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This paper examines the dynamic coupling between a sloshing fluid and the motion of the vessel
containing the fluid. A mechanism is identified which leads to an energy exchange between the vessel
dynamics and fluid motion. It is based on a [FliTésonance inthelinearized'équations, but nonlinearity is
essential for the energy transfer. For definiteness, the theory is developed for Cooker’s [pendiloussloshing
experiment. The vessel has a rectangular cross section, is partially filled with a fluid, and is suspended
by two cables. A nonlinear normal form is derived close to an internal 1:1 resonance, with the energy

transfer manifested by a heteroclinic connection whic GO NGCSHGPUFElySyITCHCSIOSHNEMOAEs o
fhe pitely antissyminetric sloshing modes. Parameter values where this pure energy transfer occurs are

identified. In practice, this energy transfer can lead to sloshing-induced destabilization of fluid-carrying
vessels.

1. Introduction

A moving vessel containing liquid can give rise to a wide range of complex and beautiful fluid motions.
On the other hand, the movement of the interior fluid induces forces and moments on the vessel that
can then lead to unintended vessel motion and even a destabilization of the vessel dynamics. An every-
day example is ‘walking with coffee’ (Mayer & Krechetnikov 2012). A dramatic example with serious
consequences is the sloshing-induced destabilization of Alaskan king crab boats (cf. Caglayan & Storch
(1982); Adee & Caglayan (1982); Dillingham (1981)). They are very sensitive to the slosh-enhanced roll
motion, and capsize can occur: trapped water on deck sloshes back and forth and creates moments which
enhance roll motion (Caglayan & Storch 1982).

The problem of fluid sloshing in stationary or forced vessels is already a very difficult one to study
theoretically or experimentally as is highlighted in the works of Ibrahim (2005) and Faltinsen & Tinoklia
(2009). The coupled dynamics between fluid sloshing and vessel motion brings in a new dimension and
the potential for enhancing or diminishing the sloshing motion through vehicle dynamics. Understanding
dynamic coupling is of great practical interest in areas such as terrestrial fluid transportation, maritime
and space transport, storage tanks under earthquake excitation, and industrial applications.

The interest in this paper is in a more subtle impact of sloshing on vehicle dynamics: the [dif€ct
transfer of energy from fluid motion to vehicle motion through resonance and nonlinearity. The form
of the energy transfer of interest is the following. Given a dynamically-coupled system, choose initial
conditions so that fluid sloshing occurs but with the vessel stationary. This motion may be unstable and
able to transfer all its energy to a mode in which the vessel is in motion. This type of energy transfer
is essentially nonlinear, but is induced by a resonance in the linearized coupled system. In this paper a

0TS and its EPCARIONS are developed for thigHoNlNCAEHOIEyFANSIerTEChAmISHbEnVeonSoshing
and vessel motion are developed.

General aspects of the dynamic coupling between vessel motion and interior fluid motion are discussed
in the book of Moiséyeyw & Rumyantsev (1968). They start with the fully coupled three-dimensional prob-
lem with six degree-of-freedom vessel motion. They also look at a simplified pendulum-based on model
(see e.g. §5.4 of Moiseyev & Rumyantsev (1968)). Their model involves a single pendulum containing
fluid. However this configuration would be difficult to construct experimentally, it is not natural for a
shallow water configuration, and its resonance structure is quite different (the natural resonance would
be allli2 resonance). On the other hand Cooker (1994) devised a novel coupled system which has the
essential features of dynamic coupling and a 1:1 resonance. It is relatively simple to construct an ex-
periment, and it is natural for a shallow water fluid configuration. In this paper a model for Cooker’s
experiment will be studied.
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FIGURE 1. A schematic illustration of Cooker’s sloshing experiment.

Cooker (1994) conducted an experiment consisting of a rectangular vessel containing fluid, suspended
from a horizontal beam by two cables (or strings). The centre of mass of the system is allowed to fotate
in a vertical plane, while the tank bed remains horizontal. A schematic diagram of the experimental
apparatus is shown in figure 1. The vessel has a rectangular cross-section and is partially filled with a
fluid of average depth hy < d where d is the vessel height. The suspending strings make an angle § with
the vertical. The motion of the vessel can be initiated with values of 8 and/or df/dt specified at ¢t = 0.
This configuration is one of the simplest experiments that demonstrates the dynamic coupling between
a sloshing fluid and the motion of vessel containing the fluid. The simplicity of the experiment makes it
akin to those of Taylor (1974) who would construct simple robust experiments to illuminate and answer
some fundamental question in fluid dynamics. A related experiment is that of Herczyriski & Weidman
(2012). Using a special low-friction cart, and carefully-controlled initial conditions, they simulated the
case where the length of the suspension cables in Cooker’s experiment go to infinity. In this case the
restoring force vanishes, and so the vessel may drift in addition to exhibiting harmoni¢ moetion. They
developed a finite depth linear theory for this case and compared their results with experiments, showing
excellent agreement for various vessel geometries. However, without the spring force, a resonance between
vessel and fluid modes can not arise in this configuration.

Cooker (1994) developed a linear theory for the coupled problem using a Shallew waterapproximation
for the fluid, and aflinear iarmoniclequation for the vessel motion. The theoretical results agreed well
with Cooker’s experimental results which showed that the presence of a sloshing fluid changed the natural
frequency of the vessel motion. This theory was extended to include a nonlinear shallow water model by
Alemi Ardakani & Bridges (2010). In his analysis, Cooker (1994) detected a curious resonance where the
second mode of the coupled problem appeared to resonate with the natural frequency of the dry vessel.
In fact the resonance is a 1:1 internal resonance, where the natural frequency of the vessel, treated as
a rigid body, resonates with one of the fluid modes. The precise nature of this internal resonance was
identified by Alemi Ardakani et al. (2012a,b). The key observation is that the characteristic function for
the natural frequencies of the coupled problem is the product of two functions

A(w) = P(w)D(w) (1.1)

where w is the frequency of the motion. The precise form of these functions will be presented in §3. Natural
frequencies satisfy A(w) = 0. The roots of D(w) = 0 are the modes which couple the anti-symmetric
fluid modes to the vessel motion, while the roots of P(w) = 0 are associated with the symmetric fluid
modes (which exert no horizontal force on the vessel). The case when P(w) = D(w) = 0 with both P’(w)
and D’(w) non-zero, produces an internal 1:1 resonance with both types of modes coupled together. The
linear aspects of this resonance are studied in detail by Alemi Ardakani et al. (2012a,b), and it is shown
that the 1:1 resonance occurs in the coupled system for a wide range of parameter values.

In the linear problem the 1:1 resonance is benign. There is no instability and it just means that the
two modes have the same natural frequency and any linear combination can occur depending on the
initial conditions. It is only by adding nonlinearity that dynamic energy transfer can occur.
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FIGURE 2. A schematic illustration of a TLD following figure 1 of Frandsen (2005).

Before proceeding to discuss the nonlinear implications of the 1:1 resonance, it is worth noting that
the problem of tuned liqguid dampers (TLDs) (Ikeda & Nakagawa 1997; Frandsen 2005) has a very sim-
ilar mathematical formulation. A TLD consists of a vessel partially filled with fluid, but the vessel is
constrained to move only in the horizontal direction with a restoring force given by a linear mass-spring-
damper model. A schematic illustration of this system is given in figure 2. Alemi Ardakani et al. (2012q)
showed that the linearized governing equations for the TLD and Cooker’s experiment are equivalent,
and hence the form of characteristic equation for the linear TLD system, first computed by Frandsen
(2005) using an infinite cosine expansion, is equivalent to the characteristic function for the fully-coupled
Cooker’s experiment, which was first derived by Yu (2010) using a vertical eigenfunction expansion. Al-
though Cooker’s experiment and the TLD system are equivalent in the linear framework, their nonlinear
characteristics are very different, as the vessel equation described in Alemi Ardakani et al. (2012a) for
Cooker’s experiment is fully nonlinear and contains vertical as well as horizontal motions. However, the
nonlinear analysis presented in this paper could be modified to examine the TLD problem, with the
linear spring in Frandsen (2005) replaced by a nonlinear spring, but this extension is not considered
here.

