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Abstract

A model for the numerical simulation of the movement of liquid droplets excited by
Lamb waves propagating on non-piezoelectric substrates was developed and the
results of simulation calculations based on this model were compared with
experimental observations. In the experiments, antisymmetrical zero-order Lamb
waves with 1 MHz center frequency were excited on a 1-mm thick glass substrate by
piezoelectric single-phase transducers, which caused the propulsion of microliter
water droplets. The acoustic streaming within the droplet was calculated by solving
the incompressible Navier-Stokes equations with an inhomogeneous acoustic
streaming force field. These calculations were validated by optical measurements of
the streaming effects in the droplet and by measurements of the displacement
amplitudes of the Lamb waves with a laser-Doppler-vibrometer. Another part of the
numerical simulations was related to the transient motion of acoustically driven
droplets by solving the incompressible Navier-Stokes equations using the moving
mesh application mode of the COMSOL software including a weak formulation for the
calculation of the surface tension. The corresponding measurements with a high-
speed camera revealed a silkworm-like movement of the droplet resulting from the
interaction with acoustic force, surface tension, gravity and inertial force, which was

reproduced by the numerical simulations.






Acknowledgements

| would like to express my great thanks to my supervisor Prof. Dr.-Ing. Gerhard
Fischerauer for his contribution to the research, for his encouragement and
consistent support, for reading the drafts and providing valuable feedback for them,
and for the support the scientific cooperation within ‘“Technologie Allianz Oberfranken
(TAO)'. Without his help this thesis would not have been finished.

| would also like to acknowledge Prof. Dr. habil. Gerhard Lindner for his knowledge,
his contribution to the research, invaluable advice, support and scientific cooperation
within ‘“Technologie Allianz Oberfranken (TAO)'.

| would like to thank the technical support and helpful suggestions by members of the
ISAT team. In addition, | would like to acknowledge the financial support by the
European fund for regional development (EFRE), project ‘Sensolutions’, of European

Union and the program ‘Aufbruch Bayern’ of the Bavarian state government.

I would like to thank my parents for their great encouragement to me, ‘Never give up’.
They are the models to me, study hard and work hard. They educate and encourage

me in learning, in music, in calligraphy ...l love you!

| would also like to appreciate Oma Erika, whom | was acquaintance in Germany, for
teaching me German and German culture, when they celebrate Christmas or other
festivals, she takes me home to celebrate together; when | was ill, she took care of

me; she is really like my real Oma. Vielen herzlichen Dank!

| would like to thank Xin, Wa ai Li.



Vi




Vi

For my Mama, Li Xiaomin



Viil




Table of Contents

Disclaimer |
Abstract 1l
Acknowledgements v
Table of Contents IX
List of abbreviations XI
List of symbols X1
1 Introduction 1
1.1 Acoustic streaming 2
1.2 Droplet movement with free surfaces 4
1.3 Goal of this work 5
1.4 Outline 6

2 Acoustic streaming with plane wave fronts 7
2.1 Mathematical modeling 8
2.1.1 Model formulation 8

2.1.2 Acoustic streaming inside the droplet 9

2.1.3 Initial and boundary conditions for droplet acoustic streaming 13

2.2 Simulation by Shiokawa’s model 13

2.2.1 Numerical simulations of acoustic streaming inside the droplet with

plane waves 14

2.2.2 Numerical simulation of the acoustic streaming inside the droplet on a

glass plate with different physical parameters of the liquid 19

2.2.3 Numerical simulation of the acoustic streaming inside the droplet on a
LiNbO3 plate 22

2.2.4 Comparisons of numerical simulations of the acoustic streaming inside
the droplet on the glass plate and on the LiNbOj3 plate with different wave

parameters 25




2.2.5 Influence of the droplet wetting angle on the acoustic streaming

2.3 Experiments

2.3.1 Experimental set-up

2.3.2 Threshold wave amplitude for droplet propulsion

2.3.3 Temperature dependence of acoustic streaming inside the droplet __
2.3.4 Experimental observations of acoustic streaming inside the droplet__

2.3.5 Discussion of model deficiencies

3 Acoustic streaming with curved wave fronts

3.1 Modified mathematical descriptions

3.2 Modified numerical simulations of the acoustic streaming inside the droplet

3.3 Experimental observations of acoustic streaming inside the droplet and

comparison with numerical simulations

4 Droplet propulsion induced by Lamb waves on a glass plate

4.1 Initial and boundary conditions for droplet propulsion

4.2 Theoretical and experimental investigations on droplet movement

5 Discussion

6 Conclusions

6.1 Review of thesis

6.2 Summary of findings

6.3 Outlook

6.4 Zusammenfassung

Appendix A

List of References

Own Publications

Resume

28

31

45
48
48
53
59
62
62
62
63
65
66
68
74

75



