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Overview

Motivation: coupling with rigid body dynamics

Physical modelling and basic free boundary
problems

DFG Projects by talkers on “sloshing”

Perspectives



Industry Motivations

« Spacecraft, beginning from 50-60t
* Road tracks

 (PST) Petroleum Storage Tanks

« Qil Ship Tankers

- (LNG) Liquefied MNatiural Gas Carriers
(srn00trn e, no gs H”ﬂe ),

- (TLD, TsD) Turied Licuid (Slosriing)
Dzirriper (srrootr) tarigs, acive davice)
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Unbaffled nonlinear fluid sloshing, coupled motions
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Physical effects in modelling nonlinear

sloshing
Parameters Importance Comments

1 | Froude number Yes

2 | Reynolds number No Second order for large
(Viscosity) amplitude sloshing

3| Liquid No
compressibility

4| Surface tension No

5| Ullage Space Not clear | Further investigation
compressibility

6 | Gas cushioning / Not clear | Further investigation
cavitation

7| Ullage vapour N/A No exp. should use water/
condensation saturated-water-vapour at

room temp.

8 | Wall flexibility Yes ? Further investigation

(hydroelasticity)
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A mobile rigid tank partly filled by an inviscid incompressible fluid i1s considered.
The flow is irrotational. The flnid wolume bounded by the free surface Z(2) and
the wetted tank surface S(t) 1s denoted i), Let Fx'y’'z" be an absolute coordinate
systermn and Oxyz be a moving coordinate system fixed with respect to the rigid tank.
The origin of Oxyz i1s in the unperturbed free surface and moves with the velocity
vg relative to Fx'yz’. The tank has an angular velocity e relative to Fx'y'z’. The
gravity field has the potential

Ulx,y,z,t) = —g -, ¥ =¥t ¥,

where ¥ 1s the radius-vector of a point of the body—fluid system with respect to O,
¥y 15 the radius-vector of the point @ with respect to O, ¥ 1s the radins-vector with
respect to F and g 1s the gravity acceleration vector.

Since the How is irrotational, the flud velocity can be represented as v, = V&,
where o, 15 the fluid velocity vector at the point (x,y,2) in the moving ¢oordinate
system and P{x,y, z, ) 1s the velocity potential. The wvelocity potential and the free
surface Z(t) ¢can be found from the following nonlinear free boundary problem:

%:uu'v-l—m'[rxv] on S(t), \

—wvg v t+ea-Fxv] +

AP =0 1n O,
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B + %[v‘fp)z — VP -jvgteoxr)+U=0 on Z(i), f dQ = const.
21} s

on Z(i),

Here v 1s the outer normal to the boundary of @{t) and E{x, y, z,t) = 0 1s the equation
of the free surface Z(#). The last integral condition in (2.2) implies flnid volume
conservation and is also the well-known solvability condition for the Wewmann
boundary value problem.




“Sloshing” in DFG projects:

“Combined numerical-analytical methods for solving non-classical

evolutional and spectral problems arising in fluid sloshing analysis”
(1996-1999)

“Analytische, numerische und geometrische Methoden bei der
Evolution freier Flussigkeitsrander” (2000-2002)

“Numerisch-analytische Methoden fur oszillierende Grenzflaschen in
Mikrogravitation und Hyperelastisitaet” (2003-2005)

involving Institute of Mathematics (Kiev, Ukraine)
Leipzig Universitat & Berufsakademie Thuringen

Tendency of these projects:

* from classical “sloshing” problems to more
complicated mathematical statements;

» concentration on mathematical aspects;

* minor attention to mechanical conclusions and
physical phenomena.



Multimodal methods as analytically-
oriented approach to sloshing and
coupling
« Potential flow, no overturning waves (statement described)

» Vertical wall and no roof impact

* Free surface elevation as a Fourier series by natural modes
(example for 2D flow)

¢ =i Bi(t) cos (Wé(mJ{O’E’l)) 1;]44—?‘—7—3’“

— —
= -

!

