Dynamics of Liquid-Filled Spacecraft

Numerical Simulation of Coupled Solid-Liquid Dynamics

Jeroen Gerrits






Rijksuniversiteit Groningen

Dynamics of Liquid-Filled Spacecraft

Numerical Simulation of Coupled Solid-Liquid Dynamics

Proefschrift

ter verkrijging van het doctoraat in de
Wiskunde en Natuurwetenschappen
aan de Rijksuniversiteit Groningen

op gezag van de
Rector Magnificus, dr. D.F.J. Bosscher,
in het openbaar te verdedigen op
vrijdag 21 december 2001
om 14.15 uur

door

Jeroen Gerrits

geboren op 9 maart 1972
te Veendam



Promotor:

Referenten:

Beoordelingscommissie:

ISBN 90-367-1477-x

Prof. dr. A.E.P. Veldman

Dr. ir. R.W.C.P. Verstappen
Dr. ir. J.P.B. Vreeburg

Prof. dr. ir. H-W. Hoogstraten
Prof. dr. ir. J.A.M. Kuipers
Prof. dr. ir. P. Wesseling






The research presented in this thesis was funded by the Netherlands Organisation for
Scientific Research / Space Research Organisation in the Netherlands NWO/SRON.

The cover shows an artist impression, created by the Graphic Design Group of the Dutch
National Aerospace Laboratory NLR, of the experiment satellite SloshSat FLEVO flying
in space.



Contents

1 Introduction

1.1
1.2
1.3
1.4

1.5
1.6

2.1

2.2

2.3

2.4

2.5

Liquid Dynamics in Spacecraft . . . . . . . . . ... ... ... ... ..
Computational Grid . . . . . . ... ..o
Discretisation Methods . . . . . . . . ... .. ... .. L.
Interface Flow . . . . . . . . . . . .
1.4.1 Advection Methods . . . . . . ... .. ... ... ... .. ...,
1.4.2 Boundary Conditions . . . . . . . . .. .. .. ... .. ...,
Dynamical Interaction . . . . . . . .. .. ... . ... ... ... . ...
Outline. . . . . . . . e

Liquid Dynamics

Mathematical Model . . . . . . . . . ... o
2.1.1 Governing Equations . . . . . .. ... .. ... oL
2.1.2 Boundary Conditions . . . . . . .. .. ... ..o
Geometry Discretisation . . . . . . . ... . Lo
2.2.1 Apertures . . . . ... ..
2.2.2 Labeling . . . . . . . ...
Discretisation of Governing Equations . . . . . . . .. ... .. ... ...
2.3.1 Continuity Equation . . . . . ... ... ...
2.3.2 Nayvier-Stokes Equations . . . . . . .. ... ... oL
2.3.3 Evolution of Kinetic Energy . . . . . . ... ... ... ... ...
2.3.4 Temporal Discretisation . . . . .. . ... ... ... .......
2.3.5 Solution Method . . . . . .. ... ... oo
2.3.6  Free-Surface Boundary Conditions. . . . . . ... ... ... ...
Free-Surface Reconstruction and Advection . . . . . . . . ... ... ...
2.4.1 Piecewise-Linear Interface Reconstruction . . . . ... ... ...
2.4.2 Free-Surface Advection . . . . . .. ... ... ... ...,
Results . . . . . . . o
2.5.1 Free-Surface Advection . . . . . . ... ... ... L.
2.5.2 Static Drop and Drop Oscillation . . . .. ... ... ... .. ..
2.5.3 Two-Dimensional Wall Adhesion in Square Cavity . . . . . . . ..
2.5.4 Two-Dimensional Wall Adhesion in Circular Cavity . . . . . . ..

2.5.5  Three-Dimensional Wall Adhesion in Spherical Cavity . . . . . . .

© O O Ot W =



V1L

Contents

3 Coupled Solid-Liquid Dynamics

3.1 Imtroduction . . . . . . ... ..
3.2 Liquid Dynamics . . . . . .. ... ... L.
3.2.1 Virtual Body Force . . . . .. ... ... .....
322 Example . . . ... .o
3.3 Solid-Body Dynamics . . . . . .. .. ... ... ... ..
3.3.1 Governing Equations . . . . . ... .. ... ...
3.3.2 Mass-Spring Model . . . . . . ...
3.3.3 Discretised Equations . . . . . ... ... ... ..
3.3.4  Solution Method . . . . ... ... ... .....
34 Results. . .. ... o
341 FreeFall . . .. ... ... o0
342 Empty Tank . . . . . . ... ...
343 Full Tank . . ... ... ... . .
3.4.4 Partially Filled Tank . . . .. ... .. ... ...

3.4.5 The Wet Satellite Model Experiment
4 Summary and Conclusions
Bibliography
Samenvatting

Dankwoord

105

111