Let A(7) and B(7) be complex modal amplitudes for the two modes in the 1:1 resonance, where 7 is
a slow time variable. The nonlinear normal form near the 1:1 resonance is given by

iapA; = aiwn2A+ as]AI*A+ as|B|*A + ayB*A* (1.2)
iboBT = blwmgB + b2|B|2B + 0,3|A|QB + CL4AQB* s ’
where ag,...,a4,bp,...,b2,wy 2 are real-valued coefficients where w, o gives the deviation of the fre-

quency from the sloshing frequency w,, found via (1.1) and the stars denote the complex conjugate. A
derivation of (1.2) is given in §5.

The nonlinear normal form (1.2) appears in other contexts. The most well-known context is sloshing
in three dimensions when the horizontal cross-section of the vessel is square or almost square. This
configuration has been studied by Feng & Sethna (1989); Faltinsen et al. (2003); Ikeda et al. (2012);
see also §9.2.3 of Faltinsen & Timokha (2009). There are two significant differences from the analysis
here. Firstly, due to the symmetry of the square, the coefficients as and by are equal. In that case both
the pure modes have the exact same stability properties. Secondly the problem of energy transfer is
not considered in the analysis in Feng & Sethna (1989), Faltinsen et al. (2003) or Ikeda et al. (2012).
The analysis of energy transfer is made apparent in the present paper by showing that the orbits of the
normal form (1.2) can be projected onto a spheroid in three dimensions.

In order to deduce the physical implications of the 1:1 resonance, it is necessary to compute the
coefficients in the normal form (1.2). We compute the coefficients in the normal form for Cooker’s
experiment as a function of the key dimensionless parameters: depth ratio, cable stiffness ratio, cable
length ratio and mass ratio. Although the linear problem has a continuum of periodic solutions (any
values of A and B) the nonlinear problem has exactly six: two pure modes (A =0, B # 0 and A # 0,
B = 0) and four mixed modes (A # 0, B # 0, one in phase, three out of phase). Using dynamical
systems theory we are able to identify all possible connecting orbits between the periodic solutions. It is
these heteroclinic connections that are pathways to energy transfer.

The idea of a linear resonance producing energy transfer in the nonlinear problem has been known
in the mechanics literature for over half a century (and perhaps more). A simplified version of Cooker’s
experiment is to replace the fluid by an elastic beam. This configuration has been studied by Struble
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& Heinbockel (1963). They identified a 1 : 2 resonance in the linear system, performed a nonlinear
analysis and then showed numerically that energy can be exchanged between the two principal modes.
The pathway for energy transfer in this case was also a heteroclinic connection. The approach used in
this paper, of projecting onto a spheroid, is more general and captures all the potential heteroclinic
connections in a given configuration.

It should be noted that energy transfer between modes can also occur without resonance in the
nonlinear case, when forcing is included in the problem. One such situation was examined by Feng
(1998) who studied the sloshing of one symmetric and one anti-symmetric fluid mode under a time
dependent forcing. However, the analysis and the mechanism for the energy transfer were very different
to those studied in this paper for the non-forced case.

The current paper is laid out as follows. In §2 we state the governing nonlinear equations of the system
and show that they can be obtained from a Lagrangian functional. Section 3 reviews the linear solution
to the problem and highlights the internal 1:1 resonance between the coupled motion of the fluid and
the vessel. In §4 the nonlinear solution to the coupled equations are found by expanding the solution
in powers of the eigenmode amplitude and in §5 the normal form equations are derived. The general
stability properties of the normal form equations are formulated in §6 while energy transfer properties
are discussed in §7. Section 8 presents numerical results for Cooker’s experiment and our concluding
remarks are given in §9. The supplementary material which accompanies this paper presents more details
on the perturbation solution procedure and the normal form calculation, as well as a comparison of the
pure standing waves (decoupled from the vessel motion) with the classical theory for standing waves of
Tadjbakhsh & Keller (1960).

2. Governing nonlinear equations

The governing equations consist of the Euler equations for the fluid, relative to a moving frame, coupled
to the rigid-body equations for the vessel motion. The configuration is illustrated in figure 1. The tank
has length L and width W, while the fluid has constant density p and the suspending string length is [.
The fixed coordinate system (X,Y") has its origin at the left most fixed point of the suspension string,
and the moving coordinates (z,y) are attached to the vessel. These coordinates are related by

X=z+q, Y=yt+q—d
where
q1 =1sinf(t), qo=—lcosO(t),

which parametrise the constraint ¢? + g5 = [2. Denote the velocity field relative to the moving frame by
(u(x,y,t),v(z,y,t)). With the further assumption of irrotational flow the velocity field can be represented
in terms of a potential

¢ =u-+q¢ and ¢y, =v+q2,

where the velocity potential is relative to the absolute frame (cf. equation (2.1) in Alemi Ardakani et al.
(2012a)). The governing equations for the fluid are then (cf. Alemi Ardakani et al. 2012a,b)

e+ yy =0, in 0<a<L, 0<y<h(z,t), (2.1)

1 . .
¢+ 3 (02 + Q%) — 1¢x — G2y + g(y — ho) = Be, on y = h(z,1), (2.2)
ht+(¢)w_q1)hw :st_q'% on y:h(l‘,t), (23)
(by = 427 on y= 07 (24)
¢I = qlv on r = O,La (25)

where Be is a Bernoulli constant. (Note that the Bernoulli constant could be absorbed into ¢ as a term
proportional to t). The vessel motion is governed by a nonlinear forced pendulum equation

. 1 1
my0 + %(mv—i—mf)sinﬂz —7 cos 5y — 7sin9é2. (2.6)
Here the subscripts =, y and ¢ denote partial derivatives and dots denote full derivatives with respect
to t. Equations (2.2) and (2.3) are the dynamic and kinematic boundary conditions at the free surface
y = h(x,t), (2.4) and (2.5) are the no penetration boundary conditions on the bottom and side walls
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of the vessel and (2.6) is the nonlinear coupling equation linking the motion of the fluid to the vessel
motion. The quantities m, and my = W fOL foh pdydzx are the vessel and fluid masses respectively, and

L h L th
o1(t) :W/O /0 pPs dydzr,  oa(t) :W/O /0 poy dydx. (2.7)

The key parameters in the problem are

ho L My vL? g
0b=—, ==, R=—, G=——, v==2(my+my). 2.8
L 1’ mys’ 4ghom l( Y ) (2:8)
The parameter § is a shallowness parameter, and G is the stiffness parameter, since v is an equivalent
spring stiffness. The parameters R and G were introduced by Cooker (1994), and the parameters are not
all independent since G has the equivalent representation
(1+R)¢
4 §

The governing equations are variational, i.e. they can be determined by taking the first variation of
a Lagrangian functional. It is useful to use a Lagrangian approach for calculating the normal form.
Alemi Ardakani et al. (2012a) defined a reduced Lagrangian for this system in order to derive the
coupling equation (2.6), but did not include the constraint terms needed to correctly describe the fluid
motion. The complete Lagrangian for this system is

G:

£ = - L dt, (2.9)
ty
where [t1,t2] is an arbitrary time interval, and
L rh(z,b) 1
L= pW/O /0 (qbt +3 (02 +¢2) + 9(y — ho) — Be> dydzx (2.10)

1 . . L h(z,t)
—imvl292 — (my +my)glcosd — ZQpW/ / (¢g cos O + ¢y, sinb) dydz,
o Jo

where hg is the mean fluid height. The precise form of this Lagrangian is new, but the idea of using
a Lagrangian to generate the fluid equations for sloshing has a long history. See §2.5.3 of Faltinsen &
Timokha (2009) for a history of the use of the Lagrangian formalism for sloshing.

