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The Bateman—Luke variational principle is generalised for sloshing of an
ideal incompressible liquid with rotational (non-potential) flows.

Bapianiitaunit npunnun Beifirmena—JIoka y3araabHIOETbCS Ha 3a/a4i JUHA-
MIKH i/1eaIbHOI HECTUC/IMBOI PiZHN B GaKax y BUIAJIKY BUXOPOBUX (HEIIO-
TEHIIAHNX) Teqii.

1. Introduction

Utilising the Bateman-Luke variational principle [1,6] is a commonly—
accepted approach in analytical studies of the nonlinear sloshing [4,7,10].
The studies normally deal with irrotational (potential) flows of an ideal
incompressible liquid. When no significant wave breaking occurs, choos-
ing this hydrodynamic model is, generally, supported by experiments for
clean (without internal structures) tanks. However, there are exceptions
exemplified in experimental observations of Prandtl [8], Hutton [5], and
Royon-Lebeaud et al. [9] where the resonant steady—state swirl sloshing
is accompanied by a circulation (rotational liquid motions like a rigid
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body). This phenomenon cannot be explained by the angular Stokes
drift (mean flow due to the Stokes drift exponentially decays to the tank
bottom [4, sect. 9.6.3] that is not detected in the experiments) but rather
requires including the rotational (non-potential) flows in the hydrody-
namic model.

Using the Clebsch potentials [2,3] and ideas by Bateman [1, p. 164-
166], the present paper generalises the Bateman—Luke variational formal-
ism, which is well known for sloshing of an ideal incompressible liquid with
irrotational flows, to the case of solenoidal (rotational) liquid motions.

X3

Fig. 1. Sketch of a moving tank. Nomenclature.

2. Notations

A mobile rigid tank is considered partly filled with an inviscid incompress-
ible liquid (the mass density p = const). Fig. 1 shows the liquid domain
Q(t) bounded by the free surface X(¢) and the wetted tank surface S(t),
an absolute (inertial) coordinate system O’x)zfz;, and a non-inertial
(tank-fixed) coordinate system Oxjzaxs. The Ozjzoxs-system moves
(relatively to O’z zhal) with the absolute translatory velocity vo(t) and
the instant angular velocity w(t) so that any fixed point in the Oz o3
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has the absolute velocity
vy =vot+wXT (1)

where r = (1,22, x3) is the tank-fixed radius—vector.
The gravity potential can be written as

!/

! A
U(zi,22,23,t) =—g-1', T =Tro+tT,

where 7’ is the radius—vector of a point of the body-liquid system with
respect to O’, T, is the radius—vector of O with respect to O’, and g is
the gravity acceleration vector.

The free surface X(¢) is implicitly defined in the tank-fixed coordinate
system by the equation Z(x1,x2,x3,t) = 0 so that the outer normal n
to X(t) is —VZ/|VZ|. The function Z is the unknown and satisfies the
volume (mass) conservation condition

/ dQ =V, = const (2)
Q)

treated as a geometric constraint.

The liquid motions are described by the three Clebsch potentials
o(x1, 22, 23,t), m(x1,x2,23,t), and ¢(x1,x2,x3,t) so that the absolute
velocity field v = (v1, v2,v3,t) reads as

v=Vp+mVe. 3)

Even though (3) does not give a unique representation of the velocity
field (substitution m := C'm, ¢ := ¢/C, where C is a non-zero constant,
confirms that), the Clebsch potentials are henceforth assumed being three
independent functions. The case of irrotational flows implies either m = 0
or ¢ = const.

Remark 2.3. Asremarked in [4, p. 47], the spatial derivatives in the
introduced inertial (9}) and non-inertial (9;) coordinate systems remain
the same, but the time-derivatives (9, and 0}, respectively) change, i.e.

0 =0; 0, =0, —vy,-V;d, =0, +v- V=0 +(v—vy)-V. (4

3. The Bateman—Luke variational formulation

Based on relations (4) and [1, p. 164], the following Lagrangian
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Lipm.0.2) = [

PdQ = —p/ (010 +mOj¢+ 3|v]> + U] dQ
Q(t) Q(t)

:—p/ [Oip + MmO — vy v+ 2[v|* + U] dQ  (5)
Q)
and the action

Wiem.s.2) = [ :

t1

ta
L — dQ| dt = P — dQ d
po/@(t) Q] i /tl /Q(t)( po) dQ dt
(6)

are introduced for any fixed instant times t; < t2. The action functional
(6) acts on the independent Clebsch potentials and Z. The Lagrange
multiplier pg is a consequence of the volume conservation constraint (2).

Henceforth, the assumption is that the Clebsch potentials are
smooth functions in Q(¢t) which admit, for any instant time ¢, an an-
alytical continuation through the smooth (provided by the admissible Z)
free surface X(t).

Lemma 3.1. Under the assumption on the smoothness of the Clebsch
potentials and the free surface ¥.(t), the zero first variation

0, W =0 subject to 6pli=t; 1, =0 (7)

is equivalent to the kinematic relations of the sloshing problem consisting
of the continuity equation

‘V-(v—vb)zv-v:O in Q(t)‘ (8)

as well as the kinematic boundary conditions

(w—v) n=0 onSH)], [(w—v) n=—T"" on B@®)| (9)

expressing that the mormal velocity is defined by the rigid wall motions
and the fluid particles remain on the free surface (t).