3. represent free surface modes

 Variational formulation to derive a discrete model,
which

« Leads to system of nonlinear ordinary differential
equations in time for {3,



Importance of the tank shape

Natural modes to be known analytically or
numerically-analytically

Distribution of the energy between lower and higher
modes to be known (dispersion relationship)

Spacecraft applications/TLD — tanks of revolution
(vertical circular cylinder, conical, spherical tanks)

Ship tanks - prismatic or spherical geometry



Importance of filling level

 Finite water depth sloshing (filling helght/tank Iength>0 24)
— Resembles standing wave ' -

— Hydraulic jump / bore
— Thin vertical jet — run-up

* |Intermediate depth
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force calculations are based on the fornmula derived by Lukovsky (1990):
F=mg—mlto+wotrs+ox o re)+oxre 4+ 2o = be 4+ Fel

Here m 1s the fluid mass, re 15 the radins-vector of the centre of mass in the moving
coordinate system and mg 15 the fhod weight. The tenms in square brackets are: &,
the acceleration of the origin O, @ = vy the tangential acceleration. e =< (@ = ro) the
centripetal acceleration, 2o =y Corlolis acceleration, ¥e the relative acceleration.

The hydrodynamic moment relative to axis Oy can also be caleculated by

My =mre ;:-:[_g—m;-:::.;,—i!:n_]—.fl*th—Jl*m—m;:-:[_-.]l*m]—q;, +fm—m:-:|j_fﬂ — Ly,

where J' is the inertia tensor




Multimodal models for 2D sloshing

The ordering reflects a response of lower order
than the forced oscillation amplitude €

Finite depth:3,=0(g3), B,=0(e23),3,=0(¢)
Increased importance of secondary (internal)

resonance with decreasing depth and increasing
excitation implies more than one dominant mode

Boussinesq ordering for intermediate and shallow
depth

System truncation based on assumed order of
different modes



Extensive experimental validation

Transient and steady-state phase of 2D flow in
rectangular or close to rectangular tank

Wave elevation, horizontal force and roll
moment

Fluid depth-tank length ratios h/L between 0.08
and 0.5

Include shallow depth,intermediate depth and
critical depth h/L=0.34

Sway amplitude-tank length ratios up to 0.1
Roll angles up to 0.2 rad



Finite depth ordering

Forcing frequency is in the vicinity of
lowest natural frequency and lowest
mode is assumed dominant

Excitation amplitude-tank length ratio is
O(e)

Generalized free surface coordinate
31=O(81l3)

3,=0(e27)

3,=0(¢)




(Br + 61B1) + di(B1B2 + BrB2) + da(B1 BE + BIB1) + d3faB)
+P\(fox — $10 — gy) + Q1do: 51 = 0,

(B2 + 6382) + daf1f1 + dspE + Qi =0,

(B3 + a3B2) + deBi B2 + drf1 B2 + dsBafy + dofi fr + dioBi B
+ Pi(Do — S3c0 — gy ) + Qsin. 3 = 0.

i+ a2+ Piita, — Sy — g ) + Qb fli =0, i =4
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Figume 11, Measured and calculated frec surface clevation at wave probe FS3 for T = 1.71 s,
h=05mand H = 0.05m. Caleulations account for wave impact on tank ceilling.




Secondary resonance and nonlinear
modal systems

Nonlinear multiple frequency effects excite higher
natural frequencies

Increased importance with decreasing depth and
Increasing forcing amplitude

Reason for decreasing depth importance is that
0,=no; when depth goes to zero

Implies that more then one mode is dominant



Pessible secondary resonances in the detuning/depth (40,4 plane. Here, the numbers of

the “fingers’ n.:.:lrr:.51:||:mrl to various amplification modes: | (near the line 4o = 0 implies the primary
resonance, 2 (near the line & = —4;) corresponds to the seco resonance of the second mode,

1 (near the ].1.11: § = ——J.ﬂl corresponds to the secondary resonance of the third mode and so on,




e Model I
B;=0(e5), i=1,3

1
3
2
3

Bi=0(e5), i=26
B:=0(e), i=4,57T-9

e Model Il
Gi=0(es), i=1.2

e Model 111
Bi=0(e5), i=1,23
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/L
A/L = 0.10

SPH L-side
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Exp.

Mult.