The Lagrangian functional (2.10) has three parts. The first part is Luke’s Lagrangian for the fluid
motion only (Luke 1967), the second part is the Lagrangian for the vessel and the third term is the
coupling term. By taking variations of (2.9)-(2.10) with respect to ¢, h and 6 the governing equations
(2.1)-(2.6) are recovered.

3. Solution of the linear coupled problem
The solution to the linear coupled fluid-vessel system has been studied in detail in both the shallow
water limit and in finite depth by Alemi Ardakani et al. (2012b). Here we will just record the details
necessary for the nonlinear analysis to follow.
The governing equations for the linear motion are found by linearizing (2.1)-(2.6) about a quiescent
fluid level hg, 8 = 0 and ¢ = constant. The linear equations are
Gze T Oyy =0, in 0<x <L, 0<y < hy, (
¢1+ 9oy =0 on y = ho, (
¢y =0, on y=0, (
¢$:lé, on r=0,L, (
for the fluid motion, where the second equation is obtained by combining the linear kinematic and
dynamic free surface conditions

¢t +gh=0and hy = ¢y = ¢y +go, =0.
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The linear vessel motion is governed by

. g WL pho
my0 + f(m” +my)d = 77/0 /0 PPzt dyde . (3.5)
Time-periodic solutions of these equations can be found by expressing ¢, h and 6 as the harmonic
functions
d(x,y,t) = d(z,y) coswt, h(z,t) = h(z)sinwt, 6(t) = Osinwt.
The above system of equations are solved using either of the following two approaches. The first approach
is to expand QAS as an infinite cosine expansion (Graham & Rodriguez 1952; Frandsen 2005; Herczynski &
Weidman 2012), while the second approach is to expand (,ZAS as an infinite sum of vertical eigenfunctions
(Linton & MclIver 2001; Yu 2010; Alemi Ardakani et al. 2012a). Alemi Ardakani et al. (2012a,b) show
that both expansions are equivalent, so in theory either approach can be used. However, in practice the
cosine expansion is more accurate when performing the numerical calculations required in this paper.
Thus this method is used in the results reported herein, although it should be noted that the sums
converge slower than the sums in the vertical eigenfunction expansion.
The characteristic function for the linear problem is given by the product (1.1) with

P(w) =[] (@® - gBa tanh(Bho)) , (3.6)
n=1

g 8lmw? & tanh(a,ho)

D = v —_ — l — 5 .
(@) = (my +my) (w w) L2hy 2:: a3, (gou, tanh(ag, ho) — w?) (3.7)
where
2 2 1
Bo= 20T g, = Bt DT

L L
The solutions of P(w) = 0 correspond to contributions from symmetric sloshing modes with an z—dependence
of the form cos 8, x, while D(w) = 0 contains contributions from the anti-symmetric sloshing modes with
an x—dependence of the form cos a,,x.
In this work we are interested in the nonlinear solution for the system near the 1:1 resonance, which
occurs at a double zero of the dispersion relation (1.1). If we assume that this resonance occurs with a
general symmetric mode with wavenumber (3,,, then the frequency of the coupled solution is given by

w}; = g tanh (B, ho). (3.8)

The results will be presented with n an arbitrary natural number, but n = 1 is the case most likely to
be observed in experiments. As the 1:1 resonance occurs at a double zero of (1.1) this also requires that
D(wy,) = 0. This allows for the calculation of the string length [, say, needed for resonance for the given
parameters m,, my, ho and L. Substituting (3.8) into D(w) = 0 gives the condition on the parameters
for 1:1 resonance

8 4 ~= tanh((2m + 1)74)
G=s.R+s.+ <5, : 3.9
Sn + Sn + 5877, ’rnzzo (2m + 1)37'('3 O’m7n ( )
where
o _ wal? 2
si = 4Zh0 and oy, = g, tanh(a,ho) — wi. (3.10)

For each fixed n and 4, the condition (3.9) is a line in the (R, G)—plane.
At the 1:1 resonance the solution for ¢ is made up of two linearly independent eigenfunctions in the
form

(cf. §4 of Alemi Ardakani et al. 2012a) where
cosh(Bny)
SO(Iay) COSh(ﬁnho) COS(ﬂnl‘)7
L o= g h(og) (3.12)
B Sl dwy cosh(amy
Si@,y) =l <$ 2L = a2 0,5 cosh(amho) cos(amx)> ’
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and 6 has now been replaced by B. The solution (3.11) consists of a linear combination of symmetric
sloshing modes, Sy(z,y), with amplitude A and anti-symmetric sloshing modes, S1(z,y), with amplitude
B. The symmetric sloshing modes are observed when sloshing occurs in a stationary vessel, while the
anti-symmetric modes are observed when sloshing occurs with intrinsic coupling to the moving vessel.

4. Nonlinear analysis

In this section we perform a perturbation analysis of the nonlinear equations of motion (2.1)-(2.6)
close to the resonance frequency w,. This solution will then be used in (2.9) to give the form of the
Lagrangian, from which we can generate the nonlinear normal form of the sloshing problem at an
internal 1:1 resonance.

In order to generate the nonlinear correction terms to the linear eigenfunction, we assume that the
amplitude of the linear solution is small and expand the solution in terms of this small parameter. Thus
we assume that A = eA and B = eB where ¢ < 1, and we also introduce a scaled time ¢ and a slow time
scale 7 defined by

t=wt and T=¢€t. (4.1)

The solutions are sought which are 2r—periodic in ¢. Since it will be clear from the context, the  is
dropped from the time and it is understood that solutions are now 2w —periodic in t. Substituting

¢ = @0 + 6(}51(37, Y, t7 T) + 62¢)2(.’L‘, Y, t7 T) + 0(63)7

h = hg + ehy(z,t,7) + ha(x,t,7) + O(€%),

0 = eb(t,7) + 02(t,7) + O(e°),

W= wy, + ewp1 + 62wn72 + 0(63)7

Be = ¢ Bes,

into (2.1)-(2.6), where ® is a constant, leads to the linearised form of the equations (3.1)-(3.5) at O(e)
and at O(e?) gives the following system of equations for ¢, he and 6s:

¢2mm+¢2yy:01n0<y<h07O<I<La (42)
1 1

Wn ot + gha = Bea — wphi g1yt — 5((/5%,; + ¢1,) + lwpbred1e — 5?@;29% — Wn1¢1c on Yy = ho, (4.3)

wrhot = 2y — (P12 — lwnbi¢)hie + h1dryy — lwpb161y — wn1hie on y = ho, (4.4)

¢2y = lwpb161, on y =0, (4.5)

$2z = lwpboy + lwy101; on z =0, L, (4.6)

(4.7)

for the fluid motion and

wp, W L rho W, W L rho
mpw2 B2 + %(mv +my)ly = —2mywnpwn, 101 — ; / / PP2et dydz — ll / / po1yt dydz
0 0 0 0

wp,W

nW L L
2 I / phlt¢1x(£a y= hOa t) dr — / phld)lwt(x’ y= hOv t) dx
0 0

wp AW [E[he
e A (1.9
0 0

for the vessel. The dynamic and kinematic free-surface conditions (4.3) and (4.4) can be combined
together to give the single free-surface condition

W2Pott + P2y = —2wnP1uPits + wWnPredryy — 2w P1yP1ey + w3 g o1 dryee + 20w 01 D1 (4.9)
Hw2 0111915 + glwn 0101, — Pwd 01,014 — 2wnwn 1P14t - '

By applying a solvability condition to the above system of equations we find that w, 1 = 0 (see appendix
A of the supplementary material for detailed calculation). With w, 1 = 0 it is clear that a solution for
¢ and Oy should be sought in the form

bo(,y,t) = do(x,y) sin(2t),  O2(t) = O, cos(2t).

