 0
(bottom). For Bo = 1, we get AT | /AT | po—oo AN AG | /A( | Bo—no tO be approximately
25.5 and 38.8, i.e., the squared maximal sloshing frequency increases drastically when
capillary and gravitational forces are comparable. In Figure 3(right), the log-log plots
reveal that )\T’I(Bo) o Bo086 and AS’I(BO) o« Bo~ %! for Bo € [0.1, 10].

To prove the claimed zero surface tension limit, we will repeatedly use the asymp-
totic behavior of 7, [38, Eq. 10.30.4]:

K

e
\/anc’

I, (k) ~ Kk — oo, veR. (3.13)
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Corollary3.8 (m = 1,Bo — 00) Let A} and hy be defined as in Theorem 1.4.
The map Bo — )»T’I(Bo) is strictly decreasing on (0, 00) and KT’l(BO) — 4V /7 as
Bo — o0. Moreover, hT(Bo; r)y— 2V — r2)/n as Bo — oo for everyr € [0, 1].

Proof Define k:=+/Bo > 0. From (1.6), we write )‘T,l as

-1
2 1(Bo) = 4% (k) = 47‘/(1 - 4Y(IC)) . with Y (k) = %
Proving the first statement of the corollary is equivalent to proving that Y is strictly
decreasing on (0, co), with range (0, 1/4). The strict monotonicity and limit as k —
0T were both proved in [44], and the limit at infinity follows from (3.13). To prove the
second statement, we need only show the second term in (1.7) vanishes in the limit of
Bo — oo for any r € [0, 1], but this follows easily from (3.13). O

For the next corollary, we observe that the map Bo + A ; (Bo) is strictly decreasing
on (0, c0) as well.

Corollary 3.9 (m = 0,Bo — 00) Let Ay | and hg be defined as in Theorem 1.5. Then
)\,S’I(BO) — 18V /m as Bo — oo. Moreover, hij(Bo; r) — 6(r — r?)/m as Bo — oo
foreveryr € [0, 1].

Proof Define k:=+/Bo > 0. From (1.8), we write )\3’1 as

1 -1
i (Bo) = 1§ () = o |:Y1 (k) + 18(1 — do) Y (k) + Y3(")} :

T 36
where Y (k):=6dy — 3, Y2(K)5=JTT(K)/(K210(K)), and

Io(k) [y sLi(s)ds — Lo(k) [y sIi(s)ds
k4 1y(k) '

Y3(k):=

The integral expression for ¥3(x) follows from noticing the last two terms in A§ | are
obtained as the definite integral of the last term in ig; see the proof of Theorem 1.5.
From [12, Corollary 2.6] with v = 1 and (1.9), we find

2 T T
2 _ W 8 alle s 0 = fim LX)
k2 k2D (k) 3k2 k=00 k215 (k)

and together with (3.13), we obtain

3

lim dy = lim [

K—> 00 K—> 00

21p(k) B 211 (k) nT(K)i| 2
3L(k) kL) Kk2h(k)

The two limits above yield Yj(k) — 1 and Y2(x) — 0 as k — oo. To compute
the limit of Y3, let M, :=L, — I, be the modified Struve function of the second

@ Springer



33 Page280f32 Applied Mathematics & Optimization (2023) 87:33

kind of order v [38, Eq. 11.2.6]. Integrating by parts using the derivative formulas
Li(r) = Li(r) +2/m and Ij(r) = I1(r) [38, Egs. 10.29.3, 11.4.33], we obtain

_ Mo(k) [y lo(s)ds 1o e
Y3(k) = pe; ) x /0 My(s)ds — —3

Combining (3.13) and a standard asymptotic analysis using integration by parts yield

K eK
Io(s)ds ~ as Kk — oo.
/0 N 2mK

This together with (3.13) and the limiting forms [38, Egs. 11.6.1 (with v = 0), 11.6.4]
show Y3(k) — 0 as k — oo. The first statement of the corollary now follows.

It remains to establish the zero surface tension limit of 45 (Bo; ). Comparing (1.10)
with the desired expression, we need only show the last two terms in (1.10) vanish in
the limit of Bo — oo for any r € [0, 1]. This is evident for r = 0 and r = 1. For
r € (0, 1), this follows from (3.13) for the second term and from Mathematica for the
third term. O

4 Discussion

Assuming a flat equilibrium free surface and a pinned contact line, we considered
the problem of maximizing the fundamental sloshing frequency over two classes of
shallow containers: canals with a given free surface width and cross-sectional area,
and radially symmetric containers with a given rim radius and volume. In addition
to including the effects of surface tension, for canals, we extended the problem of
two-dimensional sloshing in the vertical plane to traveling sinusoidal waves along the
canal, which introduced the wavenumber o > 0 as an additional parameter.