Proof. Deriving the first variation by ¢ is similar (but not the same)
to that for the potential flows [4, p. 58-59]. Consequently using the
Reynolds transport theorem, the divergence theorems, and the condition
d¢lt=t, t, = 0 gives
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soW=—p [ [ @0+ (0 —w)-Viop) dqu

2 (1d A
=—p/ —/ &de—i—/ dpdS
t (ldt Q) s IVZ]
/ (v—vb)~n5<pd5’—/ V.- (v—vp)0pdQ]| | dt
S(t)+2(t) Q(t)

t
2 8tZ}
= vV—vp) N+ ——|0pdS
”/h (/zm {( R 77 R

+\/5;“(t) [('U—'Ub)-’n] 590d8—\/;(t)[V~(’U—’Ub)] 5(de> =0 (10)

+

which deduces (8) and (9) by using the standard calculus of variables. O

Lemma 3.2. Under the assumption on the smoothness of the Clebsch
potentials and the free surface X.(t), the zero first variation

SnW =0 (11)

is equivalent to the equation

dop=0lp+v Vo=00+(w—m) Vo=0 in Q)|  (12)

which says that the Clebsch potential ¢ remains constant during the mo-
tions of a liquid particle (a vortex line moves with the liquid and always
contains the same particles).

Proof. The variation by m derives the variational equality

to
5oV = —p / / 006+ (v —vp) - V] dmdQdt =0 (13)
t1 Q(t)

which proves the lemma. [l

Lemma 3.3. Under the assumption on the smoothness of the Clebsch
potentials and the free surface ¥.(t), the zero first variation

W =0 subject to 0|, 1, =0 (14)
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and the kinematic problem (8), (9) is equivalent to

dm=9m+v-Vm=9m+ (v—vp)-Vm=0 in Q(t)‘ (15)

which has the same meaing that (12) but for the Clebsch potential m.

Proof. The first variation by ¢ reads as
ta
oW =p [ m@060) + (0 =) V00)) dQa
t1 Q(t

2 (1d oz
:—p/ L mepdq — 6m6¢dQ+/ m 8¢dS
t (ldt QW o s [VZ]

/ m(v—vp) -ndpdS
S(#)+3(t)

—/ 5¢(mV-(v—vb)—l—(v—vb)-Vm)dQ])dt
Q(t)

+

ta
:p/t1 /Q(t)6¢ [Oim 4+ (v —vp) - Vm]dQ dt =0 (16)

where the Reynolds transport theorem, the divergence theorems, the zero
variation condition (14) at ¢ = ¢; and t2, and the kinematic conditions
(8) and (9) were used. The last line of variational equatility (16) proves
the lemma. O

Remark 3.4. In contrast to the Bateman—Luke formulation for po-
tential flows, the function P adopted in definition of the Lagrangian (5)
is, generally speaking, not the pressure and cannot be treated as the
pressure for arbitrary Clebsch potentials. One can show that, the pres-
sure p = P+ f(t) (f(t) is an arbitrary function) when (12) and (15)
are satisfied. In other words, when assuming (12) and (15), the Euler

equation

!

dv= p (VP+VU) in Q(t) (17)

is formally fulfilled. This fact follows from the expression for the left-hand
side of (17)
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d' (Vo +mVe) =[V(0,¢) + mV(9;¢) + O;mV ] + v - V(Vy + mVe)
V- VYot mu-VVé+V(Vm-v)

=|V(9}) + mV(9}6) + v - VVp + mv - YV + Vo(Vm - v)+V [d'm]

and the right-hand side (after annihilliating the U-term)
V(0 +mis + 3|vl) = [V(9]0) + mV(9;6) + 0;6Vm]
+v-VVp+mv-VVp+Vm(Veo-v)
=|V(9}) + mV(9}6) + v - VVp + mv - YV + Vo(Vm - v)+Vm [d'g],

in which the framed terms are identical but the residual terms vanish as
(12) and (15) hold true.

Theorem 3.1. Under the assumption on the smoothness of the Cleb-
sch potentials and the free surface X(t), the zero first variation of the
action (6)

oW =0,W + 0, W + W +6zW =0 (18)

subject to

&pltl,tz = 6¢|t1,t2 =0 (19)
is equivalent to the sloshing problem which includes the kinematic rela-
tions (8) and (9), the two equations (12) and (15) expressing the fact
that the Clebsch potentials ¢ and m are constant along the vorter lines
as well as the dynamic boundary condition

p—po=—pBo+md—vy v+ 1w +U)—py=0 onX(t)

20)
establishing that the pressure equals to the ullage pressure pg on the free
surface. The volume conservation condition (2) should be added to the
sloshing problem.

Proof. The proposition follows from Lemmas 3.1, 3.2 and 3.3, the
remark 3.4 establishing that P in the Lagrangian can be treated as the
pressure p, and the variational equality

5W——/t2/ (p—p)é—Zdet—O (21)
z ST VIvZ]

which derives the dynamic boundary condition (20). O
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4. Conclusions

Utilising the Clebsch potentials and the Bateman—Luke principle (the
Lagrangian is a “pressure integral”) makes it possible to derive the full
set of governing equations (8), (12), (15) and boundary conditions (9),
(20) for sloshing of an ideal incompressible liquid with rotational flows.
Specifically, the principle (integrand in the Lagrangian (5) is really the
pressure) holds true if and only if the vorticity equations (12) and (15)
are a priori satisfied. The generalised Bateman-Luke formulation can be
a background for the nonlinear multimodal method whose second com-
ponent is the analytically-approximate natural sloshing modes for the
rotational sloshing flows.
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