The details of the solution procedure for (ﬁz and 0 are given in appendix A and the final solutions take
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Parameter Value

My 0.552kg

w 0.13m

L 0.525m

p 1000 kgm ™ (water)

TABLE 1. Values of the parameters used in this paper, based on the experiments in Cooker (1994).

the form

0o = A% (Colw,y) + Zs) + ABG (2,y) + B2 (Go(w,y) + Z1y + Za),

4.1
0, = ABO, (4.10)

where the (;’s, Z;’s and ©; are given by (A 8)-(A 14). In order to find the form of hs(z,t), the complex
exponential form of the solution to (2.1) to (2.6) is used so that phase effects are included. This is
discussed in the next section, where we derive the normal form of the nonlinear perturbation about the
1:1 internal resonance. The asymptotic expansions used in the above analysis are valid, assuming that
no other resonances occur in the problem.

Although we are interested in the nonlinear result close to the internal resonance in this paper, the
solution (4.10) also gives the weakly nonlinear form of the solution away from resonance. At resonance,
the two constants A and B are independent and typically (for general initial conditions) both are nonzero,
while away from resonance only the pure modes can exist as solutions with either A =0 or B = 0. For
the case when A = 0 with B # 0 the value of & is found by solving D(@) = 0 from (3.7). Here we
write w rather than w,, because we are away from resonance, so the frequency of the solution is now not
determined by (3.8), but by the solution of D(@) = 0. The nonlinear form of h(z,t) (from (5.2)) for the
lowest frequency sloshing mode not at resonance (ﬁ =eA =0, B=¢eB= 0.1) is shown in figure 3 and
the profile of the lowest frequency sloshing mode at resonance (/T =0.015m2s~! and B = 0.01) is shown
in figure 4. Note that the numerical results presented in this paper are solved with the parameter values
given in table 1, which correspond to the series of experiments of Cooker (1994).

The effect of the nonlinear terms in figures 3 and 4 is to add higher order harmonics to the free surface
height. This can be seen in figure 3(c) around x = 0.45m where the free surface has a region where it
decreases before rising up to the wall. The excitation of higher harmonics can be more clearly seen in
figure 4(c) at = 0.3 m where the nonlinear free surface has two local minima compared to the dashed
line of the linear result which has a single minimum value close to this point.

The nonlinear results away from the internal 1:1 resonance presented here are new, but it is the
nonlinear results close to the 1:1 resonance which are of most interest, along with the normal form found
using this solution which is calculated in the next section. The nonlinear normal form near this resonance
will enable us to determine parameter regimes where energy transfer between the pure modes is possible.

Before deriving the normal form in the next section, we note that the solution (4.10) when restricted
to a pure fluid mode recovers the perturbation solution calculated by Tadjbakhsh & Keller (1960). They
consider the nonlinear expansion about the first symmetric sloshing mode only (B = 0 with n = 1). The
details of this comparison with classical standing waves is in appendix B of the supplementary material.

5. Normal form equations

In order to include phase effects, A and B are now taken to be complex. The strategy for computing
the coeflicients of the normal form (1.2) is to substitute the expansions for ¢, h and 6 up to second order
in € into the Lagrangian (2.9), and then take variations with respect to A* and B* where the * here
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FIGURE 3. Plot of h(z,t) for the lowest frequency sloshing mode not at resonance over one period of the motion,

when hop = 0.1m, I = 0.2m and & = 4.575s*. Here A =0and B = 0.1. In each panel the solid line gives the
nonlinear result up to, and including, second order terms, the dashed line gives the linear result and the dotted
line gives the value of hyg.

denotes the complex conjugate. The forms of ¢, h and 6 to second order are
1 . )
O, y,1,7) = o + Se[(ASo(2,y) + BS: (2,))e" + (4" Sp(, ) + B8 (&)™)
1, i
—5 et {(A2§0(x7 y) + ABG (2,y) + B2y, y) + B*Zyy + B*Zy + AZ3)e™"
—(A2o(,y) + A" B Gi(w,y) + B Go(w,y) + B2 Zay + B2y + A Zg)e™|
+0(e%), (5.1)
h(z,t,7) = ho — %ei[(AHo(x) + BH, (2))elt — (A*Ho(z) + B*Hl(x))e-if}

+le2 [(A2A0(x) + ABM (z) + B X\a(z))e? + (A*2N\g(z) + A*B* A\ (z) + B*2\y(z))e 2

2
+(Ao(x) — Co)lAP® + (A1 (z) — C1)AB* + (Ag(z) — C2) A*B + (As(x) — 03)|B|2}
+0(€%), (5.2)
o(t,7) = —%ei [Beit - B*e—ﬂ n %8 [AB@leW + A*B*@le—ﬂ +0(e%), (5.3)
Be = _%89 (Col A2 + CLAB® + CoA*B + Cy|BI?). (5.4)

where Sy and S7 are given in (3.11), the (;’s, Z;’s and ©; are given in Appendix A and the constants
Cy to C3 are determined by

1 L
Ci = Z/o Ai(z) dx.
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FIGURE 4. Plot of h(z,t) for the lowest frequency sloshing mode at resonance over one period of the motion,
when hg = 0.1m, [ = 1.270m and w; = 9.341 s7!. Here A = 0.015m?s™! and B = 0.01. In each panel the solid
line gives the nonlinear result up to, and including, second order terms, the dashed line gives the linear result
and the dotted line gives the value of hg.
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The expressions Ho(x), Hy(z) along with the A;’s and A;’s are to be determined. The definitions of
C;’s constrains the mean height of the fluid to remain at y = hg. Not incorporating these constants
into the expression for ¢(z,y,t,7) would cause the mean height of the fluid to change, which in turn
would modify the value of my. Thus for consistency these constants are moved into the expansion for

P(x,y,t,7).

The amplitudes A = eA and B = ¢B are now functions of the slow time variable 7 = ¢2¢. The functions
Hy, Hy, the \;’s and the A;’s can be found by either substituting the above expressions into (3.2) and
(4.3) and equating the coefficients of A, B, A%, B? and AB or by substituting directly into (2.2). Both



Nonlinear energy transfer between fluid sloshing and vessel motion 11

approaches lead to the functions
Ho(w) = ﬁS(),
g

w
H,(z) = =28,
1(z) il

1

Ao(z) = I (552 + So, + 2wnHoSoy + 8wnlo + 8wn Z3)
Ai(z) = —% (So2S12 + SoyS1y + wnHoS1y + wnH1Soy — lwy,Sor + 4wn(1),
o(z) = —% (S2, + 52, + 2w, H1 S1y — 2w, S + 8w o + 8w Ziho + 8wnZs) |
Ao(z) = —% (53, + Sgy — 2w, HoSoy) ,

A () = Aa(z) = —% (SozS1z + SoyS1y — wnHoS1y — wnH1Soy — lwnSog),
As(z) = —% (52, + 52, — 2 HyS1y — 2inSns) |

where Sy, S1, (o, (1 and (5 are all evaluated at y = hg. From these expressions it is immediately clear
that Cy = Cy = 0, and in fact

2

Co = _Zg(l - T72L)7 (55)
PPw? 8wl X 1— Tfn

O =, (l T 2wz | (5:6)
m—0 “m%m,n

where T, = tanh(B,ho) and T, = tanh(a,, ho).
Substituting these expressions into (2.9), setting t; = 0, to = 27 and noting that we require a further
integral in the Lagrangian as we have introduced the slow timescale 7, we find that

/1 1
<z = 63/ (51610 (A"A; — AAT) + 5100 (B*B; — BB}) — aywp 2| A — biwy 2| B|? 5.7)
T1 :
~Las| Al — 3o|B* — as] AP[BJ2 — Jay (B2A2 4+ A2B*2) ) dr + o(<"),

where the coefficients a; and b; are given in appendix B.
By taking variations of . with respect to A* and B* respectively gives the normal form equations to
leading order in (1.2). The normal form (1.2) is a Hamiltonian system,

0H 0H
iaoAT = 5? and ibOBq— = 5? 5 (58)
where
1 1 1
H = wy 201 |A]? + wn2bi| B> + §a2|A|4 + 5b2|B|4 +az|A2|B]* + 504 (B*A* 4+ A°B*) . (5.9)

The Hamiltonian formulation will be useful for identifying heteroclinic connections between periodic
solutions. A necessary condition for two periodic solutions to be connected by a heteroclinic orbit is that
they have the same energy value (or the same H value). Hence, the energy values for each solution will
be recorded.

