
Experimental and numerical 
study of noise generation 
caused by acoustic resonance 
in a cavitating orifice

Stefan Semrau

St
ef

an
 S

em
ra

u 
St

ud
y 

of
 n

oi
se

 g
en

er
at

io
n 

in
 a

 c
av

ita
tin

g 
or

ifi
ce



 

  

 

 

 

 

 

 

Experimental and numerical study of noise generation 

caused by acoustic resonance in a cavitating orifice 
 

 

 

Dissertation 

zur 

Erlangung des Grades 

 
Doktor-Ingenieur (Dr.-Ing.) 

 
der 

Fakultät für Maschinenbau 

der Ruhr-Universität Bochum 

 

 

 

von 

 
Stefan Semrau 

 
aus Jena 

 

 

Bochum 2021 



 

 

Dissertation eingereicht am:     21.10.2020 

Tag der mündlichen Prüfung:    10.02.2021 

Erstgutachter:                  Prof. Dr.-Ing. Romuald Skoda 

Zweitgutachter:                Prof. Dr.-Ing. Stefan Becker 

  



Shaker  Verlag
Düren  2021

Berichte aus der Strömungstechnik

Stefan Semrau

Experimental and numerical study of
noise generation caused by acoustic resonance

in a cavitating orifice



Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available in the Internet at
http://dnb.d-nb.de.

Zugl.: Bochum, Univ., Diss., 2021

Copyright  Shaker  Verlag  2021
All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
of the publishers.

Printed in Germany.

ISBN 978-3-8440-8036-0
ISSN 0945-2230

Shaker  Verlag  GmbH  •  Am Langen Graben 15a  •  52353  Düren
Phone:  0049/2421/99011-0   •   Telefax:  0049/2421/99011-9
Internet: www.shaker.de   •   e-mail: info@shaker.de



 V 

 

Acknowledgements 

This Ph.D. thesis represents the outcome of my research during a three-year industrial 

doctorate at Bosch Rexroth AG in the central research and advance engineering 

department for fluid mechanics in Lohr am Main. The present work has been created in 

cooperation with the Chair of Hydraulic Fluid Machinery at the Ruhr-University 

Bochum. During this time, many people have contributed the in the work of this thesis 

and supported me. 

First of all I would like express my sincere thanks to my supervisor, Prof. Dr. -Ing. 

Romuald Skoda, who gave me the opportunity for this Ph.D. thesis and who contributed 

significantly to its success. 

Furthermore, I would like to thank Prof. Dr.-Ing. Stefan Becker for acting as co-examiner 

with great interest in the subject. 

Next, my sincere thanks also go to Dr.-Ing. Klaus Habr, who was the initiator of the work 

and contributed to its progress through many constructive discussions. Thank you very 

much for creating a research environment where I could develop my full potential. I 

would especially like to thank Dr.-Ing. Walther Wustmann for the supportive and positive 

atmosphere and the fruitful discussions and suggestions. They were essential in solving 

the occurring challenges. The many supporters not mentioned here by name who 

contributed to the progress and success of the work I would also like to thank. 

I gratefully acknowledge the financial support by the Bosch Rexroth AG. 

Last but not least, I am very grateful to my family, who always supported me in every 

aspect and every stage of my life. I thank you for your patience, trust and encouragement. 

  



VI 

 

 

Contents 

Publication ............................................................................................................ VIII 

Nomenclature ........................................................................................................... IX 

Abstract .................................................................................................................. XV 

1 Introduction ........................................................................................................................ 1 

1.1 Problem description and motivation ............................................................................ 1 

1.2 State of the art .............................................................................................................. 2 

1.2.1 Cavitation-induced noise generation in valves ................................................ 2 

1.2.2 Experimental methods for the assessment of cavitating flows ........................ 4 

1.2.3 Numerical methods for the simulation of cavitating flows .............................. 5 

1.3 Objective and scope ..................................................................................................... 7 

2 Physical background ........................................................................................................ 11 

2.1 Fundamentals of cavitation ........................................................................................ 11 

2.1.1 Phase change process ..................................................................................... 11 

2.1.2 Cavitation inception ....................................................................................... 12 

2.1.3 Classification of cavitation ............................................................................ 13 

2.1.4 Cavitation types ............................................................................................. 14 

2.1.5 Effects of cavitation ....................................................................................... 15 

2.2 Fundamentals of acoustics ......................................................................................... 19 

2.2.1 Acoustic impedance and reflection ................................................................ 19 

2.2.2 Acoustic resonator ......................................................................................... 21 

3 Simulation method ............................................................................................................ 23 

3.1 Physical modeling ...................................................................................................... 23 

3.1.1 Governing equations ...................................................................................... 23 

3.1.2 Cavitation modeling ....................................................................................... 25 

3.2 Numerics .................................................................................................................... 28 

3.2.1 Semi-discrete formulation of the governing equations .................................. 29 

3.2.2 Low Mach number modified flux function .................................................... 30 

3.2.3 High-order spatial reconstruction .................................................................. 31 

3.2.4 Time integration ............................................................................................. 32 



CONTENTS VII 

 

4 Experimental setup ........................................................................................................... 35 

4.1 Test rig ....................................................................................................................... 35 

4.2 Tested orifices ............................................................................................................ 37 

4.3 Acoustic boundary conditions of the pipe resonator .................................................. 39 

4.4 Case dependent behavior of the pipe resonator ......................................................... 41 

5 Experimental results ......................................................................................................... 43 

5.1 Cavitation regimes and whistling phenomenon ......................................................... 43 

5.1.1 Cavitation inception and the beginning of the choked flow regime .............. 45 

5.1.2 Occurrence of the whistling noise ................................................................. 47 

5.1.3 Developed cavitation and degassing air regime ............................................ 51 

5.2 Whistling noise influencing parameters ..................................................................... 54 

5.2.1 History of the flow field ................................................................................. 55 

5.2.2 Length of the pipe resonator .......................................................................... 56 

5.2.3 Pressure wave propagation upstream of the orifice ....................................... 58 

5.2.4 Direction of the jet ......................................................................................... 60 

6 Numerical setup ................................................................................................................ 65 

6.1 Simulated operating points ......................................................................................... 65 

6.2 Simulation model ....................................................................................................... 66 

7 Comparison of numerical and experimental results ..................................................... 75 

7.1 Identification of the whistling phenomenon .............................................................. 75 

7.2 Analysis of the whistling phenomenon ...................................................................... 76 

7.2.1 Second-order resonance frequency ................................................................ 76 

7.2.2 First-order resonance frequency .................................................................... 79 

8 Summary of main results ................................................................................................. 83 

9 Conclusions and outlook .................................................................................................. 87 

References ................................................................................................................. 89 

Appendix A ............................................................................................................... 99 
 A.1 Test components ............................................................................................... 99 

 A.2 Measured amplitude spectra ............................................................................. 101 

Curriculum Vitae ................................................................................................... 103 


