TECHNISCHE
@ UNIVERSITAT
DRESDEN

Reihe Fluidmechatronische Systeme

Elvira Rakova

Investigation on the improvement of the
cost-efficiency of compressed air systems

Herausgeber:

Dresdner Verein zur Forderung der Fluidtechnik e. V.




Investigation on the improvement of the
cost-efficiency of compressed air
systems

M.Sc. Elvira Rakova

Supervisor: Prof. J. Weber
Prof. E. Bideaux

Faculty of mechanical science and engineering
TU Dresden

This dissertation is submitted for the degree of
Dr.-Ing.

September 2019






Fluidmechatronische Systeme

Elvira Rakova

Investigation on the improvement
of the cost-efficiency of compressed air systems

Shaker Verlag
Duren 2021



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.: Dresden, Techn. Univ., Diss., 2020

Copyright Shaker Verlag 2021

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

Printedin Germany.

ISBN 978-3-8440-8008-7

ISSN 2196-2340

Shaker Verlag GmbH « Am Langen Graben 15a « 52353 Diren

Phone: 0049/2421/99011-0 + Telefax: 0049/2421/99011-9
Internet: www.shaker.de « e-mail: info@shaker.de



To my father






Acknowledgements

I would like to thank Prof. Dr.-Ing. J. Weber for the supervising this work and for the great
opportunity at the Institute.

Merci to Prof. E. Bideaux for encouraging work together and for the valuable advises for
my research.

This research could not be established without the contribution of Project partners,
companies Festo and KHS.

I would like to say Danke to all my wonderful colleagues at the Institue, for work
atmosphere and all the great time spent together. Especially, would like to say Danke to Jan
Hepke for our talks about thermodynamics and to Fedor Nazarov for all measures for the
optimization of coffee consumption.

Thanks to all my students by contributing to my dissertation and the technical personnel
for all support with the test-rigs.

Merci to Sylvie, for all our exergy efficient discussions that helped me to achieve these
results. Special Danke to Lucian Pasieka for all given advises.

I would like to thank all my friends for the strong support of my journey. Especially
Irene for believing in me. Obrigada to Waldmann-Bertani family and Rahmet to Assel with
Meruert for given to me force and energy.

Spasibo to my family, especially my father. And Obrigada Arthur for the all support.

Last but not least, I would like to thank my dogs Duglas and Stesha by giving me all the
exergy I needed to finish this research.






Table of contents

1 Introduction 1
1.1  State of the art in energy saving in automation systems . . . . . ... ... 4
1.1.1  Energy saving measures for pneumatic drives . . . . . . . . .. .. 7

1.1.2  Energy saving measures for electromechanical drives . . . . . . . . 8

1.1.3  Choosing the most cost-efficient drive technology . . . . . . . . .. 9

1.2 Thesis’structure . . . . . . . . . ... 10

2 Exergy behaviour of pneumatic systems 13
2.1 The general exergy approach . . . . . . . ... ... ... ... 14
2.2 Exergy of compressed air systems . . . . . ... .. ... .. 15
2.2.1 Temperature influence on the energy behaviour of pneumatic drives 18

2.3 Exergy of closed and open thermodynamic systems . . . . . ... ... .. 20
2.3.1 Exergy of a closed pneumatic system: airtank . . . . . . ... ... 22

2.3.2  Exergy of an open thermodynamic system: compressor . . . . . . . 22

2.3.3 Exergy of an open thermodynamic system: pipes . . . . ... ... 24

2.3.4 Exergy of an open thermodynamic system: flow resistor . . . . . . 25

2.4 Exergy capacity of two thermodynamic systems: pneumatic cylinder . . . . 26
25 Conclusions . . . . . ... 33

3 Application of the general exergy approach 35
3.1 Exergy distributioninasystem . . . . . ... ... ... . ... 35
31,1 Compressor . . ... e e e e e e e e e e e e e 37

3.1.2 Distribution system . . . . . ... ... L. 38

3.1.3 Exergy distributioninacylinder . . . .. ... ... ... ... .. 39

3.1.4 Exergybalanceofasystem. . . . . . ... ... ... ....... 43

3.2 Definition of the design parameters of pneumatic cylinders . . . . . .. .. 45
3.2.1 Diameterandpressure . . . . . . ... .. ... 46