6. Solutions of the normal form equations

Periodic solutions of the original problem are represented by equilibrium solutions of the normal form
(1.2). Let

A=rae"t and B =rgets (6.1)
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with 74 > 0 and rp > 0. Then equilibrium solutions satisfy

0 = (awwn2+ asri + (ag+agcos X)ry)ra, 62)
0 = (blwn,Q + bor% + (a3 + a4 cos X)r%)rB , .
with
siny =0 where x=2(up— pa). (6.3)
For non-degenerate values of the coefficients, there are six classes of solutions of these equations.
6.1. A+#0, B=0; symmetric free sloshing mode
When B =0, A # 0 and as # 0, the equations (6.2) reduce to
a
4 = ——lwn’g , (6.4)
a2
with stability exponent
2 Wnal oo 2
AT =9 [al% = (biaz — ara3)”| . (6.5)
byaz

The pure mode (6.4) is stable (unstable) if A? in (6.5) is negative (positive). A derivation of the stability
properties is given in Appendix C. The energy value for this class is

2 2
Wh,207

Hy=— (6.6)

2@2

This solution is a pure sloshing mode which is symmetric about the centerline of the vessel, and the
vessel is stationary. The eigenfunction to leading order is given by (5.1)-(5.3) with B = 0. In this case
the sloshing modes exert no resultant force on the walls of the vessel and so the vessel remains at rest.

6.2. A=0, B #0; anti-symmetric fluid mode coupled to vessel motion
When A =0, B # 0 and by # 0, the equations (6.2) reduce to

rh = —%wnz, (6.7)
with stability exponent
A2 = :?zé [bfai — (a1bs — braz)?] . (6.8)
The energy value for this class is

This solution is a coupled mode, consisting of a fluid sloshing mode which is anti-symmetric about the
centerline of the vessel, and the vessel motion is periodic. The eigenfunction to leading order is given
by (5.1)-(5.3) with A = 0. In this case the sloshing modes exert a non-zero resultant force on the vessel
walls and so the vessel oscillates.

6.3. A#0, B#0; fully coupled with up = pa or up = pia + 7
When A # 0 and B # 0 the equations (6.2) reduce to

as as + a4 7“124 _ ay
e () ()
This equation is uniquely solvable for r% and r% if
agby — (ag +as4)* #0. (6.11)

However, both r% and 7% must be positive so the fixed point to exist. The stability exponent in this case
is

b as + ay
A2 = dagr2rd (22 4 22 993 6.12
a4rArB a% + b(Q) aobo b ( )
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and the energy value for this class is

1 b2a2 + a2b2 — 20‘,11)1 ((13 + a4)
Hpp = —-w? L 1 . 6.13
AB 2wn72 agbg — (a3 ¥ CL4)2 ( )

This solution is a fully coupled mode, consisting of both a symmetric and anti-symmetric fluid sloshing
mode and a vessel mode, with all three in phase (up = p4) or out of phase with ug — pa = m. In this
case the vessel oscillates as B # 0 but the motion would also include a symmetric sloshing mode. As the
symmetric mode exerts no resultant force on the vessel, the amplitude of the oscillation would depend
solely on the value of B. An example of the free-surface elevation with pus = pp is given in figure 4.

6.4. A#0, B#0; fully coupled with up = pa + %7‘( or ug = pa + %W

In this case the equations (6.2) reduce to

2
a9 as — a4 T'A _ aq
[a3 “ar by } <r%> = —Wn2 (bl) : (6.14)

This equation is uniquely solvable for r% and r% if
agby — (ag —as)® #0, (6.15)

and the fixed points exist if both 74 and r% are positive. The stability exponent in this case is

b as — a
N2 = —dagrird (2242 _pd3 T W 6.16
asryr o + 0 anb , ( )

and the energy value for this class is

1 b2a2 + a2b2 — 20,11)1 ((Zg - a4)
Hpp = —-w? L 1 . 6.17
AB 2wn,2 agbg — (CL3 — a4)2 ( )

This solution is a fully coupled mode, consisting of both a symmetric and anti-symmetric fluid sloshing
mode and a vessel mode, with the symmetric mode %71’ or %w out of phase from the vessel motion
and anti-symmetric fluid mode. This case is similar to that in §6.4, except with a different free-surface
elevation, for which an example when ps = pp + 7/2 is shown in figure 5.

A sample of numerical values is given in Table 2. A range of other values of the coefficients of the

normal form for different fluid heights hg can be found in the supplementary material.

7. Heteroclinic connections and energy transfer

It can be shown that all the orbits of the differential equations (1.2) lie on an spheroid (Cushman & Rod
1982; Cotter 1986), thus any unstable fixed point must either connect to itself (homoclinic connection)
or to another unstable fixed point (heteroclinic connection). The energy of the system is constant along
any orbit, so two distinct equilibra can have a heteroclinic connection only if they have the same energy
value.

The orbits on the spheroid can be seen explicitly via the following construction. Introduce new coor-
dinates

I, = A*B+ AB*,
I, = i(A*B— AB*), 1)
I3 = aoA]> —bo|BJ?,
I, = aolA]?+by|B|?,
which satisfy
aobo(If + 13) + I3 = I . (7.2)

For fixed I, > 0 this equation describes a spheroid in (I3, I, I3) space since ag and by are both positive
(see Appendix B).
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0.15
h 0.1
0.05

iw/2

Differentiating the new coordinates with respect to 7 and using (1.2) gives,

ag bo

I = —-mh+ (aﬁio - 72) LI, (7.3)
Iy = —2a451,

ar b 1 (as b 1
S e (%22 d _ =
" <a0 bO) "3 (ag bg) $oae Ty

The fourth coordinate satisfies

L = 71-724-(&4 +“/2>-72-737

where

I, =0. (7.4)
For each fixed positive value of Iy, equation (7.4) combined with (7.2) assure that all trajectories of
(7.3) lie on the spheroid (7.2). The governing equations (7.3) have a close similarity to the rigid body
equations in mechanics, and are completely integrable. Indeed, expressions for the heteroclinic orbits can
be explicitly constructed. See §3, and particularly equation (3.9), in Holmes & Marsden (1983) where
explicit expressions for the heteroclinic orbits for the rigid body are written down. Analogous solutions
can be developed for (7.3). The heteroclinic orbits are solutions which tend to one pure mode as t — —oo
and to the other pure mode as t — +o0.
An example of the orbit structure that would exist if the pure modes (blue dots) were connected by
a heteroclinic connection is shown in Figure 6. The equilibria correspond to periodic solutions in the
physical problem, and the orbits connecting equilibria on the sphere correspond to pathways for energy
transfer in the physical problem. Consider |A|? as a measure of the energy of anti-symmetric fluid mode
coupled to the vessel and |B|? as a measure of the amplitude of the symmetric fluid mode. Then along
a heteroclinic connection one energy is decreasing and one increasing. This is the sense in which energy
is transferred between modes, and hence physical configurations. The position of the fixed points are
found using the information in appendix D.
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FIGURE 6. (colour online) Typical pattern of solutions of the normal form equations when the two pure modes
(blue dots) are joined by a heteroclinic connection.