Intermediate-to-shallow depth ordering

Boussinesq type ordering:

All generalized coordinates [,=0(gl/%)

Fluid depth —tank length ratio h/L=0(g1/4)
Also applied to shallow depth

Many modes needed when depth goes to zero



Wave profiles for intermediate depth




Wave profiles for nearly-shallow depth.
A/L=0.028,T/T,=1.09,h/L=0.173
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Dissipation
Increased importance with decreasing depth

Very long transient effects for finite depth and a
smooth tank with no roof impact

Short transient period for intermediate and shallow
depth

Due to run up along walls and subsequent
overturning of free surface and impact on
underlying fluid

Due to breaking waves in the middle of the tank
Viscous boundary layer effects are not important



Dissipation: importance of
near-wall phenomena




Dissipation: importance of roof impact




Dissipation: importance of breaking waves




Dissipative phenomena by modal
modelling

* Linear damping terms in each modal system
(pendulum analogy) 7+ +aifi=0 =1

« Damping terms amount viscous etc. dissipation

* For steady-state sloshing — constant values
accounting for energy less per period

frek! s e




Extension of multimodal method to 3D
sloshing In tank

* Possible steady-state wave motions are
- planar (Stokes standing ) waves (2D)
- square-like waves
- swirling

* No stable steady wave motions may exist



Free surface elevation for square
based tank with finite depth

o (=> > Bi(t) cos(mi(x+0.5L))cos(rk(y+0.5L)
* B1o=0(e"") Bo1=0(e1")
* B,=O(e?") B1,=0(e#3) By=0(e?")

30=0O(€) 21=0O(€) 170(€) 0370O(€)



Longitudinal harmonic excitation of
square-based tank
(experiments made by NTNU, Norway)

* Fluid depth h=0.508L (in experiments)

 Excitation amplitude 0.0078L (in
experiments)

« Steady-state wave response
« Stable and unstable theoretical results



Planar wave amplitude A as a

function of excitation frequency o
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‘'Square’- like (diagonal) steady state
wave elevation

(=[A(cos(mt(x+0.5L))- cos(mt(y+0.5L)))+

B(cos(1t(x+0.5L))+ cos(1t(y+0.5L)))] cos(wt)
+O(81l3)

Square mode :cos(1t(x+0.5L))- cos(mt(y+0.5L))

Square mode :cos(1t(x+0.5L))+ cos(m(y+0.5L))



Square(diagonal) wave patterns




Square-like wave amplitude as a
function of excitation frequency o
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Swirling. Steady-state wave
elevation

(= A cos(1t(x+0.5L))cos(wt)
+Bcos(1t(y+0.5L)) sin(wt)+o(g3)



Swirling — rotational wave motion

« Special feature of three-dimensional flow in square base
tank, vertical circular tank or spherical tank




Swirling wave amplitude A as a
function of excitation frequency o
(c)
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Stability of steady state
solutions

* B1o=(As+a(T)) cos(wt)+(A,+3(T))sin(wt)+o(e')

* Bor=(Asty(1))cos(wt)+(A,+K(T)) sin(wt)+o(e)

* A, are steady state values

° T=0(82l3)

* w—0= 0(e?)



Comparison between theory and
experiments

* Theory predicts more than one stable
steady-state wave type for certain
frequencies

* Wave type with smallest amplitude is then
most likely



Wave amplitudes A as a function of
excitation frequency o

d  planar  chaos . swirl — planar 'EXPERIMENTS
@ 0 A
04 % T T T 7
0.35 3 '
0.3
0.25 r
|A] 0.2}
0.15 ¢
01t
0.05 | b
O o I ! ! I !
0.9 0|95 1 1.05 1.1 1.15 1.2
lanan chaos | swirl lan: 0/01
THEORY: p dlh]j chnaos SWIT _ p anar
“squares'-like swirl




Flow types in square based tank with
longitudinal excitation.Effect of fluid depth
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Flow types (classified) in square based tank with
longitudinal excitation. Effect of fluid depth
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Flow types (classified) in square based tank with
longitudinal excitation. Effect of fluid depth
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Swirling.Experiments and
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CPU time for multimodal method

A typical calculation ot 100 forced motion

oscillation periods takes 1 to 20 seconds on a

standard PC.

This means that the calculations are very
efficient compared to other CFD methods.



Future perspectives

* Must we base our future developments to
account for two phase flow?

* Local phenomena with CFD methods and
patching with modal systems??

 Complex geometry of the tanks (there are
results for conical tanks)?

« TLD applications, coupling with building
dynamics?

* Dissipation?

,,Analysis of Strongly Nonlinear Sloshing Phenomena
in Moving Tanks of Real Industry Applications
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