In Sects. 2.1 and 3.1, we established a new variational characterization of fluid
sloshing with surface tension for a pinned contact line. Combining this result with
the shallow water theory, we approximated the fundamental sloshing frequency for
shallow containers as the infimum of a one-dimensional constrained variational prob-
lem; see (2.7) and (3.3). We defined the pinned-edge linear shallow sloshing problem
as the corresponding Euler-Lagrange equations; see (2.8) and (3.4). Based on a sim-
ple observation of the specific form of the energy functional, we derived a sufficient
condition and outlined a strategy for solving the isoperimetric sloshing problem; see
Theorems 2.8 and 3.6.

In the absence of surface tension, to our surprise, we found that the optimal shallow
canal for every o > 0 is rectangular; see Theorem 1.1. In the presence of surface
tension, we found explicit solutions for both the optimal shallow containers and the
corresponding maximal sloshing frequency; see Theorems 1.2—1.5. Interestingly, the
optimal shallow canal for any « > 0 is symmetric, but it is convex only for the case o« =
0. On the other hand, the optimal shallow radially symmetric container is not convex in
both cases m = 1 and m = 0. For each of these optimal shallow containers, we found
that the corresponding squared maximal sloshing frequency is a decreasing function
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of Bo and including the effects of surface tension gives a significantly larger squared
maximal sloshing frequency. Finally, because all our results are explicit, we proved that
the limit of the solution (both the maximizing cross-section and its squared maximal
sloshing frequency) to the isoperimetric sloshing problem with surface tension, as
surface tension vanishes, i.e., Bo — 00, is the solution to the isoperimetric sloshing
problem without surface tension.

‘We made three crucial assumptions that allowed us to solve the isoperimetric slosh-
ing problem explicitly: (1) the equilibrium free surface is flat, (2) the contact line is
pinned, and (3) the container is shallow. It would be interesting to extend our results
by removing one or more of these assumptions, such as considering a curved equi-
librium free surface (meniscus), other dynamic contact line boundary conditions such
as Hocking’s wetting boundary condition [17, 18], or more general three-dimensional
containers.

Two additional avenues for future work are finding lower bounds for natural slosh-
ing frequencies and investigating other geometrical constraints for the container shape.
Troesch considered the isoperimetric sloshing problem of finding the container shape
that minimizes the first and second sloshing frequencies among shallow convex con-
tainers [48]. Troesch proved that these optimal containers are trapezoidal containers
[49] and obtained the following result: For planar sloshing in symmetric canals, the
optimal container is rectangular for Ao, ; and triangular for A¢ >. For radially symmetric
containers, the optimal container is cylindrical for A 1 and conical for Ag ;. Kuzanek
studied a similar isoperimetric sloshing problem of maximizing the natural sloshing
frequencies A, on symmetric shallow canals, where he replaced the area constraint
with an arc length constraint [25, 26]. Kuzanek established the existence of a unique
optimal container for each A, proved that they are convex, obtained the optimal con-
tainers numerically, and conjectured that they do not have vertical side walls. We
would be interested in determining if these results continue to hold in the presence of
surface tension.

In the absence of surface tension, several results about the location of high spots,
i.e., the maximal elevation of the free surface height &, were obtained in [22-24]
for the fundamental sloshing mode. For a planar domain whose wetted boundary B
is the graph of a negative C? function on F and B form nonzero angles with F at
their common endpoints, the high spot is located on dF. A similar result holds for
finite canals whose vertical cross-sections satisfy the same condition. For the ice-
fishing problem, i.e., sloshing in the lower half-plane with 7 = {(x, 0): |x| < a} and
F ={(x,y,0): x> + y> < a?} for the two- and three-dimensional case respectively
and @ > 0, the high spot is located in the interior of F. For a radially symmetric,
convex, bounded container D C F x (—o0, 0), the high spot is located on 9. F. All
these results rely on the property that the free surface height is proportional to the
trace of the fundamental sloshing mode @ on F if the fluid oscillates freely with the
fundamental sloshing frequency, which is no longer true in the presence of surface
tension due to the curvature term A€ in (1.1d). In recent joint work with Nathan
Willis, we used computational methods to study high spots for the ice-fishing problem
with surface tension [51]. It would be interesting to investigate the high spot problem
with surface tension on bounded containers.
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