322 Backpressure . . . ... 50



viii Table of contents

3.2.3 End-cushioningsystem . . . . . . ... ... ............ 52
3.3 Efficiency estimation . . . . . ... ... 54
34 Conclusions . . . ... .. 58
4 Life-Cycle Cost analysis of pneumatic and electro-mechanical drives 61
4.1 Exergy-based EXonomy analysis . . . . ... ... ... .......... 62
4.2 Definition of the applicationfield . . . . . . . ... ... ... ... ... 64
4.2.1 Selection and sizing of electro-mechanical drives . . . . . . .. .. 67
4.2.2  Selection and sizing of pneumaticdrives . . . . . . . ... ... .. 68
4.2.3  Modelling of studied drives . . . . . .. ... ... ... .. ... 69
4.2.4  Functionality comparison of pneumatic and electro-mechanic drives 71
4.2.5 Comparison of exergy factor (EF) . . ... ... .. ... ..... 73

4.2.6 Evaluation of the total Exergy factor for the parameter field for
pneumaticdrives . . . . ... 75
4.3 Energy consumption COmparison . . . . . . . . ... .. ... ... .. .. 78
4.4 Lifecyclecostanalysis . . . . . . . ... ... 80
4.4.1 Machine hour rate calculation . . . . . ... ... ... ... ... 83
4.5 Life Cycle Costcomparison . . . . . . . . .o oo v v v v 85
4.6 Conclusions . . . . ... .. 89
5 Exonomy analysis for drives’ selection 91
5.1 Exonomy analysis of a wine filling machine . . . . . ... ... ... ... 91
5.1.1 Exonomy analysis of the filling valve . . . .. ... ........ 92
5.1.2  Design parameters optimization . . . . . ... ... ... ... .. 96
5.1.3 Application of energy saving measures . . . . ... ... ..... 99
5.2 Handling application . . . . . .. .. ... ... 100
5.2.1 Application of energy saving measures . . . . .. ... ... ... 103
5.3  Web-based tool for choosing cost-effective drive solutions . . . . . . . .. 106
54 Conclusions . . . . .. ... 109
6 Conclusion 111
References 113
Appendix A Thermodynamic fundamentals of pneumatic systems 119

Appendix B Friction models of pneumatic drives 123



Table of contents ix

Appendix C Fundamental pneumatic equations used in simulation models 125



Nomenclature

a W/(m?-°C) Heat transfer coefficient
A m? Surface

b - Critical pressure ratio

c N1/(min-bar) Pneumatic conductance
c - Spring constant

cy - Friction coefficient

) - Load coefficient

Ca m/s Sound speed

¢ Ji(kg-K) Isobar heat capacity

cy J/kg-K) Isochoric heat capacity
D m Piston diameter

d m Piston rod diameter

E. J Electrical energy

Eey J Exergy

Eqp J Damping energy

Ej J Friction energy

Ein J Impact energy

Epn,in ] Exergy in the meter-in side of cylinder
Epnout J Exergy in the meter-out side of cylinder
Eg J Exergy of the heat

Erask J Task energy

Cox J/kg Specific exergy



Nomenclature

Xi

€ex,v

I3 3
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n
P
Pmech
p

Psupply
Q
q

kg/mol
N/m

kg

kg/s
kg/(m:s)

Pa
Pa

J/kg

Specific exergy of the volume
Coulumb force

Friction force

Normal force

Stribeck force

Load force

Gravity acceleration

Enthalpy

Specific enthalpy

Electric current

Moment of inertia

Isentropic constant, 1.4
Pressure depended friction coefficient
Velocity depended coefficient
Tube length

Molar mass

Torque

Mass

Mass flow rate

Viscosity

Friction coefficient
Polytropic exponent

Power

Mechanical power

Pressure

Supply pressure

Heat

Heat transfer per unit mass



xii

Nomenclature

chl
Vlube
Vi

Vs
W,

Wsh aft

X0

he) > 3 N

J/(K-mol)
J(Kkg)
m

J/K
J/(Kkg)
K

s

J

J/kg

Universal gas constant
Specific gas constant for air
Lever length

Entropy

Specific entropy
Temperature

Time

Inner energy

Specific inner energy
Volume

Volume flow rate
Cylinder volume
Tube volume

Flow velocity
Stribeck velocity
Angular velocity
Technical work

Heat transfer work
Shaft work

Cylinder stroke
Initial coordinate
Mean piston velocity
Piston acceleration
Height coordinate
Efficiency

Darcy coefficient

Density



Nomenclature

Xii

Subscripts

dp

Superscripts

" (over dot)

Surrounding

Meter-in cylinder chamber
Meter-out cylinder chamber
Damping

Tube

Quantity per unit time