The analysis of the perturbed rigid body in Holmes & Marsden (1983) also gives an indication of
the implication of adding forcing to the coupled problem here near resonance. The theory in Holmes &
Marsden (1983) shows that periodic perturbation (such as periodic forcing) leads to chaotic solutions.

8. Computing parameter values for connections

Here we analyse the stability properties of the fixed points and determine parameter regimes where
two fixed points are connected to one another via a heteroclinic connection, giving a pathway for energy
transfer between the two modes.

In figure 7 we plot the quantities A2 and H as a function of hg for the pure and mixed sloshing modes
for n = 1. Unstable fixed points occur when the quantity A?> > 0 and the fixed point is then a saddle
point on the spheroid. Two fixed points can only have a heteroclinic connection to one another if both
points exist, are unstable and both points have the same energy value H for a particular value of hg.
Note that in panels (c) and (d) we only plot the mixed mode stability criteria and energy function if
a solution exists. Heteroclinic orbits for mixed modes are common, because each result in figures 7(c)
and 7(d) correspond to a pair of mixed modes. Therefore, at h = 0.35m for example, there exists a
heteroclinic connection between a pair of mixed modes, one where the symmetric mode is in phase and
one where it is out of phase with the vessel motion. However, heteroclinic connections between the mixed
modes generally leads to less dramatic coupled motion than a heteroclinic connection between the two
pure modes.

There exists three values of hg € [0,0.4] where the energy of the two pure modes are equal, but only
one such value of hg exists where both modes are simultaneously unstable and can both exist for the
same value of wy, 2. This occurs at hy = 0.0805m (§ = 0.1534). In figure 7(b) the dashed line close to
this value might be mistaken for an asymptote, but when this section of the figure is blown up in figure
8(b) it is clear that this is not the case. Here we see that the energy for the two pure sloshing modes
is H, = Hy, = 0.1261w%’2 kgm?s~2 at hg = 0.0805 m. Both these points exist simultaneously if w2 > 0,
which corresponds to the nonlinearity being a ‘soft-spring’ type nonlinearity. This shows that at this
value of hyg it is possible for the symmetric sloshing modes and the anti-symmetric sloshing modes (which
are linked to the motion of the vessel) to transfer energy between one another. The most extreme cases
of this energy transfer would be:

(a) A vessel moving back and forth coupled to the fluid sloshing with an anti-symmetric mode transfers
all its energy to a symmetric fluid mode and the vessel comes to rest, or

(b) A stationary vessel containing only a symmetric sloshing mode begins to swing as its energy is
transfered to the anti-symmetric modes and hence the vessel.
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FIGURE 7. Plot of A2 and H as a function of ho for n = 1. Panels (a) and (b) give the pure A modes (solid line)
and pure B modes (dashed line) while panels (c¢) and (d) give the mixed modes in §6.3 (solid line) and those
described in §6.4 (dashed line). Note in panels (c) and (d) that the value of A*> and H are only plotted if both
r4 and rp are real, and thus the solution exists.

If we consider a fluid height close to this heteroclinic connection (see table 2) then we observe the
energy passing back and forth between the pure modes. This is seen in figure 9. Here we have chosen
e = 0.01 for illustration purposes with w;o = 157!, A = 1kgm?s™2 and B = 10719 initially. The
constant B has to be non-zero initially to allow the energy to pass to the anti-symmetric modes, if it is
set identically to zero then it will remain zero for all times. The normal form equations (1.2) are then
integrated to give the time variation of A and B. Figure 9(b) shows the vessel is stationary initially
and then begins to oscillate once the anti-symmetric modes have the energy of the symmetric mode
transfered to them (see panel (a)) and then the amplitude of the oscillations decrease and the vessel
comes to rest again as the energy is transfered back to the symmetric modes. The resonance for n = 1
with hg = 0.0805m occurs when [ = 1.2077 m which is within the range accessible by experiments and
so should be observable.

The nonlinear energy transfer also occurs for higher frequency sloshing modes for a particular value
of hg. Figure 10 shows that for n = 2 a heteroclinic connection between the two pure modes exists when
ho = 0.0402m and Hy = Hp = 0.0155w§’2 kgm?s~2. In this case the 1:1 resonance occurs for a string
length of I = 0.3334 m, which is again in the parameter range accessible in experiments. As for the n = 1
case, wy o is again restricted to positive values. This energy transfer also occurs for n > 2, but in these
cases, parameters such as the string length and fluid height would correspond to values which would be
difficult to replicate in experiments, so they are not considered in more detail here.
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FIGURE 8. Blow up of figures 7 (a) and (b).

Parameter Value
ho 0.0805325
1 0.1533952
ao 152.3300743
ai 16.2771983
as -1050.6922918
as -21675.4703815
aq 20615.1349791
bo 256.8118394
by 27.4415756
b -3001.5860613

TABLE 2. Values of the normal form parameters close to the heteroclinic connection of the pure sloshing modes
with n = 1.

9. Conclusions

This paper determined the nonlinear solution to the coupled sloshing and vessel motion problem in a
suspended rectangular tank. A solution to the nonlinear coupled equations was found in the form of an
asymptotic expansion in increasing powers of € < 1 which was a measure of the disturbance magnitude
from the quiescent solution. Alternatively e can be defined using averaging. If h; is orthogonal to all
higher h;, then
(h— ho)hy

hi
where the bar denotes an average over (z,t, 7). Results for the evolution of the free-surface profile were
presented up to O(e?) and were found to contain higher spatial harmonics in the free surface profile.

The nonlinear normal form of the solution was constructed close to the internal 1:1 resonance where
the symmetric fluid modes couple to the anti-symmetric fluid modes and the vessel motion. In this
solution it was discovered that for a single fluid depth hy (for each symmetric mode of wavenumber n)
there exists a heteroclinic connection between the pure symmetric sloshing modes, and the pure anti-
symmetric sloshing modes. This heteroclinic connection is a pathway for energy transfer between these
pure modes. The anti-symmetric modes couple to the motion of the vessel, thus energy transfer between
these modes can lead to a dramatic vessel motion. The most extreme case is when an oscillating vessel

€:= ,
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FIGURE 9. Plot of (a) h(x,t) and (b) 6(t) for the parameter regime close to the heteroclinic connection given in
table 2 with n = 1. The time evolution of the functions A and B are found by integrating (1.2) with e = 0.01,
w12 = 157! and initial values of A = 1m?s~! and B = 107!°. The corresponding free-surface profiles are then
found using (5.2). Here t is the original unscaled time from (4.1) = t/w. In panel (a) the free-surfaces are plotted
at ¢ = 1069, 1282, 1496 and 1710 from top left to bottom right. The fast time oscillations are highlighted in
lower figure of panel (b).

02 0.4 .
015 ]
005/ ]
] 0
0.05f 1 H |
20 005/
0,05}
01t
01}
015}
015}
0.2 u ‘ ‘ ‘ 0.2 ‘ A ‘ ‘
004 00402 00404 00408 00408 0.041 004 00402 00404 00408 00408 0.041
() h (b) ho

FIGURE 10. Close up of A? and H for the pure sloshing modes with n = 2 close to critical value of hg. The line
styles are as in figure 7.

containing only anti-symmetric modes comes to rest as the energy is transfered to the symmetric modes,
or vice versa.

While this mechanism has been demonstrated for a particular example, there are general features
that will be present in any system with vehicle motion coupled to a sloshing fluid. A key feature was a
1: 1 resonance between a fluid mode and the vessel mode, and this resonance will be generally present
in a physical configuration. Once such a resonance is identified it would be sensible to adjust system
parameters to avoid the uncontrolled energy transfer. On the other hand, the converse situation might
be advantageous: use the resonance to extract energy from the vessel motion and bring it to rest.

Appendix A. Solution of the second order nonlinear equations

Here we determine the solution for ¢ (z,y,7) and () from the system of equations (4.2)-(4.8).
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Firstly, by writing
A 1
¢2 ¢2 7F+ lwnB2(y_ ho),

where
1 2 2 2 272, 5 - 1 8%21 12%21 2
F = Jw, A?B3(1 + 3 tanh® B, ho) + Bl wan::O o | Tat o T Tatou tanh? amho
42 1 > 1
. — n _712 3B2—8l2 5B2
TP La2omn] 2" “n mz_;o L2a2 0 n’

is a constant, the system of equations reduce to
&2xm+¢g2yy:0 in 0<y<h0,0<x<L, (
4w37,(52 + géZy = f(x) on Y= ho, (
(;52’9 =0 on y= 03 (
$oy = —2wnlls on z=0,L, (

for the fluid motion and

; ; 2w, W [ [t w2W ot
—40)7217’2’7,1}02 + %(mv + mf)02 = - I / / p¢2x dydx - Z]l / p¢1¢11‘ dl‘, (A 5)
0 0 0

for the vessel. Here

1 3 2wl 3202
= —wp ZA%326, 5, (tanh? B hg — 1) + —21?B%6, § ———"—
o) = gon D | S4Bl o — 1)+ 2 L
48w?2 16w? 1
tanh? =3,.h = b 16[%wi B?
" I5s,, 5 0P Th, } Z D200 (B2 — a2,)
1 > 64w 96w
~ 1202 B? n n tanh a,, ho tanh a b
+2 “n 7nz::0 L2, 04010 g m + L2040 O g, At Grm o Bt Aqlto
qg=m-+r
n 4w? 4w? n 4w? 4w?
Pm LaZ omn/) \Logn Loy, n Pa LaZog,
1 > 64w 96w
~ 1202 B? - n n tanh au, ho tanh a b
Ty z—:o L2000 0q0m n0gn * L20,0q0m nOgn Al Gmfto TR Gqlto
q=r—1-m
q>m

dw? 4w? dw? dw?
+ (pm B Lafnam,n> (Laq’n) + <Lom " Pa = La%rq " 008 fra

1 > 160, 243, w
+4lw3ABZ[ Z {— 66nr B "tanhﬁnhotanhaqho

= Logogn Laqaq n

g=n+r

g=n—r—1
q>0
4?2 9 4?2 168,w? 248, w?
— — - o ™ tanh 3, ho tanh a h
JrLaq,n & <pq Lagaq,n) } " q:;n { Lagogn  Lagogn anh finfio tanh agho
q>0
4w? 9 4w? 832
n —_=m U __"Pn T, A6
o (e )}~ (o ) J oo o
o0 o0
= (A%} + B*dP) cos B,z + Y ABd}P cos o,
r=1 r=0
and the constants p, = —4/(a2L) come from expanding z — L/2 as an infinite cosine expansion
1 o0
x— iL:Zprcosarx, (A7)

r=0
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which is valid for 2 € [0, L]. The constants d, 2, and 4, appearing in (A 6) are defined as

5 ! r=2n 5 = 1 for r odd
™2 7Y 0 otherwise "7 1 0 otherwise

The system of equations (A1) and (A5) can now be solved by splitting ¢, into a part proportional to
f> and a part not proportional to 6

_ N 1
b2 = Grta) + () (<201 (2 52 ) 4 Galon) )
The functions G; and G5 both satisfy

Gez +Gyy=0 iIn0<y<hy, 0<z<L,
—4wi G+ gGy = xi(z) on  y = ho,
Gy=0 on y=0,
G,=0 on x=0,L,

where y1(z) = f(z) in the equation for G1(z,y,7) and xa2(z) = —8wil(z — 3L) in the equation for
G2 (l’, y) .

As x2(x) can be solely expanded in terms of odd cosine functions (see (A 7)), the general solution to
the above system of equations satisfying all the equations except the free-surface boundary condition is

oo

B cosh(a,y)
Ga(z,y) = Z ariCOSh(Oéth) cos(a,x).

r—
When this is substituted into the free-surface condition we obtain the value of the constants as

24w31
a2 L(ga, tanh a.hg — dw2)”

apr =

A similar solution exists for G, but in this case x1(x) contains a sum of both even and odd cosine
functions, so here the solution satisfying all the equations except the free-surface condition is

> cosh(ﬁry cosh( ary
- b rL rd).
Gi(x,y,7) ; cosh(B,ho) cos(frx) + Z " cosh(a, ho) cos(a x)

When this is substituted into the free-surface condition the constants are found to be

A%} 4+ BB _ ABdB
" gB,tanh B.hy — dw?’ “r = ga- tanh ai hg — 4w2

When these solutions are substituted back into $» and subsequently substituted into the coupling
equation (A 5), then value of 65 is found to be

A pW = ¢ 2ABw3pW (1 = 4w?
by = S tanhaghy — P (2§ S )
2 IA Z « anitarfto gA 2 + ; LaZo,

r=0 "

where

g) _ AwnpW

; ; Z ar tanh a,.hg.

A = (m, +my) (—4w,21—|— 5
r=0
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Therefore the forms of the ¢;’s, Z;’s and ©; in (4.10) are

&= 2 o5 tho ~ 4w ciisilh((;/fo)) oS, e
o 2 ga, tanhdifho — 4w? CCoOsShh((Oéoinfo)) cos{a:), (49)
e 2 95: tanhcgjho — 47 cic;shh((gfz> o) .
2 = Slon, (A11)

+pm — LO:;:fL} + %l%n +20%w} B? mzojjo Lzagnlan (A12)
Z3 = — 161% B2(1 + 3tanh? B, ho), (A13)
1 = 4w?/€W g; (gav,- tanh jfi) — 4w2) tanh arho = QWEXW (iL N i [”j;f:m> - (A4

Appendix B. Coefficients of the Lagrangian

The coefficients of the Lagrangian (5.7) are given below. We note that constants which contain a single
x integral of a function of (z,y) are evaluated at y = hg. The coefficients of the linear terms are

w2

2 W L
ag = anp Sg dr = 4"2”,
g 0 gho
w2pW [E lg
bo= "2 [ Sdx+ -Z(m, ,
0 % /0 Tdx + 5 (my +my)
wppW L 9 Wp My

T g S 0T Taghy

L
wp pW 9 lg
b = ST d — (M, )
1 2 /0 Tdz + 2wn(m +my)
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The coefficients of the nonlinear terms for the pure modes are

W L ho W L 8
as = —p—/ / (¢5. + ¢3,) dydx + ”—3/ (—2wiS3SE, +39°Sg, + nigsg
2 Jo Jo 32¢g° Jo g
+48w? SE Z3 + 64¢°w? 73 + 16¢%w,, Sa, Z3 + 128¢%w? Z5(o + 48w? S5 o
—16¢%wy, SoSoxCon + 6492%%@“3 + 1692wnS§$C0 — 89203 ) dux,

mfﬁﬁ 9 2 4
= —— +16 — 5T 67’
256ghg ( T? + n 00 |

W L ho
by = _% /O /0 (4¢3, + 4¢3, — Awnay + 8Z1(oy + lwnS1o + 427 — AlwnZy) dydzx

ﬂ L

32¢° Jo
+649%wW2 (2 + 1697w, 5%, Co + 48wP S2 (o — 169w, S1 S1.Cor + 169°wW21S) (o
—3292W2181,Co + 128¢%w? Z1 hoCo + 64¢°w? 72 — 64¢°w?2 Z2hE + 169w, SE, Zs
+48w3 8% Zy + 128¢%w? ZaCy + 48wD Z1hoS? — 32¢° w2181, Z1ho — 32¢°w?181. 2o

8
(- 2wtS252, + 112’%5;1 +3g25%, — 12¢%w, 183, + 12g°w2 1282, + 8gw?1S?

l
+169%w, Z1hoS7, + 128¢g*w2 Z3h + 128¢°w? Z1ho Z2 — 8¢*C3 ) dx + é(mv +my),

where T, = tanh(B,ho) and Sp(x,y) and Si(x,y) are defined in (3.12). The coefficients of the nonlinear
terms for the mixed modes are

—pWLh0224Z® dyd
a3 ===~ A (C1x+g1y+ Wn, 1C1x) yax

w [k 8
+71p693 | (39%S3,53, — 3w S5St, — 3w S5, St + 11%53512 + 4w 5080251 St
7692w"l58x51$ ™ 4wingS1m — 4w; 18050051 + 292“’72112531 + 245 S551¢1 + 89°wn S00S12C1

—89%w21802C1 — 49%wn S0251C10 — 49°WnS0S10C1a + 4g°w21S0C1e + 16g°w2(E
1092
—89%wi 1015150, — 89°wi10180S 10 — 49" CoCs ) dw + — (g9(my +my) — dwpmyl)

1,74 L /rho
o= =L [ [ Gt + Coser) dya

W[t s
+2555 | (3475, + 5wiSy ST, + 5w 53,57 + 1= 5357 — 12,5050, 51 Sha
9° Jo g

+292w§l253x + 4gw§lS§ - ngwnngmSlx - 8w2lS§Slz + SwilSOSOmSl + SQanS%zCO
+48w,5LSfC0 + SngnngCQ + 48wZS§C2 + 6492(4)%(0(2 — 89%wnS1512C0z — 89%wnS0S0xCan
+892w2151(01 - IGgQleSlg;Co + ngwnwaZg + 48w,5LSlzZ3 + 6492w2Z3C2 + ngwnZgSgw
+48w5 7552 + 649°w? Zo(o + 64¢°w? 7y Zshg — 16¢°w? 12351, + 892w, Z1hoS2, + 48wS Z1hoS2
+64g°w? Z1hoCo + 649°w? Z2 73 ) da.

Appendix C. Stability of the normal form equilibria

In order to analyse the stability of the fixed points of the normal form equations (1.2), we first need
to form four real equations for the components of the two complex unknowns A and B. This can be
achieved either by writing A and B in real and imaginary parts or by writing them in polar form. It turns
out that that the method choice depends upon whether pure sloshing modes (i.e. A # 0 with B =0 or
A =0 with B # 0) or mixed sloshing modes (both A and B are non-zero) are being considered.

C.1. Pure sloshing modes (A # 0 with B=0 or A =0 with B #0)

For pure sloshing modes we write A and B in terms of real and imaginary parts

A=u,+1iu; and B =wv,+ iv;,
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and the four real equations for the motion are
Aply = Wp,201U; + ag(uf + uf)uz + ag(vf + vf)u2 + aq(—( f — vf)ui + 2u,v;u,),
—Qol; = Wp 201Uy + ag(uf + uf)ur + ag(vf + v?)uT + a4((vf - v?)ur + 2upv5u),
bo¥y = wp 2b1v; + bo (V2 + v vy + az(u? 4+ ud)v; + ag(—(u? — u?)v; + 2upuv,),

—bo¥; = Wy, 2b1v, + bo (v + vH)v, + az(u? + ud)v, + ag((u? — u?)v, + 2uruv;),
where the dots denote differentiation with respect to 7. The pure mode fixed points can be found at

vp=v; =0 and wpoa; +az(u?+u?) =0, (B=0), (C1)
ur=u; =0 and wypob + bg(vf + vf) =0. (A=0), (C2)

which are equivalent to (6.4) and (6.7). Note that w, o can be of either sign which can affect the existence
of these fixed points as u? + u? and v? + v? are both strictly positive. Let us consider the case A # 0
with B = 0, with the corresponding result for A = 0 and B # 0 being found similarly. Linearizing about
the pure A mode point (C 1), the equations for the perturbation quantities du,, du;, dv, and dv; satisfy

. 2a 2a
ou, = JuTuiéur + —2u?<5ui7
ao ao
. 2a 2a
5’LLZ' = —JU%(SUT - Jurui(suiv
ag ao
y 2a4 1 2 2 2 2
v, = Euruiévr + ™ [wn72b1 + ag(us +u) — ag(uy — u3 )] vy,
. 1 2ay
v = — [wngbl + az(u? 4+ u?) + ag(u? — uf)} ovy — TUHM&M-
0 0
The eigenvalues, A, of this linear stability problem satisfy
20,0, — A i 0 0
0 aop
— 2022 — 2929 4 — A 0 0
det ao T ap T 9 =0
0 0 bio“urui - c” ’
0 0 —ct f%urui - A

where

1
ot = bo [wn,le +as(uf + uf) £ as(ul — )|
0

The nontrivial eigenvalues then satisfy (6.5) where (C1) is used to eliminate the combination u? + u?.
Via a similar analysis, it can be shown that the nontrivial eigenvalues of the free B modes satisfy
(6.8).

C.2. Stability of mized modes (A # 0 and B #0)

To determine the stability at the fixed points for mixed modes, it is more convenient to write (1.2) in
polar form. Therefore, by writing

A=rye** and B =rget?,

with 74 > 0 and r5 > 0, and the normal form equations (1.2) are transformed into the following four
real equations for the amplitudes and phases

aoTA = aurATS Sin Y, (C3)
bop = —aurpry siny, (C4)
—aorafia = (wn2a1 + asr? + a;;r%) 74+ agrary cosx, (Ch)
—boraflp = (wn,2b1 + bor + agri) rB + asrpry cos x. (C6)

Here x = 2(up — pa) is the phase difference between the fixed points. In this case the fixed points satisfy

simy=0 = cosy==%£l,
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with the amplitudes satisfying the pair of algebraic equations (6.10) or (6.14). The solution for the
general case is

7'124 = a2b2—(a(::-,§4 cos x)? baay — by ((13 + a4 cos X) ; (C 7)

5 |a2b1 — a1(az + agcosx)|.

Wn, 2
asba—(asz~+aq cosx)

Z
For the mixed mode fixed points to exist, then 74 and 7% both have to be positive for the given values
of a;, b; and wy, 2.
Assuming the fixed points exist, we determine their stability by linearising about these points. The
linear evolution of the amplitudes and the phase difference are given by

ory = %T‘AT% cos xIX, (C8)
ag
orp = 7%7’37’124 cos X0 X, (C9)
0

. . . b
Sx =4 g2 _ 03 1 GacOSX ralra+4 s+ GaCOSX _ D2 rgorg, (C10)

aop bo ago bO

and the linear stability eigenvalues \ satisfy
) 0 %TAT% COS X
det 0 - —Z—gTBri cosx | —o.
4 (%z _ a3+ab40cosx) ra 4 <a3+(2:cosx _ Ib)Tg)) B A

Therefore, the nontrivial eigenvalues satisfy (6.12) for cos y = 1 and (6.16) for cos xy = —1.

Appendix D. Equilibria in ([, I, I3) coordinates
In the coordinate system on the spheroid, the pure mode with A # 0 and B = 0 occurs at

I=I,=0 and I3=aer’} >0.
The pure mode with B # 0 and A = 0 occurs at
L=I,=0 and I3=—byr% <O0.

For mixed modes the system can be written as

Ii = 2rarpcos(ua — pB)
Is = 2rarpsin(ua — pg)
13 = (LQT% — boTQB .

Therefore, mixed modes with ug = pa or ug = pua + 7 occur at
IlziQTA’I“B, IQZO, Igzao’l“i—bo’l“QB,
and mixed modes with up = ua + %77 or ug = pia + %71’ occur at

1120, 12=:|:2’I"A’I"B, Igza()ri—b()’f%.
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